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Series Editors’ Foreword

The series Advances in Industrial Control aims to report and encourage tech-
nology transfer in control engineering. The rapid development of control tech-
nology has an impact on all areas of the control discipline. New theory, new
controllers, actuators, sensors, new industrial processes, computer methods,
new applications, new philosophies , new challenges. Much of this develop-
ment work resides in industrial reports, feasibility study papers and the re-
ports of advanced collaborative projects. The series offers an opportunity for
researchers to present an extended exposition of such new work in all aspects
of industrial control for wider and rapid dissemination.

Autonomy for aerial, land, and marine (surface and underwater) vehicles
is an ever-expanding field of industrial control engineering in which there is
significant international interest. Currently, there are many prototypes and
working autonomous vehicles in all the fields of application; however, some
areas are better developed than others. Meanwhile in the control conference
literature it is possible to see that frontier research has reached the prob-
lems of working with groups, convoys or swarms of cooperating autonomous
vehicles.

The tasks that autonomous mobiles can tackle are very often either haz-
ardous, or, conversely, routine, where the use of an insitu human operator is to
be avoided, or simply technically (and economically) unnecessary. Typically,
such tasks involve inspection, monitoring, and detection. For example, un-
manned aerial vehicles (UAVSs) can be used to perform airborne sea searches,
inspect long-distance power lines or oil and gas pipelines (particularly those
traversing hostile, or hazardous terrain), monitor environmental or meteoro-
logical variables and survey crop production and forestry resources. This list
is by no means exhaustive and UAVs can perform many other valuable tasks.

In the technological field of UAVs, designing, and testing, a complete fault-
tolerant control and guidance system is a demanding and challenging task.
This is the objective of the research reported by Dr. Guillaume Ducard in
this Advances in Industrial Control monograph. The practical problem faced
by the control engineer is that once aircraft actuators fail, or the aircraft



X Series Editors’ Foreword

suffers some structural airframe damage then the aircraft flying character-
istics change, the flying performance deteriorates and immediate action for
airborne survival is required. Identifying the flying status of the aircraft and
reconfiguring the control system to maintain airborne performance are just
two of the actions that may be needed. In Dr Ducard’s book, there is a care-
ful and thorough development of a system and its component modules to
deal with fault situations like these. The reader will find the analysis, the
development, the testing, and the presentation to be comprehensive. As the
monograph subtitle, Practical Methods for Small Unmanned Aerial Vehicles,
suggests, careful consideration is given to the development of designs and
algorithms that satisfy the tight constraints of real-time capability, modu-
larity, and limited computing power. Simulations are presented with realistic
and targeted scenarios to test the separate components and then finally the
complete system.

Fault-tolerant Control and Guidance Systems will be of interest to a wide
range of readers from the industrial and the control communities. Academic
researchers and graduate students working in the mobile autonomous vehicle
field may find transferable knowledge in this well-structured monograph and
it will obviously appeal to aerospace researchers and engineers. It is therefore
a very welcome addition to the Advances in Industrial Control series.

Industrial Control Centre M.J. Grimble
Glasgow M.A. Johnson
Scotland, UK

2009



Preface

This book is based on part of the research work I carried out at the Measure-
ment and Control Laboratory of the Swiss Federal Institute of Technology
(ETH Zurich) over the past few years in the unmanned aerial vehicle (UAV)
group founded by Professor H. P. Geering in 1986. At that time, research
focused on developing navigation algorithms and robust control techniques
applied to unmanned helicopters. In 2006, our colleague Markus Mockli suc-
cessfully completed flight tests of an aircraft autonomously flying aerobatic
maneuvers. In 2007, Marco Gerig flight tested guidance and control algo-
rithms for aerobatic maneuvers with a small autonomous helicopter.

Concurrently, in the context of my PhD work completed in 2007, a new
research activity was initiated dealing with the design of fault-tolerant flight
control and guidance systems for a small unmanned aircraft. This work fo-
cused on designing techniques to detect and isolate faults among sensors and
actuators and on developing methods to adaptively reconfigure the flight con-
trol laws and the vehicle trajectory. Reasonable complexity, real-time capabil-
ity and modularity were the main requirements for the algorithms designed.

My first thanks go to Professor Hans Peter Geering for offering me excep-
tional working conditions over the few years under his supervision and for
opportunities to do research on the fascinating topics covered in this book. I
gratefully acknowledge his constant support in many different aspects.

I owe special thanks to Brigitte Rohrbach, our former secretary, for her
support in copy-editing part of this manuscript, for her invaluable help in
many aspects, and for her kindness in general.

I am also very grateful for the precious assistance I received from Oliver
Jackson, Sorina Moosdorf, Aislinn Bunning, Professor Michael Johnson and
Professor Mike Grimble.

Last but not least, I thank my parents and my brother for their continuous
and loving support in every possible way in life in general.

ETH Zurich Guillaume Ducard
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Chapter 1
Introduction

This book deals with the design of fault-tolerant control and guidance systems
for a small unmanned aircraft. This book focuses on designing techniques to
detect and isolate faults among sensors and actuators and on developing
methods to appropriately reconfigure the flight control laws and the vehicle
trajectory. Real-time capability and modularity are two main requirements
for the algorithms designed.

1.1 Motivations for Fault-tolerant Control Systems for

Unmanned Aerial Vehicles

Unmanned aerial vehicles have been around and in service since the 1990s
and are going to be routinely used for a wide range of tasks such as:

Sea rescue searches from the air

Border patrols, homeland security, law enforcement, monitoring of drug
trafficking

Monitoring and control of road traffic and transportation

Crop yield prediction, drought monitoring, spraying of pesticides
Inspections of power lines, bridges and barrages

Observation of oil and gas pipelines

Forest monitoring, fire detection, firefighting: operation and management
Relaying and broadcasting of mobile telecommunication, TV or radio pro-
grams, Internet connections

Tactical reconnaissance and operational support

Landmine detection, operation in hazard or disaster zones

Digital charting and mapping, mineral and archaeological prospecting
Environmental and climate research: monitoring of air quality, meteoro-
logical studies and predictions
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e Automated unmanned airshipping, postal delivery
e Filming and movie applications

New generations of UAVs will be designed to achieve their mission not
only with increased efficiency, but also with more safety and security. Future
UAVs will be operated with algorithms capable of monitoring the aircraft’s
health and of taking action if needed. Fault-tolerant control systems for small
and low-cost UAVs should not increase significantly the number of actuators
or sensors needed to achieve the safer operation. Safe and reliable operation
of the UAV relies on the following key points:

e The flight control system must be robust against the aircraft model’s un-
certainties and external disturbances.

e An efficient fault detection and isolation (FDI) system should be capable
of monitoring the health status of the aircraft.

e The guidance system should be reconfigurable depending on actuator fault
occurrence or aircraft damage. It should generate an appropriate flight
trajectory that avoids obstacles despite flight performance degradation.

1.2 Book Outline

The book starts with a literature review about the fault-tolerant flight control
systems already developed for aircraft. In Chap. 3, the nonlinear model used
for simulation and control design is presented.

Chapter 4 presents a new system for the detection and isolation of actuator
faults in an aircraft. Chapter 5 details the design and the implementation of
a reconfigurable control allocation module.

Chapter 6 describes the technique known as nonlinear dynamic inversion
(NDI) and presents the architecture and the design procedure of the con-
trollers used in the aircraft autopilot. Chapter 7 is dedicated to the analysis
and control of the longitudinal axis of the aircraft and presents an architec-
ture for the altitude controller that uses robust NDI in all the control loops.
Chapter 8 is dedicated to the analysis and control of the lateral-directional
motion of the aircraft. It describes the controllers for the roll and yaw rates,
for the roll angle, and for the sideslip angle.

Chapter 9 presents a new adaptive path-planning algorithm, which re-
configures the aircraft’s trajectory based on its flying performance after the
occurrence of an actuator failure. Chapter 10 focuses on an aileron failure
and shows how the degraded flying performance can be evaluated and used
to reconfigure the guidance system.

Finally, the book concludes with an outlook and summarizes the methods
presented.



Chapter 2
Review

This chapter reviews some of the most relevant fault-tolerant flight control
systems that can be found in the literature. Since the terminology used in
this field is not unique and differs among authors, the chapter starts with
a brief definition of some terms and expressions frequently used throughout
this book.

2.1 Definition of Fault-tolerant Systems

Since the systems of interest are said to be fault-tolerant, let us first clarify
the terminological distinction between a fault and a failure [1].

2.1.1 Fault

“A fault is an unpermitted deviation of at least one characteristic property
(feature) of the system from the acceptable, usual, standard condition.” [1]

Based on this definition, a fault corresponds to an abnormal behavior of
the system, which may not affect the overall functioning of the system but
may eventually lead to a failure (defined below). Finally, a fault may be small
or hidden, and therefore difficult to detect and estimate.

For example, consider the temperature of an engine. If this temperature
exceeds a certain accepted limit, say 100°C, there is a fault in the system.
Although this excessive temperature does not prevent the engine from work-
ing properly for a while, it may eventually damage components of the engine
and possibly lead to its breaking down.

In this book, an actuator fault corresponds to any abnormal behavior.
This includes bias or loss of effectiveness as shown in Fig. 2.1d.
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A sensor fault occurs as soon as the measurement data deviate from the
real physical measured process by more than the noise uncertainty. Bias,
excessive noise, or wrong scaling factors are also classified as sensor faults, as
shown in Fig. 2.2.

2.1.2 Failure

“A failure is a permanent interruption of a system’s ability to perform a
required function under specified operating conditions.” [1]

Resulting from one or more faults, a failure is therefore an event that
terminates the functioning of a unit in the system. On an aircraft, actuators
are used to deflect control surfaces such as ailerons, elevators, and rudders,
and also to actuate the engine throttle or the landing-gear mechanism. An
actuator is declared failed when it can no longer be used in a controlled
manner.

For a control surface, there are two major types of failures [2]. As shown
in Fig. 2.1a, the control surface may become ineffective and float at the zero-
moment position. The control surface can also be locked at any arbitrary
intermediate position (Fig. 2.1b) or reach and stay at the saturation position
as shown in Fig. 2.1c.

Mechanical failures may also happen. This is the case when the mechani-
cal link between the control surface and its corresponding actuator or servo
breaks. The engine may also fail.

‘max

Simin bnin

(d

Fig. 2.1 Several types of actuator failures: (a) floating around trim; (b) locked-in-
place; (c) hard-over; and (d) loss of effectiveness (actuator fault occurring after tr)
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Fig. 2.2 Several types of sensor faults: (a) sensor bias; (b) loss of accuracy or cali-
bration error; (c) sensor drift; and (d) frozen sensor (occurring after tr)

Finally, there are many sources of possible irreversible damage to the air-
craft that may be classified as structural failures. They correspond to the
scenarios where a piece of the aircraft is missing, such as an aileron, a tail
rudder, an elevator, or part of a wing.

The reconfigurable flight control system of this book is capable of detecting
faults in the system (which are more difficult to detect than failures) and is
able to adequately compensate for failures (which is more difficult than to
only accommodate faults).

2.1.3 Fault-tolerant Control System

A fault-tolerant control system is capable of controlling the system with sat-
isfactory performance even if one or several faults, or more critically, one or
several failures occur in this system. Fault-tolerant control systems may be
regrouped into two main families: passive fault-tolerant controllers and active
fault-tolerant controllers.

2.1.3.1 Passive Fault-tolerant Controllers

In a passive fault-tolerant controller, deviations of the plant parameters from
their true values or deviations of the actuators from their expected position
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may be efficiently compensated by a fixed robust feedback controller [3-5].
However, if these deviations become excessively large and exceed the robust-
ness properties, some actions need to be taken. Also, if deviations occur at
the sensor side, inevitable deviations from the reference command signals will
happen. Therefore, an active fault-tolerant control architecture is needed in
order to achieve extended fault-tolerance capability.

2.1.3.2 Active Fault-tolerant Controllers

An active fault-tolerant controller usually contains a separate module: an
FDI system that monitors the health of the aircraft. The FDI system in-
forms a supervision module of the seriousness of the fault/failure or damage.
Based thereon, the supervision module may decide to reconfigure the flight
controllers, the guidance system, and the navigation system.

There are also two families of FDI systems, namely passive FDI and active
FDI systems. Passive FDI systems “wait” until a fault or failure occurs [6],
whereas active FDI systems will artificially excite the aircraft, either by flying
health-check maneuvers [7, 8] or by injecting test signals in the actuator
commands and then assessing the individual health status of actuators and
sensors [8-15].

In this book, an active fault-tolerant control system has been developed,
which contains an active nonlinear FDI system and robust nonlinear con-
trollers in all of the control loops of the autopilot. Furthermore, a supervi-
sion module has been designed that is capable of reconfiguring the control
allocation process described in Chap. 5, the controllers presented in Chaps.
7 and 8, and the guidance system explained in Chaps. 9 and 10.

2.1.4 Dealing with Faults and Failures in Practice

In this book, there will be an emphasis on actuator faults and failures. Indeed,
a sensor failure does not modify the flying performance of the aircraft. The
sensor failure can be handled either by using a redundant sensor if available,
or by reconstructing the missing measurement data with the knowledge of
the plant and the measurement data furnished by the remaining sensors [16].
The FDI method presented in this book is also capable of reconstructing
the data of a failed attitude sensor [17]. However, as soon as there is an
actuator failure or any damage to the airframe, the flying qualities of the
aircraft inevitably degrade, and immediate action must be taken to preserve
the aircraft’s integrity. This is the focus of this book.
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2.2 Challenges of Designing Reconfigurable Control
Systems

There are many challenges when designing a reconfigurable flight control
system and the difficulties may be categorized as follows:

2.2.1 Dafficulties of Designing Reliable FDI Systems

A reliable FDI system provides accurate information about the health status
of the aircraft. In order to achieve such a result, the FDI system needs to be
robust against external disturbances, model uncertainties and sensor noise.
In addition, the FDI system should not trigger false alarms and should still
be sufficiently sensitive to detect the faults.

Robustness is a fundamental issue in the performance of FDI systems and
reconfigurable flight controllers [18, 19]. FDI systems may experience signif-
icant performance reduction if model uncertainties are not properly consid-
ered. A robustness analysis framework for failure detection and accommoda-
tion systems is provided in [18] and [20].

2.2.2 Interaction Between Flight Controllers and FDI
Systems

It is often the case that a reconfigurable flight control system incorporates an
FDI system and a flight controller. The FDI system monitors the aircraft’s
behavior and identifies relevant parameters that are usually used by the flight
controller to synthesize the control commands. Therefore, the performance of
the flight controller is dependent on the results provided by the FDI system
and vice versa. Thus, the interactions between these two systems should be
rigorously investigated.

The following observation is made in [19]: “it is fairly common for inte-
gration of failure detection and accommodation systems to be problematic if
they are designed separately”.

Challenges exist when some aircraft parameters need to be identified dur-
ing the flight in real time and under feedback control [21]. This task is even
more difficult and delicate when an actuator or a sensor fault happens. More-
over, the robustness of the flight controller can mask some aircraft faults and
failures and make the detection problem more difficult.

There exist already many examples of integrated fault-tolerant control,
sometimes referred to as IFTC [6, 19, 22-25].
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New generations of reconfigurable flight control systems will not only rely
on a fault-tolerant controller, but will include complete and integrated sys-
tems that reconfigure the flight controllers, adapt the guidance system, and
reshape on-line the vehicle trajectories [25]. This book also provides an ex-
ample of such a complete reconfigurable system applied to a small UAV.

2.2.3 Other Practical Challenges

Usually, the flight control system relies on some nominal values for the mass,
the moments of inertia and the aerodynamic coefficients to generate the con-
trol signals. When the aircraft experiences an actuator failure or airframe
damage, the aircraft becomes asymmetric. It is thus not trivial to determine
which of these parameters need to be (on-line) re-estimated to keep good
flying performance.

It is often the case that the available on-board processing power is lim-
ited, in particular for small or micro UAVs. The design of a reconfigurable
flight controller is therefore a tradeoff between performance, complexity and
available processing power.

Finally, challenges are many when the fault diagnostic, the reconfiguration
of the control system, the reconfiguration of the path plan or of the mission
is to be done autonomously under limited or no human supervision.

2.3 Different Approaches for FDI Systems

Table 2.1 provides a list of common and recent techniques that are encoun-
tered in the literature for the design of FDI systems.

2.3.1 Trends in Filter Design for FDI System

More than a decade ago in the mid-1990s, several implementations of recur-
sive least squares (RLS) algorithms were used in FDI systems and success-
fully flight tested. For example, the work by Ward et al. in [21] describes
a computationally efficient real-time parameter identification and reconfig-
urable control algorithm. The identification algorithm is based on a modified
sequential least-squares (MSLS) found in [61], the recursive version of which
is found in [27]. The MSLS parameter identification algorithm is based on
RLS techniques and incorporates additional constraints to take into account
a priori information and to adjust the size of the data window used in the
regressor of the filter [26].
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Table 2.1 List of some recent and popular techniques used to design FDI systems
for flight applications

Example of recent books/papers

Technique using this technique (ordered
chronologically)

(Modified -) RLS 21, 26-28]

KF (bank of -) [20-35]

EKF (bank of -) 11, 13, 34, 36, 37]

UKF [38-41]

LPV filters [42]

Interaction matrix [43]

Particle filters [44]

Neural networks [7, 45-48]

Statistical methods 1, 49]

Wavelet analysis [3, 7]

Hoo [6, 50-52]

Robust model-based system [18, 53, 54]

Parity space approach [1, 18, 55-57]

Unknown input observer [58—60]

Many FDI filters have also been designed using mathematical models of
the system being monitored. Model-based FDI methods have been enhanced
using robust FDI techniques as defined by Chen and Patton in [18]. It consists
of incorporating during the design of FDI systems the effects of disturbance
signals, model uncertainties and measurement noise [53]. It is often the case
that several model-based filters are organized in a bank in which one filter is
sensitive to a specified failure but the other filters remain insensitive to that
failure. A very recent example of this technique can be found in [54] where a
robust fault diagnosis for a spacecraft attitude control system is designed.

Many different variants of Kalman filters (KFs) have been constructed for
detecting and isolating faults or for state estimation and state reconstruction.
The use of extended Kalman filters (EKFs) applied to nonlinear systems for
FDI purposes has also gained recent interest in [11, 13, 34] and in this book.
A recent paper presented a method that uses EKFs to estimate on-line the
aircraft’s aerodynamic parameters and the components of the wind velocity.
These estimates are used to update the parameters of the flight controller [36].

The unscented Kalman filter (UKF) is among the latest extensions of
Kalman-type filters and seems to provide remarkable results for systems that
are particularly nonlinear. The paper by Campbell [40] discusses the imple-
mentation of a sigma point filter (SPF) which was originally introduced as
the UKF [38], where the distributions are approximated by a finite set of
points. It is used to estimate aircraft states and aerodynamic derivatives in
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real time. This is a nonlinear estimation algorithm that can be performed on-
line, which possesses robustness properties against parameter uncertainties,
against filter tuning and initial conditions.

The discussion in [38] explains that the SPF has similar performance to a
truncated second-order EKF but without the need to calculate the Jacobian
matrices. A comparison between EKF and SPF can also be found in [39].
The main results of this paper indicate that the SPF filter has equal or
better performance than an EKF for real-time estimation application for the
following reasons: the SPF is more robust against initial uncertainties and
against jumps in the data, is less sensitive to tuning of the process noise, is
less susceptible to divergence, is more accurate from one time step to the next
and, finally, requires equivalent computational load. Very recent contributions
in [41] focused on a new formulation for the state update equation of the filter
for improved accuracy.

Recently, linear parameter-varying (LPV) filters gained the attention of
some researchers in the fault-tolerant control community. For example, a
design of LPV-based FDI filters is found in [42]. An example of an Hy, control
law that minimizes command tracking errors under actuator fault occurrence
combined with an FDI filter based on an affine LPV model of a Boeing 747
is found in [19].

2.3.2 Trends in Active Fault Detection

Better, faster, and more reliable actuator and sensor fault-tolerant systems
are being designed by exploiting the concept of active fault supervision. This
consists of injecting artificial signals in actuators in such a way that a robust
and reliable fault diagnosis can be made even if the system is excited very
slightly.

Very few papers have discussed this technique so far. The work published
by Honeywell in 1998 [8] and 2001 [9] is among the first occurrences of using
artificial exciting signals for FDI purposes. Test signals are injected into the
null space of the inputs using redundant control surfaces such that these
signals (ideally) cancel one another and thereby do not excite aircraft motion
[9], but contribute to better fault diagnosis; see also [62].

In 2006, the use of artificial signals was demonstrated to improve signif-
icantly the performance of an FDI system based on the extended multiple
model adaptive estimation (EMMAE) method [11, 13]. This method is de-
scribed in Chap. 4 of this book and in [13]. In 2007, the authors of [12]
suggested an adaptive fault-tolerant controller with self fault-diagnosis actu-
ators. This is done by generating high-frequency signals for actuators with
suspected failures, and minimizing the effects of those signals on the system
state using the remaining healthy actuators.
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Recent contributions in active fault-diagnosis utilizing artificial excitation
signals can also be found in [14] and [15].

2.4 Different Approaches for Flight Control Systems

Table 2.2 provides a list of the most common techniques that are encountered
in the literature for the design of flight control systems.

Table 2.2 List of some recent and popular techniques used to design flight control
systems

Example of recent books/papers

Technique using this technique (ordered
chronologically)

P, PD, PI, PID [25, 37, 63]

H.., LQ, LQG, LTR [3-5, 64-67]

Dynamic inversion [37, 47, 48, 62, 63, 68—74]

Quantitative feedback theory [75, T6]

LPV [77-79]

Model predictive control, Receding horizon [4, 40]

Backstepping [80-82]

Neural networks [45-48, 74, 83]

Adaptive control [4, 21, 29, 35, 84-86]

Model following [4, 37, 47, 48]

Sliding mode control [86—-92]

Fuzzy logic [4, 93]

Eigenstructure assignment [4, 22, 94]

2.5 Techniques to Design Fault-tolerant Flight Control
Systems

Table 2.3 provides a list of the most common techniques that are encountered
in the literature for the design of fault-tolerant and reconfigurable flight con-
trol systems. Some of these techniques as described below.
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Table 2.3 List of some recent and popular techniques used to design reconfigurable
flight control systems

Example of recent books/papers

Technique using this technique (ordered
chronologically)

Multiple model switching and tuning (95, 96]

Multiple model adaptive control [30, 32, 33, 35, 97]

Interacting multiple models [44, 98]

Control allocation [37, 47, 62, 82, 99-105]

Sliding mode control [86, 90-92, 106-109]

Model predictive control [40, 110]

Eigenstructure assignment [22, 94, 98]

Model reference adaptive control [28, 74, 84, 111]

Model reference + Dynamic inversion [12, 25, 36, 37, 47, 48, 74, 84, 112]

Neural networks [45-48, 74, 83]

Other recent fault compensation strategies [113]

2.5.1 Multiple Model Techniques

2.5.1.1 Multiple Model Switching and Tuning

In the multiple model switching and tuning (MMST) technique shown in Fig.
2.3, the dynamics of each fault scenario are described by a dedicated model.
Each model is paired with its respective controller. The control system is re-
configured by choosing the model/controller pair that is the most appropriate
at each time step.

A switching logic module computes for each model i a performance in-
dex J;, which is a function of the error e; between the model M; and the
measurement data vector y. The performance index J; is of the following
form:

Ji(t) = ae2(t) + B [i exp [~ A(t — 7)] € ()dr (2.1)
a>0,3>0,A>0. '

The coefficients a and (8 are responsible for the tradeoff between instanta-
neous and long-term contributions of the error e; in the calculation of the
index J;. The coefficient A is used as a forgetting factor.

The model M; that produces the smallest performance index J is the
closest to the current system, and therefore the controller K; becomes active.
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Most of the MMST reconfigurable schemes also include a tuning part,
which is a separate identification algorithm that updates the parameters of
the model M; while the controller K; is active.

The MMST technique has the advantages of being fast and usually stable if
the actually occurring failures match the predefined fault scenarios. However,
severe limitations of the method appear in practice as soon as an unmodeled
failure is encountered or if multiple or structural failures occur. Moreover, the
number of individual pairs of model/controller to be designed may become
excessively large if the system is to successfully operate over a wide range of
failure scenarios [95, 96].

2.5.1.2 Multiple Model Adaptive Estimation

Another approach to detect and isolate actuator or sensor faults is the mul-
tiple model adaptive estimation (MMAE) method [114] as depicted in Fig.
2.4. Tt is based on a bank of KFs running in parallel, each of which is match-
ing a particular fault status of the system. A hypothesis testing algorithm
uses the residuals from each KF to assign a conditional probability to each
fault hypothesis. As one may expect, the computational load is quite intense.
Therefore, the on-line use of this method was impractical for a long time.
However, with the more powerful processors now available this method has
regained appeal in many applications.

Several papers have demonstrated how the MMAE method can be used
in the context of FDI systems and control reconfiguration for aircraft [30-32]
and underwater vehicles [33]. The advantages and limitations of the MMAE
method are discussed in detail in Chap. 4, where an extended and nonlinear
FDI method is designed based on the MMAE technique.
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2.5.2 Control Allocation Techniques

Control allocation techniques are described in detail in Chap. 5. Briefly
stated, the flight control system generates a virtual control command C,, =
[C, Cn  Cn]T in terms of the desired roll, pitch, and yaw torques. This
virtual command C, is passed to the control allocator, which is provided
with each actuator’s position limits and effectiveness to produce any torque
component of the C,, vector. An algorithm is computed on-line to optimally
generate the control signals for the actuators [99, 100, 103].

The biggest advantage of using a control allocation technique is that ac-
tuator failures can be compensated without the need for modifying the flight
control laws [82]. Moreover, actuator constraints, such as deflection limits and
motion rates, can be taken into account by the control allocator when the
virtual command Cy, is “distributed” over the actuators. Finally, the deflec-
tion of each actuator can be chosen by the control allocator to optimize some
criteria, such as total drag, total deflections, or to prioritize some actuators.

However, as explained in [96], control allocation techniques may have the
following disadvantage: “the dynamics and limitations of the actuators after
a failure are not taken into account in the control laws. This means that the
controller will still attempt to achieve the original system performance even
though the actuators are not capable of achieving it”. Chapters 8 and 10
explain how these disadvantages have been overcome in this book.
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2.5.3 Model Reference Adaptive Control

Model reference adaptive control (MRAC) [111, 115] is a method that can
be utilized when tolerance to damage or structural failures is required. This
technique is also often used as a final stage of a complex control system
combining several algorithms. The goal is to have the output of the plant
under consideration follow the output of a reference model.

The linearized plant under consideration is of the form

X =Ax+Bu+d,
y = Cx, (2.2)

where the system state vector is x € R”, the control input vector is u € R?,
and the measurement vector is y € R*. The reference model is of the form

Y'm = Amym + er ’ (23)

where the output vector of the reference model is y,, € R¥ and the reference
signal vector is r € R!. The dynamics matrix A,, € R¥** and B,, € R**!
can be chosen arbitrarily, but A,, must be stable [115].

In order to have the output of the plant follow the output of the reference
model, the parameters of the controller are adapted by some adaptation laws
as shown in Fig. 2.5. There are two types of adaptation, namely the indirect
and the direct adaptation.

In the indirect adaptation, the matrices A, B, and the vector d are first
estimated, for example using a least squares algorithm. In a second step,
based on the estimates A, B and &, the controller parameters are computed
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by the adaptation laws such that the closed-loop system matches the desired
dynamics of the reference model.

In the direct adaptation, the controller parameters are directly adapted
such that the plant tracks the reference model.

However, the MRAC technique has some limitations. The adaptation laws
require an estimation algorithm to track certain parameters of the system. It
is therefore necessary that these system parameters evolve slowly enough in
order that the estimation routine can track them properly. Faults or failures,
however, may cause abrupt changes in the values of the system parameters.
During the transient phase, in which the adaptive algorithm identifies the
new faulty plant, it is not guaranteed that the controller can stabilize the
system. Therefore, the MRAC technique is usually not used on its own but
in combination with other algorithms in a more complicated fault-tolerant
control architecture [25, 84].

2.5.4 Other Reconfigurable Control Methods

As shown in Table 2.3, there are other methods to design a reconfigurable
flight control system. For instance, the eigenstructure assignment is used to
reconfigure the feedback control laws in [98] and [94]. In model predictive
control (MPC), the constraints on actuators or on any other state variable
are systematically taken into account during the generation of the control
signals [110]. A recent robust nonlinear MPC for low level aircraft control is
presented in [40].

Sliding mode control has been investigated in [86, 90, 106-109]. The sliding
mode control technique possesses some insensitivity and robustness properties
to certain types of disturbance and uncertainty, which is an appealing feature
for fault-tolerant flight control [87, 88]. The ability of sliding mode control to
maintain the aircraft desired performance in case of faults without requiring
an explicit FDI system makes it an other example of a passive approach to
fault-tolerant control. Recent developments that employ sliding mode control
for fault-tolerant control of a civil aircraft for both sensor and actuator faults
are described in [89] and [91].

Other popular reconfigurable flight control systems use adaptive feedback
linearization via artificial neural networks [45] or via on-line parameter iden-
tification methods [84]. New combinations of model reference and inverse
dynamics controllers have been discussed in [84] and [25], and very recently
in [12, 36, 74, 112, 116-118] and in this book.
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2.6 Reconfigurable Guidance Systems

Over the last two decades, many path-planning algorithms have been in-
vestigated, especially for ground robots, single UAV, and more recently for
a formation of UAVs. Among the methods used in path planning, we can
mention the probabilistic road maps (PRM) method [119], which explores all
the possible paths within the space surrounding the vehicle and finally se-
lects the lowest cost route. However, the computational load makes the PRM
method impractical for real-time path planning in small UAVs. An extension
to the PRM method has recently been presented in [120]. It is called modi-
fied rapidly-exploring random trees, which is capable of efficiently searching
for feasible paths in the space while taking into account constraints from the
vehicle performance. However, efforts are still going on to implement an on-
the-fly path-replanning system as pop-up obstacles are discovered or when
the performance of the vehicle degrades.

There are other methods based on potential field functions. However, the
primitive forms of potential field functions present some difficulties when
choosing an appropriate potential function, and the algorithm may be stuck
at some local minimum [121]. Since then, a whole family of potential field
methods with superior performance has been developed. They are known as
navigation functions [122, 123]. Other path-planning techniques are based
on optimization methods, such as mized integer linear programming or MPC
techniques [124], which still involve intensive computations.

In this book, a reconfigurable guidance algorithm for a UAV is presented,
which newly combines the lateral guidance control law from [125] and [126],
originally designed for UAVs tracking circles for mid-air rendez vous, with
a new, simple adaptive path-planning algorithm, which takes advantage of
the curve path-following property of the above-mentioned lateral guidance
law [127-130].

2.7 Real Flight Tests

One of the biggest challenge in UAV research is to fly test the algorithms
developed. Several successful flight tests occurred over the past few years.

At the end of the 1990s, a significant milestone in the development of re-
configurable control systems was the flight testing with a NASA F15 aircraft
of the so-called Self Repairing Flight Control System, which achieved fail-
ure and damage tolerance through an indirect adaptive reconfigurable flight
control architecture that used an explicit FDI system to perform on-line dam-
age and fault detection and estimation using hypothesis testing techniques
associated with a bank of KFs [29].

Using an alternative approach based on an indirect adaptive control ar-
chitecture, during the summer 1996, a series of flight tests demonstrated an
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adaptive approach to reconfigurable flight control called Self Designing Con-
troller. The results of the flight tests are reported in [21]. The fault scenario
corresponded to the landing of an F-16 with a simulated missing elevon.

Another successful flight test was conducted as part of the Reconfigurable
Systems for Tailless Fighter Aircraft also known as the RESTORE program.
The technology used in this program combined a dynamic inversion control
law in an explicit model-following framework. A neural network was also used
for on-line learning of selected aircraft parameters and used in the feedback
linearization loops [47, 48].

Flight tests of the US Air Force’s Integrated Adaptive Guidance and Con-
trol program developed for the Boeing X-40A are reported in [25].

Flight testing of a simple reconfigurable control system on an autonomous
model aircraft is reported in [28].

A number of flight tests of reconfigurable control systems were carried
out as part of the Defense Advanced Research Projects Agency (DARPA)
Software Enabled Control program on two unmanned combat aerial vehicles
(UCAVSs), namely the Boeing T-33/UCAV and Boeing X-45 UCAV [52].

NASA Langley Research Center is also actively involved in developing and
testing reconfigurable systems for the new generation of re-entry vehicles,
commercial aircraft and small UAVs [111, 131]. Several recovery systems and
technologies were developed as part of the Aviation Safety program. High risk
flight tests were conducted utilizing a dynamically scaled transport aircraft
that has been developed at the NASA Langley Research Center as part of
the Airborne Subscale Transport Aircraft Research testbed [132, 133].

The NASA /Boeing X-36 Tailless Fighter Agility Research Aircraft pro-
gram successfully demonstrated the tailless fighter design using advanced
technologies to improve the maneuverability and survivability of possible fu-
ture fighter aircraft.

At the end of 2004 and beginning of 2005, the US Air Force and Boe-
ing Company conducted a flight test of a modified MK-82 weapon at Eglin
Air Force Base, which was controlled with a direct adaptive model reference
flight control system that is capable of learning on-line some aerodynamics
parameters with a neural-network algorithm similar to the one used in the
RESTORE program [85].

More recently, the long endurance SeaScan UAV has been developed by
the Insitu Group for weather reconnaissance and has recently been deployed
in Iraq [40].

Finally, Honeywell Research Laboratories, Barron Associates, Inc., Scien-
tific Systems Company, Inc., etc., are among the companies actively involved
in designing and flight testing fault-tolerant control systems.
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Chapter 3
Nonlinear Aircraft Model

This chapter presents the axes, the frames, and the nonlinear model of the
aircraft used in this book [1-4].

3.1 Definitions of the Frames

3.1.1 Navigation Frame

The orientation of the navigation frame is North, East, Down (2, ¥, z,). This
frame does not move and is attached to the earth’s local tangent plane. When
the plane is on the ground before taking off, the origin O,, of the navigation
frame is initialized by the position of the airplane’s center of mass. In the
rest of this book, the navigation frame is considered as a local inertial frame
where Newton’s laws apply.

3.1.2 Body Frame

The positive x axis of the body frame points forward along the aircraft’s
longitudinal axis, the positive y axis is directed along the right wing, the
positive z axis is normal to the x and y axes, pointing downward. The origin
Oy is located at the aircraft’s center of mass. This defines a right-handed
orthogonal body coordinate frame (z yp 2) attached to the aircraft as shown
in Fig. 3.1.
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rudder: 57.

left elevator: (5

Yo
e
left aileron: O, 0
z, North
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, ‘ | y'n Z. n
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Ty 2 East Down

Fig. 3.1 Aircraft configuration

3.1.3 FEuler Angles

Three Euler angle rotations continuously relate the orientation of the air-
craft’s body-fixed frame to the navigation frame.

As shown in Figs. 3.2 and 3.3, the navigation coordinate frame is first
transformed into the intermediate frame 1 via a rotation about the z, axis by
the angle 1, which defines the aircraft’s heading. This is followed by a rotation
about the new y; axis by an angle 6, which defines the aircraft’s elevation.
Finally, the aircraft bank angle, ¢, defines the rotation about the new x5
axis. Figure 3.4 shows a 3D representation of the Euler angles describing the
orientation of the body frame with respect to the navigation frame.

¢

Ty T Ty = X9
Roll angle
Yn (7 Y s Yo
. Pitch angle
“n Yaw angle A7 Zn ] (Elevation) 2 b
Navigation (Heading) Intermediate Intermediate Aircraft’s
frame frame 1 frame 2 body fixed frame

Fig. 3.2 Euler angles
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21 = Zp 29

Fig. 3.3 Euler angles and frame transformation

Tp

d >0 2
» T,

Fig. 3.4 3D representation of the Euler angles

3.1.4 Dzirection Cosine Matrix

The attitude transformation matrix (also called direction cosine matrix) is
necessary to transform vectors and point coordinates from the aircraft’s body-
fixed frame (b) to the navigation frame (n) and wvice versa.

The direction cosine matrix CE transforms the vector A expressed in the
navigation frame A" into a vector expressed in the aircraft’s body-fixed frame
A? as follows:

Ab = CPA", (3.1)

with
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1 0 0 cos# 0 —sinf cosy siny 0

Cg: 0 cos¢ sing 0 1 0 —siny cosy 0 |,
0 —sing cos¢ sinf 0 cos 6 0 0 1

(3.2)

yielding

cos 0 cos Y cos 0 sin ¢ —sinf
Cg = (sinqﬁsin@cosw —cos¢siny sin¢sinfsiny + cos ¢ cos Y sin¢cos€>
cos ¢sinf cost + singsiny  cos ¢psinfsiny — singpcosy  cos ¢ cos O
(33)
The direction cosine matrix C}, which transforms the vector A expressed in
the aircraft’s body-fixed frame A’ into a vector expressed in the navigation

frame A™ is CB = (CP) ™" = (CB)".

3.1.5 Quaternion Representation

The orientation of the aircraft body-fixed frame (b) with respect to the nav-
igation frame (n) can also be expressed with a quaternion representation as
follows:

N 1—2(q2* + ¢57) 2(q192 + q043) 2(q193 — qoq2)
Co=| 2(q1g2 —qogs) 1-2(qi*+q3*)  2(q203+ @) | -
2(q193 + 9092) 2(q2g3 — qoq1) 1 —2(q1% + ¢2?)

cos(6/2)
sin(f/2)u™
the navigation frame (n) into the body-fixed frame (b) by a rotation of an
angle 6 around the axis u™ as shown in Fig. 3.5. In [5], it is shown how
elements of the quaternion can be expressed in terms of the Euler angles and
vice versa.

where the quaternion ¢" = [g0 ¢1 ¢ qs]’ = [ } transforms

Fig. 3.5 Quaternion o
rotation from the navi- . P
gation frame (n) to the 4
body frame (b) "
) b
.4 y
o :L,n
0 e gh
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3.1.6 Wind Frame

The air flow acting on the airframe is responsible for the aerodynamic forces.
The air flow is described by the airspeed vector V. Its norm is Vp and its
direction relative to the airframe is defined by two angles, namely the angle
of attack a and the sideslip angle .

As shown in Fig. 3.6, the angle of attack « is the angle between the pro-
jection of the airspeed vector Vi onto the (xy, z) plane and the z;, axis. The
sideslip angle (3 is the angle between the projection of the airspeed vector V
onto the (zp, 23) plane and the airspeed vector itself. The wind axes coordi-
nate system is such that the z,, axis points along the airspeed vector V.

yw

Fig. 3.6 Angle of attack and sideslip angle definition, & > 0 and 8 > 0

The rotation matrix C} is necessary to transform vectors and point co-
ordinates from the aircraft body-fixed frame (b) to the wind frame (w) and
vice versa according to the following formulae:

A" =CYA" o A'=(CY)TA”=CPAv, (3.4)
with
[ cos 3 sing 0 Ccos o 0 sina
Cy = |[—sin8 cosp 0 0 1 0 ,
0 0 1 —sina 0 cosa

cos acos 3 sin 3 sin a cos 3
= | —sinfBcosa cosf3 —sinasing| . (3.5)
—sina 0 cos «
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As an example, the airspeed vector is expressed in the body-fixed frame as
follows:

Vil =Clvy®
ur VT
vr | =C2 10| . (3.6)
wr 0

The subscript T is used to distinguish the coordinates of the airspeed
vector Vp® from the coordinates of the aircraft’s inertial velocity vector
vi=[u v w]’.

3.2 Wind Disturbance

Several types of wind disturbances W will be introduced in the simulations
of the following chapters to test the robustness of the control, guidance, and
fault detection algorithms.

As found in [3], the aircraft’s inertial velocity v is the sum of the airspeed
Vr and the wind velocity W (see Fig. 3.7),

v=Vi+W. (3.7)

Ty

Vr
<4

W\;

Fig. 3.7 Geometry of the airspeed vector VT, the wind disturbance W, and the
inertial velocity vector v

For a wind disturbance given by its coordinates in the navigation frame
W™, the vectors in (3.7) are projected in the body-fixed frame as follows:
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vl = Vgl + CPw"
— Vp’=v'-CPw",

ur U Wn
vr | =|v| -CP|Wg| . (3.8)
wr w Wp

For the nonlinear simulations of the aircraft, the aerodynamic forces and
torques are functions of the angle of attack «, the sideslip angle (3, the airspeed
Vr, and the dynamic pressure q. They are defined as follows:

V2

VTZ\/U2T+U%+UJ%, a=arctan | L), B=arcsin( L), g=""7T".
ur VT 2

(3.9)

3.3 Model of the Low Altitude Atmosphere

2
The dynamic pressure ¢ = * VT is a key parameter involved in the aerody-

namic forces, as described in Sect. 3.6. The air density p needs to be computed
using the International Standard Atmosphere model as follows:

T = TO [1+ah/T0] y

Cpoll+ ah/TO]E"QE’Gl 410

p= RT : (3.10)
where the temperature Ty = 288.15K, and the coefficients a = —6.5 X
1073 K/m, R = 287.3m?K~1s72 and py = 1013 x 10> Nm~2. For exam-
ple, the value of the air density calculated for an altitude A = 500m is
p = 1.166 kgm~3. This model of the low altitude atmosphere is valid up to
an altitude of 11000 m.

3.4 Equations of Rigid-body Motion

In the following, we will consider the aircraft flying over a small region of the
earth. We will assume that the earth is locally flat (Reqrtn — 00), and thus we
neglect centripetal acceleration due to the earth curvature. We also neglect
effects due to the coriolis acceleration, which consequently assumes the earth
to be an inertial (or Galilean) frame, where Newton’s laws are applicable.



34 3 Nonlinear Aircraft Model

3.4.1 Equations of Forces

Newton’s second law relates the mass m of a system, the velocity vector v of
its center of mass, and the force vectors F; acting on the system. Subscript
1 indicates that time derivation is computed in the inertial frame as follows:

;FJ - LZ (mv)]i. (3.11)

Equation 3.12 recalls the relationship of the time derivative of an arbitrary
time-dependent vector U(¢) with respect to two different frames Fy and F;.
The subscript next to the brackets in (3.12) indicates in which frame time
derivation occurs. The vector describing the relative rotation of the frame Fj
with respect to the frame Fp is wp, /p, yielding

{dU(t)} B [dU(t)
dt Ir L at

The subscript b refers to the body-fixed frame attached to the aircraft.
Equation 3.11 is rewritten as

ZFJ- = Li (mv)]i = [d(Z:jV)]b + Wi X (Mv) . (3.13)

| +wnmxu). (3.12)

Projecting the vectors of the previous equation in the aircraft body-fixed
frame (b), and assuming the mass to be constant, yields

1 d(v®
. > F| = [ (dvt )} +wyt x (VP (3.14)
j b
1 U p U
b b b — g
m [mg +Feng7,'ne +Faerodynamic] - Z) + ,’q,. X :j} . (315)

The equations for the motion of the aircraft are finally obtained as follows:

-9 sin ¢ Fthrust Xb quw —Trv U
gsingcosf | + 0 + | Y —|lru—pw | =1
g cos ¢ cos m 0 VA pU — qu w
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3.4.1.1 Rotational Velocities and Propagation of Aircraft’s
Angular Rates

The rotational velocity vector wy, /, describes the angular motion of the body
frame (b) with respect to the navigation frame (n). The vector wy,/y can be
expressed in either frame. We recall that the relative rotational velocities
between three coordinate systems (a), (b), and (c¢) are related to each other
as follows:

Wa/c = Wa/b T Wh/c - (3.17)

Figure 3.8 shows that the rotation velocity vector between:

e The intermediate frame 1 and the navigation frame is wy /, = @/}zn = 1/')z1

e The intermediate frame 2 and 1 is wa/3 = Oy, = Oy
e The aircraft body-fixed frame and the intermediate frame 2 is wy /2 =

anz = Q;Xb .

®

T, A Ty = T3
Roll angle
Yn '(,b Y £ Yo
_ Pitch angle
“n Yaw angle A7 #n| (Elevation) 2 b
Navigation (Heading) Intermediate Intermediate Aircraft’s
frame frame 1 frame 2 body fixed frame

Fig. 3.8 Euler angles

The rotational velocity vector wy,/n can be constructed as follows:

Wh/n = Wp/2 + W2/1 + Wi/n
= ¢xp + Oy2 + 21 . (3.18)

Projecting each rotational velocity vector in the body-fixed coordinate
system, we obtain the following relationships:

wb/nb = ¢xp + 0 (cos pyb — sin ¢pzp ) + Wb (cos 0 cos ¢pzp, + cos 0 sin pyp, — sin Oxp)
= (qb - ¢sin9)xb + <¢C05951n¢ + 9005(]5) Yb + <¢C059005¢ — ésinqb) Zp -

By definition wb/nb =[p ¢ r]T, where the aircraft’s roll rate is p, its
pitch rate is ¢, and its yaw rate is r. The relationship between the airplane
turn rates p, ¢, 7 expressed in the body-fixed frame and the Euler attitude
rates ¢, 6, and ¢ is
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p= (;'szl}sinﬁ,
q=1vcosfsing+fcose ,
r=1coshcosp— Osing . (3.19)

In matrix form, the propagation of the Euler angles with time is as follows:

D 1 0 —sinf )

qg| =10 cos¢p  cosOsin¢ 01 . (3.20)
7| |0 —sing cosBcoso | |

10) [1  tanfsing tanfcos¢ P

61 =10 cos ¢ —sing q (3.21)
U | |0 sing/cos@ cos¢/cosb | |r

The propagation of the aircraft’s angular rates can also be computed with
the quaternion representation. Indeed, the attitude of the aircraft defined in
terms of the quaternion q" can be obtained after integration of the following
formula:

-1 -2 —q3]
. 1 qo —qs3 q2 b
n
= w 5
a 2| g qo —q1 b/n
| — 42 q1 q0 |
qo (-1 —¢2  —gq3|
q1 Il 90 -4 @ p
o - al . (3.22)
q2 2| g3 q0 —q ,
qs |~ @ q |

The nonlinear aircraft model used for simulations in this book only uses the
quaternion formulation, because some computational and singularity issues
occur when Euler angles are used in the vicinity of a pitch angle of 90°.

3.4.1.2 Aircraft Position and Propagation of Longitudinal
Velocities

The position of the aircraft p™ expressed in the navigation frame (n) is ob-
tained by integration of the ground speed vector [y g & D]T7 which is com-
puted as follows:
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X7 d n d n ~n n.e .
pr = {p"} = {Cip’} = Cip’ + Cip",  (since p” =0)
= CyvP,
i]N u
ip | =Cp ol . (3.23)
.i’D w

3.4.2 Equations of Moments

Newton’s law for momentum in the local navigation frame considered as an
inertial frame is [3]

n d n n
M :dt n{I wb/n },

d (n
= dt{CbIbwb/nb}v
= C?Ibwb/nb —+ C?]’:b(-l.)b/nb + C?Ib(‘bb/nb )
= C?wb/nb X (Ib(-l.)b/nb) + C?Ib(‘bb/nb )
— Mb = wb/nb X (Ibwb/nb) + Ideb/nb )
b -

p (L p p
= |q|=(1" M| —|q| xI"|q| | . (3.24)
7 N r T |
_IJJIE O I"IJZ
The body-fixed inertia matrix of the aircraft is I = | 0 I,, 0

3.5 Engine

3.5.1 Engine Rate

The dynamics for the engine speed n are modeled by a first-order linear
system with the time constant 7,, and the engine speed reference signal n. as
follows:

n=— n+ nc. (3.25)

Tn Tn
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3.5.2 Thrust Force

The thrust force is generated by the propeller and can be expressed with
dimensionless coefficients [6]. The dimensionless thrust coefficient is

CFT(J):CFTl+CFT2J+CFT3J27 (326)

with the ratio J = Dvgn, where the diameter of the propeller is D, the engine

speed is n, and the airspeed is V. The thrust force is computed as follows:

Fr = pn®D*Cr,.(J) . (3.27)

3.6 Model of the Aerodynamic Forces

3.6.1 Lift Force

The dimensionless lift coefficient is modeled as a linear function of the angle
of attack a as
Cz(OL) =Cz1 +Czq0 . (3.28)

The lift force is calculated by multiplying the lift coefficient by the wing
surface S and the dynamic pressure g as follows:

2% = gSCy(a) 2 (3.29)

3.6.2 Lateral Force

The lateral force acting on the aircraft is mainly due to the fuselage, which
is considered to be an inefficient wing with zero offset due to the symmetry
of the airplane in the (z, 25) plane, yielding

CY(ﬁ) = CYlﬁ ’
Y¥ = gSCy (B) . (3.30)

3.6.3 Drag Force

Due to the symmetry of the fuselage, minimum drag is obtained when the
sideslip angle 3 is zero. The wing is not symmetric, therefore, minimum drag

2 The superscript w indicates that the vector is expressed in the wind frame.
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is obtained for an angle of attack different from zero. The dimensionless drag
coefficient is approximated by a quadratic function in o and 3 according to

Cx(a, B) = Cx1 4 Cxa@ + Cxa20” + Cx 2% . (3.31)

The drag force is obtained by multiplying the drag coefficient by the dynamic
pressure and the wing surface resulting in

X" = gSCx (v, B) . (3.32)

3.7 Model of the Aerodynamic Torques

In order to change the attitude of the aircraft, torques are applied to the
airframe. They are generated by control surfaces such as ailerons, elevators,
and rudders. The control surface deflections are scaled such that the range
of §,, dc, and §, are the same:

80y 80,0, € [~1,1]. (3.33)

The total torque M applied to the airframe contains only aerodynamics
effects and is expressed in the body-fixed frame as follows:

M,° Lb
M= | M| =M. (3.34)

3.7.1 Roll Torque L®

The generation of the roll torque is modeled by a linear function of the aileron
deflection §,, the sideslip angle (3, and the dimensionless angular rates p and
7. The dimensionless angular rates are introduced as follows:

bp cq br

oV qg= 7= (3.35)

p= Wy A

where the wingspan is b and the mean aerodynamic chord is ¢.
The dimensionless roll torque is

CL(0a,3,9,7) = CrLaba + CrLpf + Crpp + Crsr . (3.36)

The roll torque is then obtained by multiplying CJ, (., 8, p, ) by the dynamic
pressure ¢ and the wing surface S as follows:
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Lb = q_SbCL((Saa/Baﬁ7 ’F) . (337)

The effectiveness of the ailerons to produce some roll torque is modeled
through the coefficient C',, and depends mainly on the size of the ailerons.
The term Cr; is the damping factor related to the dimensionless roll rate
p. The term Cprz is useful to model the effect of unequal left and right wing
speeds due to the rotation around the z;, axis, resulting in a difference in the
lift forces, and thus modifying the roll torque generation.

3.7.2 Pitch Torque M?"

The generation of the pitch torque M? expressed in the aircraft body-fixed
frame (b) is modeled by a linear function of the elevator deflection 4., of the
angle of attack «, and of the dimensionless pitch rate ¢. The dimensionless
pitch torque is modeled as

Crr(0e, e, §) = Ot + Cnr, 0 + Crigd + Crracr . (3.38)

The effectiveness of the elevator to produce some pitch torque is accounted
for through the coefficient Cjs. and is dependent mainly on the size of the
elevator. The derivative term Chy, is negative if the airplane is stable on its
longitudinal axis. The damping factor C'yr4 depends mainly on the length of
the fuselage and the surface of the horizontal tail.

The pitch torque is finally computed as follows:

M = GSECh(8e, v, §) - (3.39)

3.7.3 Yaw Torque NP

The generation of the yaw torque N® is modeled by a linear function of the
rudder deflection 4., of the sideslip angle 3, and of the dimensionless yaw
rate 7 as follows:

Cn(0,,7,8) = Cns, 6r + CniT + Cnpl3
N = GSbCn (5,,7,3) . (3.40)

The effectiveness of the rudder to produce some yaw torque is modeled
through the coefficient C;, and is dependent mainly on the size of the rud-
der. The damping factor Cny is affected by primarily the lever arm and the
size of the vertical tail.
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3.8 Summary of the Nonlinear Aircraft Model

The differential equations of the nonlinear six degree-of-freedom aircraft

model are recalled below:

S'L'N_ u

TE :Cg v y

iD_ w

| —gsinf

v | = | gsingcost | +

w | gcos¢cosb
QO_ -
| _ 1] q
2 2| g3
qs | —q2
5
. -1
q| = ()
7"_.
. 1
n=-—_ n-+

Tn

(3.41)
Fr X? qu — TV
0o |+[Y® — |ru—pw| , (3.42)
0 A pU — qu
:32 —q(Z3 p
ST g], (3.43)
do0 —q1
r
q1 q0
b
L P p
M| —|q| xI|¢q , (3.44)
N r T
1
Ne (3.45)

Tn

Expressions for the thrust force Fr and torques [ M N]T are given in
previous sections of this chapter. The numerical values of all the parameters
involved in the model are given in Appendix F.
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Chapter 4

Nonlinear Fault Detection and Isolation
System

In this chapter, three main limitations of the classical implementation of the
MMAE method to isolate faults based on predefined fault hypotheses are
highlighted. The first limitation concerns the number of filters that must be
designed in order to span the range of possible fault scenarios, which must
be limited due to computational load. The second limitation appears when
an actuator is locked at an arbitrary non-zero position that biases the resid-
uals of the KFs, leading to inaccurate fault detection and state estimation.
Third, most of the implementations of an MMAE method only work effi-
ciently around predefined operating conditions. This chapter presents a non-
linear actuator FDI system, which works over the entire operating envelope
of an aircraft. Locked-in-place and floating actuator faults can be handled.
The robustness of the FDI system is enhanced by the use of auxiliary exci-
tation signals. The FDI system is also capable of handling two simultaneous
actuator failures with no increase of the computational load. The complete
system has been demonstrated in simulation with a nonlinear model of a
model aircraft in moderate to severe wind conditions.

4.1 Introduction

New generations of UAVs will be designed to achieve their mission not only
with increased efficiency, but also with more safety and security. Future UAVs
will be operated with algorithms capable of monitoring the aircraft health
and of taking action if needed. Fault-tolerant control systems for small and
low-cost UAVs should not increase significantly the number of actuators or
sensors to achieve the safer operation. This chapter describes a computa-
tionally efficient on-line nonlinear FDI system that monitors the actuators’
health without requiring any sensors to measure the deflection of the control
surfaces.
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Fig. 4.1 Classical MMAE scheme

4.2 FDI Using MMAE Schemes

One approach to detect and isolate actuator or sensor faults is the MMAE
method [1] as depicted in Fig. 4.1. Tt is based on a bank of KFs running in
parallel, each of which is matching a particular fault status of the system.
A hypothesis testing algorithm uses the residuals from each KF to assign
a conditional probability to each fault hypothesis. As one may expect, the
computational load is quite intense. Therefore, the on-line use of this method
was impractical for a long time. However, with the more powerful processors
now available this method has regained appeal in many applications.
Several papers have demonstrated how the MMAE method can be used
in the context of FDI systems for aircraft [2-4] and underwater vehicles [5].

4.2.1 Advantage of the MMAFE Method

The main advantage of the MMAE method lies in its responsiveness to para-
meter variations, leading to faster fault isolation than that attained by other
methods without a multiple model structure.

The method also enables the reconstruction of a correct state estimate even
when an actuator or sensor fault occurs, since the estimated state vector is
the sum of each KF estimate weighted by its corresponding probability.
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4.2.2 Limitations of the MMAEFE Method

The MMAE method can be applied in practice as long as the expected faults
can be hypothesized by a reasonable number of KFs. However, the number
of addressable faults is limited due to the computational load required for
each filter.

The method also does not provide satisfactory results when an occurring
fault does not closely match a predefined fault hypothesis. This may occur
when an actuator is locked-in-place at an arbitrary position that affects the
dynamics of the system. Since lock-in-place faults cannot be predicted, they
can have detrimental effects on the filter performance. Due to the biased
residuals, the KF provides inaccurate estimates of the state variables, which
causes severe problems with the probability calculation. Therefore, neither
the fault detection nor the fault isolation works properly, and the state esti-
mation is useless for control purposes.

Moreover, in most of the fault-tolerant applications that use the MMAE
method, the KFs are designed based on a linear model of the unmanned
vehicle operated at certain nominal conditions. Very few papers describe the
MMAE method being used in the nonlinear case, when the system operates
over the entire range of possible operating conditions. The authors of [6]
used a multiple model approach for the sensor fault detection of nonlinear
systems. However, the assumption is made that the nonlinear system can be
approximated by a finite number of interpolated linear time-invariant models,
which constitute the banks of KFs whose residuals are used to determine the
effective operating regime and isolate the faulty sensor. In this chapter, a
unique bank of filters is designed, which can operate over the whole span of
the aircraft’s flying conditions.

4.2.3 New Extensions to the MMAEFE Method:
The EMMAE Method

In order to make the MMAE method applicable for any flight conditions and
capable of isolating lock-in-place or floating actuator faults, the MMAE al-
gorithm is combined with EKF's used for the nonlinear estimation of some
(unknown) fault parameter: the deflection of a faulty control surface (or ac-
tuator). The resulting method is called EMMAE; see [7-9].

This chapter explains why the on-line estimation of the deflection of a
faulty actuator enables the EMMAE method to cope with lock-in-place or
floating actuator fault scenarios and drastically reduces the number of filters
needed.
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Moreover, this method takes advantage of the estimated faulty-actuator
deflection to reconfigure the settings of the control allocator described in
Chap. 5 in order to efficiently compensate for the fault.

Furthermore, some techniques were added to enhance the robustness and
the performance of the EMMAE-FDI system when there is very low excitation
of the aircraft during steady flight and to improve the speed and accuracy of
the fault isolation.

Finally, the results of simulations are presented and demonstrate the com-
plete system on a nonlinear model of an aircraft experiencing consecutive
actuator faults under severe wind disturbance.

4.3 A New FDI Scheme Based on the EMMAE Method

4.3.1 Modeling Actuator Faults

A lock-in-place or floating actuator fault in the system can be seen as if the
desired control input 6; was disconnected and replaced by a faulty control
signal Sj that takes control over the plant, as shown in Fig. 4.2. In a concise
manner [10], the true input of the plant can be written as

ui(t) = 6i(t) + o, (6:(t) — 6:(t)) . (4.1)
In the case of actuator failure(s), the vector of the (unknown) inputs is

8(t) =[01(t) 02(t) ... Sm(B)]T, (4.2)
with o = diag{oa1 042 ... 0am}, where

1, if the j** actuator fail
JAJ_{, 1 e 7' actuator als}' (4.3)

0, otherwise

ref(t)
—>

Reconfigurable Plant

Controller

#(t),y(1).9,(¢)

EMMAE]

Fig. 4.2 Modeling of actuator faults
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In the method presented below, the unknown parameters 5j are constantly
estimated by their respective EKF. The conditional fault-hypothesis proba-
bilities p; assign the value for o4;.

4.3.2 The EMMAFE Method

The MMAE method is to be made applicable for any arbitrary lock-in-place
faults or uncontrolled varying faults and at all flying conditions. Therefore,
the original MMAE algorithm is modified by replacing the linear KFs by
EKF's used as nonlinear estimators of the state vector and a fault parameter,
namely the deflection of a faulty control surface (or actuator). The implemen-
tation of the EMMAE is depicted in Fig. 4.3. Contrary to the FDI designs
with the classical MMAE method where several KF are designed for several
faulty deflections for one actuator, in the EMMAE method only one EKF
is responsible for completely monitoring one actuator’s health. Therefore,
the EMMAE method drastically reduces the number of filters required for
actuator health monitoring.

5 Ly
EKF based Enf
"K'T"“ > on No Failure T
i N
: id EKF based .
i Failure 1 :
- > on Failure :
i 5,
H Al N——>
P EKF based il (X PP
H > on Failure i
n
A »;
Hypothesis Conditional :
Probability Computation Dy
DPnf

Fig. 4.3 EMMAE-FDI scheme: each EKF monitors its assigned actuator

The addition of the actuator deflection estimate in the system state vector
enables the EMMAE method to work for all the possible positions where an
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actuator can be locked or floating. In order to better illustrate the difference
between the EMMAE and MMAE methods, we recall how the models are
defined in the regular MMAE method [2-5] for an actuator or a sensor failure.
The MMAE scheme considers a bank of linear models of the form

%X = Ax+ Bu,
y = Cx+ Du, (4.4)

where each model matches a fault scenario.

For example, the model that describes a failure of the ;" actuator will
have its B matrix modified such that the j* column of the B matrix is
replaced by the very same column times a factor A; that varies from zero
(complete loss of the actuator) to one (fully functioning actuator), see (4.5).
Any intermediate value of \; indicates a reduction in the effectiveness of the
4™ actuator to modify the dynamics of the aircraft as shown in (4.5):

)'(:AAX—%-]?)ju7
bip -+ bijAj - bin Uy

X=Ax+ | by --- blj)\j - bin Uj . (45)
b -+ bpsAj -+ bpn | Lun

If we are to design a filter to detect the failure of the i*? sensor, the i*" row
of the C matrix will be replaced by the very same row times a factor that
varies from zero (total sensor failure such as sensor disconnection) to one (no
sensor failure) as shown in (4.6):

y=GCix,
C c C c _3?1 ]
11 12 - 1k - 1
P o
Yy = Cil)\i Cig)\i cee Cik)\i e CipAi Tr . (46)
Cml Cm2 " Cmk " Cmp
L Zp

However, this kind of approach for the modeling of actuator and sensor
failure is very restrictive. Indeed, in the case of a total loss of the j* actu-
ator, the factor )\; equals zero. This means that whatever control input the
controller generates for the j* actuator, it has no influence on the dynamics
of the aircraft, and the faulty actuator deflection is considered to be zero.
Note that if the j* actuator is actually locked at a non-zero deflection angle,
the control signal to the j™ actuator has no influence on the dynamics of



4.4 Aircraft Actuator Configuration and Nonlinear Dynamics 49

the aircraft; however, the faulty-actuator deflection does have an influence
on the dynamics of the aircraft. This condition results in an unknown bias
term that will prevent the j** KF in the MMAE method from working prop-
erly. Therefore, the residuals will be biased, and the state estimation and the
computation of the probabilities will be incorrect as well.

In the EMMAE method, we not only modify the control input matrix, but
also the dynamics matrix. Indeed, in order to define a model that describes
a failure of the j*® actuator, the j*" column of the control input matrix is
zeroed and the state vector is augmented with the j* actuator deflection
§;. The dynamics matrix is also augmented with the original j*" column of
the control input matrix. In this way, the control inputs from the controller
to the j'™ actuator are totally ignored, but the faulty deflection 5j that is

constantly estimated (0, ) in the state vector contributes to modifying the
dynamics of the aircraft model of the j* filter, yielding residuals that are
the smallest for the filter matching the occurring fault. Let us illustrate how
the filters in the EMMAE are constructed in practice.

4.4 Aircraft Actuator Configuration and Nonlinear
Dynamics

4.4.1 The Aircraft Configuration

The five control surfaces of the aircraft under consideration are one left
aileron, one right aileron, one left elevator, one right elevator, and one rudder,
as shown in Fig. 4.4. All actuators are fully independent, which means that
ailerons (or elevators) can individually move up, down, or together in the
same direction. This configuration permits some pitch torque to be produced
with ailerons or some roll torque to be produced with elevators.

The state vector of the FDI filters is chosen to take only the most relevant
state variables of the aircraft in order to reduce the computational load when
running the EKFs. The state vectoris x = [p ¢ r « p]7. The control
vector for the aircraft is u = [0,, 4, 0e;, de, 0r Fr]T, and the vector
involving only actuator deflections is § = [04, 04, 0ey  Jen  Or-

4.4.2 Asrcraft Nonlinear Dynamics

Among the nonlinear equations which describe the dynamics of the aircraft,
those involving the turn rates are of high interest. They show the explicit
relationship between turn rates and the torques applied to the aircraft, i.e.,
[L MN]T, expressed in the body-axes frame (zp, ys, 25) of the aircraft:
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Fig. 4.4 Aircraft configuration
b
P o L P .| ?
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In the context of this work, the aircraft is a small UAV for which the aero-
dynamic moments have been modeled as follows (see [11-14]):

L= quCL(50175a2756175827p7 T, 6) )
M = qSECM(aala5&2756175827Q3Q) )
N = quCN((Sah6a27561766276T7ra ﬁ) ) (48)

where the dynamic pressure is § = ‘2/%, the total airspeed of the aircraft is
Vi, the air density is p, the wing total surface is .S, the wing span is b, and
the mean aerodynamic wing chord is c.

The aerodynamic derivatives are expressed as a linear combination of the
state elements and control inputs as

Cr =Cr,0a1+Cr,0a2+ Cr, 6e1 + Cr.y0e2 + Crpp + Crst + Crgf
Cy = Cum1 + O,y a1 + Criyo0a2 + Coa,y 0e1 + Car,p0e2 + Crrgq + Crracr

Cn :CN5T6T+CN777:+CN5§7 (49)
with
N bp - cq ~ br
P=ov 0 7o TT o (4.10)

The last two nonlinear differential equations concern the angle of attack «
and the sideslip angle [ as follows (see Appendices A and C for the derivation



4.5 Design of the EKF's 51

of the following two formulae):

qS
a~q+ g {1+ 4 ([Cx1+CZa]a+021)} ,
Vr mg
: qSCy1
~ — 4.11
pr—rt” v B (4.11)

with the drag derivative C'x1, the side force derivative Cy1, and the lift deriv-

atives Cz1, Cz4 being constant terms (see Appendix F). The inertia matrix is
I:IXE 0 I:EZ

I’=1| 0 I,, 0 [,and the measurement vectorisy =[p ¢ r o« pB|T.

4.5 Design of the EKF's

In 1960, Kalman introduced his approach to linear filtering based on the
method of minimum variance [15]. Compared with existing filtering tech-
niques at that time, the KF, though usually more computationally intense,
offered performance improvements and ease of implementation on a digital
computer due to its recursive formulation. Moreover, the KF processes all
available measurement data or information that can be provided to it, re-
gardless of their precision, on the basis of their stochastic descriptions, in
order to generate an overall best estimate of the parameter considered [16].

A mathematical model has been developed to describe the behavior of the
aircraft. We know that this model will never be perfect, leaving many effects
unmodeled. Also, this model will only be approximated by the computer
implementation. Furthermore, several parameters of the model will not be
known exactly, and the sensor measurement data will be corrupted by noise
and biases. For all these reasons, we decided to use Kalman filtering to take
into account such system dynamics and measurement noise, errors, and un-
certainties.

KFs are well suited when the real world can be described by linear differ-
ential equations expressed in state space form and when the measurements
are linear functions of the states. However, in most realistic problems, the
real world is described by nonlinear differential equations. In this work, we
will therefore consider the implementation of EKF's to take into account these
nonlinearities.
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4.5.1 EKF Equations

The EKFs are designed based on a set of continuous nonlinear differential
equations that describe the plant under consideration as follows (see [17]):

x=f(x,u)+w, (4.12)

where the state vector is x, the control input vector is u, the set of nonlinear
functions of the state and control vectors is f(x, u), and the random zero-
mean process noise vector is w.
The continuous process noise covariance matrix describing the random
process w is given by
R, = E{wwT} . (4.13)

Equation 4.12 is first linearized around the current operating point and
then discretized using the Euler integration method. Note that the Euler
integration method is also used for the simulations presented in the following
sections. The discretized form of (4.12) is expressed in state space form as

Xit1 = pxXp + Grug +wy (4.14)

where the state vector is evaluated at the discrete time instant tp, = kT,
with T being the sampling period of the system. The control input vector
at time step k is ug, and the discrete random zero-mean process noise wy is
used to describe uncertainties in our model.

Finally, the discrete form of the measurement equation, either a linear or
a nonlinear function of the states, is

i =h(xg) + v, (4.15)

where the discrete zero-mean random noise vy, is described by the measure-
ment noise covariance matrix R, j = E{vkvf} and consists of the variances
of each of the measurement noise sources.

The discrete transition matrix ¢y, is approximated by (see Appendix B.2.2)

$r ~ T+ F(W)T, | (4.16)

where the continuous system dynamics matrix F(k) is obtained by linearizing
the continuous nonlinear equations and is evaluated at the latest available
state estimate X3 according to

_ of(x,u)

F(k) ox

(4.17)

X=Rp |k, U=Uk

Similarly, the continuous measurement matrix H(k) is computed by lineariz-
ing the (possibly nonlinear) measurement equation h(x) and is successively
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evaluated at the latest available state estimate X ;_; according to

H(k) = H; = agg:c) . (4.18)

X=Xk|k

The equations used in the EKF [17, 18] are described below. The schematic
overview of the computation steps is shown in Fig. 4.5:

1. The Kalman gain matrix Ly is computed as
-1
Ly = Zgp— 1 HY [HiZgp- 1 HY + Ry ] (4.19)

and is a function of the last propagated state error covariance matrix Xy, _1,
and of the measurement noise covariance matrix R, ;.
2. The measurement update of the state estimate is as follows:

Kk = Xpjp—1 + Li[yr — h(Xpe-1)] (4.20)

where the last extrapolated state estimate is Xjz—;, the Kalman gain is
Lj, the measurement vector is y; and the estimated measurement vector is
h(%p|x—1). The set of continuous nonlinear measurement equations is h(.).
3. The third step concerns the update of the state error covariance matrix
Sk = E{ek|ke£‘k} with ey, = x(k) — Xy, where x(k) is the true (un-
known) value of the state vector at the discrete instant k. The matrix 3y, is
recursively computed as a function of the last predicted state error covariance
matrix ¥y ,_; and the last computed Kalman gain matrix Ly as follows:

Sk = [ — LpHg] Zpp—1 - (4.21)
4. The forward propagation of the state error covariance matrix is
Sitilk = OrZppPr + Ruw (4.22)

where the matrix R, j represents the covariance of the discrete process noise
acting on the elements of the state vector. The value of R,, , is found from the
continuous process noise covariance matrix R, and the continuous transition
matrix ¢ according to (see also Appendix B.1)

Ru.kx = /0 ) o(T) Ry (7)dr . (4.23)

There is an alternative solution of introducing process noise into the system
through the control input matrix. Indeed, if the plant is described by the
following equation:

Xkt+1 = drxi + Grug + Gpwy, (424)
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then the process noise covariance matrix is defined by
Rw,k = GkaGg , (4.25)

where the covariance matrix of the discrete process noise acting on the ele-
ments of the state vector is Ry, and the discrete control input matrix is
Gp=T,5F :
Vr(k)

5. The propagation forward of the state estimate does not have to be
done with the discrete transition matrix ¢ but rather it is done directly
by integrating the actual nonlinear differential equations forward at each
sampling interval. If the Euler integration technique is used, the extrapolated
state estimate is computed with

Ritilk = X + X Ls (4.26)
where the derivative is obtained from

):iklk =f (&k|k7 U.k) . (427)

Remarks:

e Note that the EKF presented in this section keeps track of the total es-
timates and not of the incremental ones (deviation from a nominal tra-
jectory) as would be the case in a linearized KF. Indeed, the residuals
are built from the difference between the true measurement vector and
the predicted measurement vector using the set of nonlinear measurement
equations acting on the total state estimate h(Xz,—1)-

e Moreover, the measurement update of the state estimate is done using
the total estimate X(k|k — 1), and the propagation forward of the total
state estimate is achieved using the set of nonlinear differential equations
acting on the total state estimate (%, ux) instead of using the discrete
transition matrix acting on incremental state quantities.

e Nevertheless, the computation of the Kalman gains and state error covari-
ance matrices makes use of the recursively updated linear model through
¢k7 Hk, and Rw,k~

e The schematic overview shown in Fig. 4.5 clarifies the mechanization of
the EKF implemented in this work.
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The continuous system dynamics matrix for the no-fault filter F,,¢(k) evalu-
ated at time step k can be explicitly derived from the nonlinear model as

B Sb[[zzCLg—IzzCNg]__
0 D q
SeCura 7
Fl Iy q 0
— Sb[I:CNnp—Iz2CLg] -
an(k) 0 ND'G1 Lo q ) (428)
0 1 o rVrS0za 0
2m
_ pVrSCy 1
S 2m 4 s k11
with the submatrix F; defined as
L.SV’CLs = N —N; No (I..Cr#—1I,.Cn7)Sb? = | No
oDve 47 D4 D, Pt T 2D Vi 4+ p,4
_ Se*Cug = Ioo—1I 21
F, = Toa—1.. _olzzx Mg _dga—Lzz,y zz
1 Iyy " 2 Iyy p 2Vrlyy q Lyy Iyy " ’
Sb*Crslss - |, Ns N3 Ny Sb*[—1,.Cri+I:2CnN7] = | Ny
— opywvy 9T D4 p, Pt T 2D, Vr 9+ p,4
(4.29)
2 2 2
where N1 = Iacz(Iww _Iyy+lzz)7 Ny = Inyzz _Izz _1227 N3 = Izz _Iacxlyy"'_

12, and Dy = I, 1., — I2, .
The discrete transition matrix for the no-fault filter is calculated with

Gnfre =1+ F,p(k)Ts.

We also compute the control input matrix of the no-fault filter G, (k) as

follows:
r Sbl..Cra,
D,
SeChray
Lyy
—SbL,.C1,,
Dy
0
0

Sbl.:CLas,
D,

SECh1ay
Lyy
—SbI,.CL,,
Dy
0
0

SbI..ClLe,
D1

SeChre,
Iyy
—SbL,.Cr.,
Dy
0
0

SbI..ClLe,
D,

SeChse,
Iyy
—Sbl,.CL,,
Dy
0
0

—Sbl,.Cny,
D1

0

SbI,uCni.
D1
0
0

(4.30)

The discrete control input matrix for the no-fault filter is Gy, = G, r (k)T .
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4.5.8 Augmenting the State Vector with the Faulty
Actuator Parameter J;

The state vector of the i filter is augmented to monitor the occurrence of
the i*" actuator fault. The deflection of the failed actuator is included in the
state vector in a way to be estimated by the EKF. Therefore the state vector
for each filter i is

z; = B‘} . (4.31)

The augmented state vector leads to the following state space equations for
each filter i:

zi(k +1) = f5,(2:(k), 6(k)) + Wi ,

yi(k) = h(zi(k)) + v , (4.32)
where
fu (0. 5(0) = | PRI | (433)
The linearization of the dynamics matrix yields
Fo ()= ) £ (a(R),8(0) ,
i zi=2:(k|k)
(i
_ [ng:) G 1(k)] , (4.34)

where G() represents the i** column of G. The input matrix becomes

G- (k) = afgifzxzi(k),é(k)) (4.35)

G(O,i)(k)
0 b

with G(%) representing the matrix G with its i** column set to zero.
The linearization of the measurement matrix is

HL() = o, 006D =[Gk Os ], (430
with
C. (k) = aih(zl(k e
Cs. (k) = aagih(zl(k)) i —0. (4.37)
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Using the above equations, the linearized system evaluated at each sampling
time can be written as

[X(k—i-l)} B [F(k) Gi(k:)} [;(k)} N {G(Oﬁ(k)} 5(k)

Si(k+1) 0 1 0

v = o[ X (439

4.5.4 Designing the EKF for the Case of a Failure on
Aileron 1

In order to provide an example of how to derive the matrices for the EKF
corresponding to the scenario of a lock-in-place or floating actuator failure,
we will consider the filter that monitors the functioning of aileron 1.

The system dynamics matrix for the aileronl-fault filter Fs,1(k) is explic-
itly derived from the nonlinear model as

r SH[I..CrLp—1I,:Cnpl =  Sbl::CLa; - 7
0 Dy q D, 4
ScCra 5 S5¢Cpray ~
Fl Iyy q O Iyy q
O Sb[IzzCNLi*IIZCLB]q 7SbIaczCL,11 q
Fsa1 (k;) = D, D, ,
pVrSCzq
01 0 PVse 0 0
_ pVTSCyl
00 -1 0 ¢ 0
L0 0 O 0 0 1 3 o (ki)
(4.39)
with
I..SV*CLs -~ N, —N; Ny (I..CL7—1,.Cn7)Sb? = | Ny
2D ve 47 D4 D, Pt T 2D Vr 9+ p, 4
_ SE2Cng - Tpo—1I 21
F, = Tpo—1,. r— 21,236 Mg _dge—Lzz, zz
1 Iyy I'yyp 2Vrlyy Iyy p Iyy ’
Sb2Crples ~ , Ni N N, Sb?[—I..Cri+1.2CnN7 = , Ny
~— opvy 4T p4  p Pt p T 2D, Vr 9+ p,4
(4.40)
with Ny = IIZ(IMC*Iyy+IZZ), Ny = Iyyfzszngffz, N3 = Iwzszxa;[nyrng,

and Dy = LI, — I2,.

The discrete transition matrix for the aileronl-fault filter is calculated with
Dk5, =1+ Fs,, (k)T
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The control input matrix of the no-fault filter Gy, (k) is computed as
follows:

'0 Sb]zcha2 — Sb]zchel — Sb[zzCLez — 7SbIIZcN6r (j_
D1 D1 D1 Dy
SeChrran — SeChrres — SeChrres —
O 2 1 2 O
Iyy Iyy Iyy q
_ ~SbIy:Cra, _ —Sble:CrL,, _ —Sble:Cr,, _ SbI..Cny, -
G5a1 (k) =10 D, q D1 q Dy q D
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0 _
- - (k)
(4.41)

The discrete control input matrix for the aileronl-fault filter is Gs,, 1 =
Gs,, (k)Ts. All the other filters monitoring the other actuators are designed
in a similar way.

4.6 Actuator Fault Isolation

4.6.1 Hypothesis Testing

A hypothesis testing algorithm uses the residuals and the state error covari-
ance matrix from each EKF to assign a conditional probability to each fault
scenario. The estimated state vector of the system is the sum of the state
vector of each EKF weighted by its corresponding probability

R[k] = Zﬁz[kf] - pilk], (4.42)

where %X;[k] is the state estimate computed by the EKF that assumes the fault
scenario 6;. The index i covers all the fault scenarios implemented, including
the no-fault case. By p;[k] we denote the probability that the i*" fault scenario
is occurring. Now, the main difficulty lies in the on-line computation of the
probability p;[k]. In order to determine which fault scenario the actual plant
is the closest to, we must consider the measurement data from the sensors.
The last available measurement vector is y[k], sometimes also written yy, in
the following. We also define the sequence of the last measurement vectors as
Yi = {yr,Yk-1,Yk—2, -, Yo} The fault probability p;[k] can be expressed
as the a posteriori conditional probability p;[k] = p(6 = 60;|Yk), i.e., the
probability that the actual plant can be categorized in the scenario 6; given
the sequence of the last measurements Y.
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Bayes’ law states that
pIY |0 = 0:]p[0 = 0]

pilk] = plf = 0:[ Y| = , 4.43
K] = i = 0,]Y. v (1.43)
where the probability p[Y] can be decomposed as
plYk] = p[Yr|0 =01] - pl0 = 01] + ... + p[Yi|0 = On] - pl0 = O] ,
N
= p[Ykl0=06;]-pl0 =06;] . (4.44)
j=0
Combining (4.43) and (4.44) yields
Y0 = 0;]pl0 = 6;
plk] =plp = oy, = _ VRO SO0 =00 )

Yo p[Y k|0 = 0,1 - pl6 = 0]

with N being the number of different scenarios under consideration. In order
to make a recursive form appear in the probabilities, the measurement data
sequence Y, is rewritten as the sequence {y, Yir—1}:

pIY k|0 =0;)] = plyk, Ye-1/(0 = 0;)]
=plyel (Yi-1,0 =0;)] - p[Yi-1|(0 = 0;)]
=plyrl(0 =0;, Yi-1)] - p[(0 = 6;)[Yr-1]
=plyel(0=0;,Yi-1)]-pi[k—1]. (4.46)

Using the result (4.46) in (4.45) yields

plyel(0 =0;,Yr_1)] - pslk — 1] - p[0 = 0]
> o p yl(0 = 60;,Y 1)) - pslk — 1] - p[6 = 0]
(4.47)
Since a fault may occur at any time, regardless of which actuator may fail, we
decide to assign the same probability to all the scenarios, i.e., p[d = 6] = 1/N
for j = 1,...,N. Therefore, the equation above simplifies to the following
recursive expression:

pilk] = pl(0 = 6:)[Y 1] =

Pl = 0:]Y 4] = ply =yel(0 =0:,Yi_1)] - ps[k — 1] . (448)

ilk] =
Pl Yoply = yrl(0 =0;, Y 1) pilk — 1]

Remarks:

e By examining the probabilities, we can determine the “health status” of
the system. It is either the no-fault case or a case where an actuator
is locked-in-place or floating. An actuator fault is declared valid if the
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corresponding fault probability exceeds 90% for a certain amount of time.
A fault is declared removed when the corresponding fault probability is
below 5% for a certain amount of time.

e One may notice that the denominator of (4.48) corresponds to the sum
of each scenario probability’s numerator, such that the fault probabilities
add up to one.

e In practice, in order to prevent the possibility that the recursive compu-
tation of the fault probability in (4.48) stays at zero forever as soon as
the probability reaches zero, the lower bound of each probability is set to
0.001.

e This method that uses probabilities for fault isolation is sometimes called
a Bayes classifier (see [19], Chap. 16).

4.6.2 Gaussian Conditional Probability Density

We now derive an explicit formula for the term ply = yi|(0 = 0;, Yr_1)],
which corresponds to the probability of obtaining the measurement data y[k]
at time t; = kT, assuming the scenario 6; exists and given the sequence of
the last measurements Yg_1.

The probability density is chosen to be a Gaussian function [16] with its
characteristic bell-shaped curve according to the following formula:

ply = yul(0 = 0, V1)) = Mi[kle M= Wbz g 49)
with \;[k] = (27r)m/2|12,-[k]|1/2’ where |...| denotes the determinant of the ma-
trix, m represents the measurement dimension, and 3;[k] is the residual co-
variance matrix calculated at time step k by the i*® EKF. The term r;[k]|
corresponds to the residuals of the i** EKF, when the measurement update
step occurs according to the equation

ri[k] = yr —h&i(k[k - 1)) . (4.50)

Intuitive Explanation of the Probability Density

In the case of a single-input single-output problem, in which the state and
measurement vectors reduce to scalars, the measurement data h(#;(k|k—1))
that we expect according to our model can be seen as the mean value of the
measurement data computed by the i*® EKF, i.e., 9;[k] in Fig. 4.6.

The width of the conditional Gaussian density is governed only by the
covariance matrix X;[k]. Figure 4.7 shows the shapes of the Gaussian function
for several standard deviations 02 = X(jj). The residual r;[k] determines
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Fig. 4.6 Conditional probability density in the scalar case

the relative position of the peak of the probability density with the actual
measurement yy.

In the multivariable case, which applies in this FDI system, the fault prob-
ability p[y = y&|(0 = 0i, Yi—1)] is given by £(r; = r;[k][(0 = 6, Yi—1)), with
the probability density defined as a function of the residual r; with

(O =0, — 1 =7k, /2
f(rzl(e - 917Yk—1)) - (277)m/2|2i[k3]|1/2 e e . (451)

Therefore, the filter that corresponds to the fault scenario produces an
estimate for the measurement vector §;[k] = h(%;(k|k — 1)) very close (apart
from noise) to the actual value of the measurement data vector y[k]. The
residual r; [k] = yr —h(%X;(k|k—1)) will be small and close to zero. This means
that the corresponding probability p [y = y|(6 = 0;, Y;_1)] is the highest for
the filter matching the fault scenario.

By examining the probabilities computed with (4.52) we can determine the
health status of the system, either in the no-fault case or in an actuator/sensor
failure case:
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pilk] =plo=6,[Yx] = _F ly = yrl(0 = 0;, Ye_1)] - pilk — 1]

. (452)
> i—oPly = yrl(0 =05, Y 1)] - pj[k — 1]

Remarks:

e The hypothesis testing uses a Gaussian density function, which assumes
that the residuals from the EKFs are Gaussian distributed. When this is
not the case, there is a little inconsistency with the application of the the-
ory. However, the assumption that these residuals are Gaussian distributed
is still reasonable, especially when the aircraft dynamics are slow.

e The reason why we use a Gaussian distribution to describe the probability
density of the current measurement to take on the value y, based on
the fault hypothesis 6; and the previous measurements Y;_1, is to make
the mathematics tractable. As mentioned in the book by Maybeck [16],
“the Kalman filter, which propagates the first and second-order statistics
[mean and variance of a process], includes all information contained in the
[Gaussian] conditional probability density, rather than only some of it, as
would be the case with a different form of density”. If another probability
density function was known, then (4.51) could be changed accordingly.
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4.7 Simulation Results of the EMMAE-FDI with no
Supervision System

4.7.1 Stmulation Conditions

In order to obtain realistic simulations, the sensor measurement data are
corrupted on purpose with zero-mean white Gaussian noise corresponding
to typical specifications of low-cost sensors. For the turn rate sensors, the
standard deviation is 0,4, = 5deg/s=0.0873rad/s, which corresponds to
a noise covariance of ¥, ,, = 0.0076 x I3 [rad®/s?]. For the air-flow angle
sensors, the noise standard deviation is 0,3 = 2deg=0.0349rad (X3 =
0.0012 x Iy [rad?]). The airspeed sensor noise has a standard deviation of
ovy =1m/s (Xy, = 1m?/s?). Poor sensor quality adversely affects the FDI
reliability.

When there is little excitation and when the faulty actuator deflection is
close to the trim conditions, an actuator failure becomes even more difficult
to detect. Indeed, due to large sensor noise, the control signals (see Fig.
4.8) become noisy as well, which reduces the difference between the actual
faulty actuator deflection and its corresponding control signal. The larger
this difference, the easier it is to detect the fault.

The EKF process noise covariance matrix and the sensor noise covariance
matrix are selected as follows: R,, = 0.002xI5 and R, = diag[0.1xI3 0.02x
L]

4.7.2 Scenario

The scenario to test the fault detection method is chosen to put the FDI in
the most difficult conditions, which are those of minimum excitation of the
system. This is achieved when the aircraft is flying straight and level (no
maneuvers, no wind) at a constant speed of 30 m/s.

The actuator faults are simulated by blocking the control surfaces close to
the trim deflections corresponding to straight level flight conditions, because
those faults are harder to detect and to estimate. For example, the ailerons
and the rudder are intentionally made to fail close to the neutral deflection
(0°), and the elevators are made to fail close to —2°. Fault detection with
the EMMAE method is tested on a six degrees-of-freedom nonlinear aircraft
model of a UAV currently in use at the laboratory.

Simulations were performed in MATLAB® /Simulink® on closed-loop con-
trol architecture, with a nonlinear autopilot which regulates the speed, al-
titude, and the attitude of the aircraft. The actuator configuration of the
aircraft is depicted in Fig. 4.4. The EMMAE-FDI system is therefore com-
posed of six EKF's, one for monitoring the no-fault case, two for monitoring
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Fig. 4.8 Control signals and actual actuator deflections

each aileron (one on each wing), two EKFs for monitoring each of the two
independent elevators, and one EKF for the rudder.

As depicted in Fig. 4.8, a sequence of consecutive faults is generated. From
t=10...40s aileron 1 fails and is locked at —1° deflection, for t=70...100s
aileron 2 fails and is “floating” between the two positions —1° and 1° in
a square-wave fashion. For t =130...160s the rudder fails and is locked at
—1°. For t=190...220s elevator 1 gets locked at —0.5°, and finally, for
t=250...280s elevator 2 is floating between two uncontrolled positions —1°
and —3° in a square wave fashion. After this sequence of faults, the aircraft
continues to fly straight and level, and no more faults are introduced.
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4.7.3 Comments on the Simulation Results

Figure 4.9 shows the results obtained by the FDI system after the sequence
of faults. The top plot labeled “No-Fault” has a probability of 1 when the
EMMAE-FDI system does not detect any fault in the aircraft. An actuator
fault is declared valid if the corresponding fault probability exceeds 90% for a
certain amount of time. A fault is declared removed when the corresponding
fault probability is below 5% for a certain amount of time. When aileron 1
fails at t=10s, the “No-Fault” filter needs about 6s for its probability to
go down to almost 0, which means that a failure occurred somewhere. After
the aileron 1 fault is introduced, both probabilities for aileron 1 and 2 to
fail (Pbafl, Pbaf2) start rising at t=11.5s. At t=17s, the FDI begins to
distinguish between the two ailerons which one has failed, and Pbaf2 returns
to zero while Pbafl rises up to 90% at t =34s. Therefore, it took 24s for
the FDI to indicate that aileron 1 experiences a failure. At t =40s, the fault
of aileron 1 is removed and the actuator behaves normally again. Figure 4.9
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Fig. 4.9 Probabilities from each filter of the EMMAE-FDI after a sequence of faults

(no supervision system)
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shows that the probability Pbafl, indicating whether aileron 1 fails, decreases
slowly and reaches 0 again after 10s, while the “No-Fault” probability rises
accordingly. It thus takes 10s for the FDI to indicate that the fault has been
removed.

As Fig. 4.8 shows, at t =70s aileron 2 fails and has an uncontrolled square
wave motion between —1° and 1°. Figure 4.9 shows that the FDI takes 20s to
detect such a failure. We observe an ambiguity between the two ailerons for
a few seconds before the probability Pbaf2 finally reaches 90% at t =90s. At
t =100s the fault of aileron 2 is removed, and this actuator behaves normally
again. However, the FDI is not capable of detecting quickly that the fault
has been removed. It takes about 8s to do so.

For the rudder, the fault is introduced at t =130s and is isolated by the
FDI system at t=131s when Pbaf5 exceeds 90%. The fault removal is de-
tected in less than 5s. It takes less time to isolate a rudder fault and to de-
tect its removal because there is only one rudder, unlike the other actuators
which are redundant (two ailerons, two elevators). Therefore, a malfunction-
ing rudder cannot be compensated by a redundant rudder, thus resulting in
no actuator-fault ambiguity.

The introduction of the elevator 1 fault at t=190s is isolated by its cor-
responding filter (probability signal Pbaf3 exceeding 90%) at t =208s. After
the fault removal, the FDI system takes 8s to indicate the fault removed. We
observe the same kind of behavior for elevator 2 as for elevator 1. Finally,
after the last fault has been removed, 5s are needed by the FDI system to
slowly build up probability in the “No-Fault” filter to indicate that no more
faults are detected in the system.

4.7.4 Remarks on the First Attempt to Use the
EMMAE-FDI System

e The results plotted in Fig. 4.9 indicate that the current implementation
of the method is able to detect the fact that a failure occurred, even in a
very low-excitation case, but it could not tell quickly and reliably which
actuator experienced the fault. In cases of redundant actuators having the
same influence on the aircraft aerodynamics, the EMMAE method has
difficulty quickly resolving ambiguities between redundant actuators when
they cannot be properly excited.

e It appears that failures of actuators near trim deflection are more difficult
to detect and isolate.

e Moreover, whenever a fault is removed, the EMMAE method alone requires
a long time to detect that fact. It is critical, however, that the FDI quickly
detects the removal of a failure, or quickly recognizes that a false alarm
has been triggered due to possible external perturbations, such as strong
wind gusts.
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e Finally, it is critical that the probabilities quickly reach the “expected
values” which correctly describe the fault scenario. Indeed, the estimated
state vector of the system, which is the sum of the state vector of each EKF
weighted by its corresponding probability, must be sufficiently correct and
accurate if this state estimate is fed back to the controller.

4.8 Improvements to the EMMAE-FDI System

This section describes the techniques that have been added to enhance the
performance of the FDI system when there is very low excitation of the
system, particularly during steady level flight. In order to improve the speed
and the accuracy of the fault isolation, a supervision module is designed
whose tasks are detailed below.

4.8.1 Design of an Active Supervision Module
(Supervisor)

The supervision module shown in Fig. 4.10 is designed to monitor probability
signals from the FDI. If an actuator-failure probability exceeds a certain
threshold for some time, then the supervisor is designed to superimpose an
artificial control signal on the corresponding actuator. If an actuator fails, the
additional signal will have no effect on the aircraft dynamics, but it will help
the FDI confirm more quickly the failure of this actuator. On the other hand,
if the actuator has not actually failed, the aircraft will respond according to
the additional signal, and the FDI will then remove the fault assigned to this

. xr
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: 1
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Fig. 4.10 EMMAE-FDI system in a reconfigurable flight control system
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actuator. If the corresponding fault probability falls below a certain threshold
for a defined period of time, the supervisor removes the superimposed signal.

It has been shown that significant identification improvements can be ob-
tained by optimizing the signals applied to the control surfaces [20]. Actuator
excitation methods have already been developed for system identification pur-
poses. Null-space injection methods have been designed that work directly
in optimization-based control allocation approaches, which generate actuator
excitation while still providing the desired pseudo-commands [21, 22]. In this
work, the excitation signals are adaptively controlled within the limits from
1 to 4 degrees, with the function d., ;(t) = [1 + 3(1 — pi(t))] cos(27 f;t).

Note that an actuator is only excited when its corresponding fault proba-
bility p; exceeds 5%. Most of the time, only one actuator is excited. Although
better performance may be expected if the excitation signals to each actuator
were independent and uncorrelated, we used the same excitation signal for
all actuators. The frequency of the signal is to be chosen within the range of
the aircraft bandwidth, in our case f;=1Hz.

The excitation signal has an adaptive amplitude dependent on the proba-
bility p; of actuator ¢ to have failed. In this way, when the probability p; is
low, the excitation amplitude is large and vice versa. Simulation results show
that this adaptive amplitude for the excitation signal efficiently improves the
accuracy and speed for fault isolation compared with a fixed amplitude ex-
citation signal. This adaptive amplitude ensures that the actuator is excited
as little as possible, but still enough to isolate the fault or to remove a false
alarm. Figure 4.11 shows the practical implementation of the excitation signal
generator and provides an example for aileron 1.

This method is therefore a systematic way of testing each triggered failure
alarm, to confirm it or to remove it, hence making the FDI more robust.
Whereas other proposed schemes [5, 23] suggest having the aircraft perform
a “health-check maneuver” or “diagnostic maneuver” as soon as a failure is
detected, in the method introduced in this work the actuator is directly ex-
cited by the supervision module rather than by the aircraft autopilot, yielding
much faster and more accurate fault isolation.

4.8.2 Performance of the EMMAE-FDI with the
Supervision System

4.8.2.1 Detection Performance

Figure 4.12 shows how the aileron faults are accurately detected and isolated
in less than 5s. The rudder fault is isolated after 1s. The elevator faults take
longer (about 9s) to be isolated. However, the removal of all the faults is
detected in less than 5s. Furthermore, there is no more ambiguity or false
detection among the actuator faults. Comparing the results shown in Fig.
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Fig. 4.11 Generation of the actuator excitation signal (example for aileron 1)

4.12 with those of Fig. 4.9, we see that the performance and the robustness
of the EMMAE-FDI system have greatly improved due to the supervision
module.

We recall that these results are obtained in the most difficult conditions
for the FDI system. Indeed there is no external disturbance such as wind
gusts, the aircraft flies straight and level, and the actuators fail close to their
trim deflection.

4.8.2.2 State Estimation Performance

The left plot in Fig. 4.13 shows a comparison between noisy measurements
and the state estimate from the EMMAE method in the implementation of
Fig. 4.10. The right plot in Fig. 4.13 shows a comparison between noiseless
measurements and the state estimate from the EMMAE method. Clearly, de-
spite a large amount of noise in the sensor measurements, the state estimate
accurately tracks the true (noiseless) measurements, and the filtered data
enable the controller to generate control signals with less noise, which facil-



4.8 Improvements to the EMMAE-FDI System 71

Fault probability
— — = Expected probability

REENE

No fault
o
a1l =
T
L —
el
==

0 50 100 150 200 300
-~ 1 r ]
© L1 | i
i 05 I I | 4 L I | I

0

0 50 100 150 200 250 300
o TIr i
© L _
%05 II !1
0_ 0 g4 | | | |

0 50 100 150 200 250 300
e 1r lm i
©
S 05¢ | | .
o 0 | I I " | L L

0 50 100 150 200 250 300
g 17 | ]
© L _
o 0.5 | |
0_ 0 | | | | LA L

0 50 100 150 200 250 300

Pb af5
o
gl =
| |

0 50 100 150 200 250 300
Time (s)

Fig. 4.12 Probabilities from each filter of the EMMAE-FDI after a sequence of faults
(with the supervisor)

itates fault detection and isolation as well as state estimation from correct
probability computations.

Furthermore, as shown in Fig. 4.14, the faulty control surface deflection
is well estimated in the case of a frozen actuator, but it is slowly estimated
in the case of an uncontrolled square wave motion of the control surface. An
engineering fix to have the EKF track the faulty actuator deflection faster
is to increase the process noise on the desired control input; it is, however,
to the detriment of estimate accuracy. In practice, it is more likely that an
actuator simply locks at a certain deflection or floats around the local and
slowly varying angle of attack, thereby reducing the challenge of estimating
the faulty actuator deflection.

The elements of the state vector differ from their respective estimate when-
ever the probabilities are not correct. As mentioned, the simulations that are
presented here are for straight and level flight, i.e., the worst condition for
any FDI system. In practice, a small UAV is maneuvering almost all the time,
which further improves the results and the performance of the FDI system.
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Fig. 4.13 Comparison between: (a) noisy; and (b) noiseless measurements and the
probability-weighted state estimate from the EMMAE method

4.9 A Realistic Flight Scenario

In this section, the FDI system is tested in a realistic flight scenario, in which
the UAV takes off, tracks a predefined trajectory, and follows an altitude and
a speed reference profile. First, the simulation is done without wind, and in a
second phase, Dryden Wind turbulences are included in the simulation to test
the robustness of the FDI system in the presence of external disturbances.

4.9.1 No-wind and No-actuator-fault Conditions

Figure 4.15 shows the flight path of the aircraft when there is no wind and
no actuator failure. The left plot shows that the aircraft takes off at point 1
and flies in the direction of the points 2, 3, ..., 6 and then flies again the
whole sequence of points. The overshoot during the turns after the points 3
and 6 are due to the guidance system and the excessive speed of the aircraft
when approaching these points. Lower speeds result in less overshoot.

The speed profile shown in the top right plot of Fig. 4.15 is chosen to
cover a significant range of the aircraft speed in order to test the performance
of the fault detection system at different operating conditions. Clearly, the
measured airspeed Vr is corrupted by noise, like all the other measurement
signals defined in Sect. 4.7.1 that are used by the KFs in the FDI system.
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Fig. 4.14 True actuator positions and associated estimates (a position estimate is
only valid during the occurrence of a fault)

Also, the altitude reference signal is chosen such that the aircraft has the
vertical motion depicted in the bottom right plot of Fig. 4.15.

Figure 4.16 shows the results of the FDI system, namely the fault-
probability signals. Even though no actuator fault has been introduced yet in
the simulation of Fig. 4.15, Fig. 4.16 shows that the FDI system without the
active fault supervision system indicates that some actuator faults appear
and disappear between t =80s and t =180s, which corresponds to the time
interval in which the aircraft speed exceeds 45m/s.

In Fig. 4.16, the ailerons are assigned a fault probability of around 50%
between the time intervals [80 ... 105s], [110 ... 117s], [120 ... 127s] and
[138 ... 162s], which correspond to the straight flight path segments [4,5],
[5,6], [6,1] and [1,2], respectively. Clearly, the system suffers from a lack of
persistent excitation in these time intervals, in particular for the roll and yaw
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Fig. 4.15 Flight simulation with no wind and no actuator fault

axes. This issue is efficiently resolved as soon as the active fault supervision
system of Sect. 4.8.1 is enabled.

The artificial excitation signals that are superimposed on actuator com-
mands by the active fault supervision module are shown in Fig. 4.17. As
expected, the roll axis is excited by aileron commands during the phases of
straight flight and when the speed exceeds 45m/s.

Figure 4.18 shows that the false actuator fault alarms are eliminated.
Therefore, the active fault supervision module contributes significantly to
increasing the robustness of the FDI system by providing the system with
enough excitation. Actuator faults are thus accurately detected.

Apparently, the higher the speed of the aircraft, the greater the need for
exciting the aircraft around its rotational axes to achieve proper fault di-
agnosis. This may be explained by the fact that the value of the terms in
the dynamic matrix in (4.39) increases with the square of the aircraft speed
through the dynamic pressure. Therefore the KFs become more sensitive to
the noise of the turn rates when they are not excited (close to zero). In turn,
residuals build up and false alarms appear. The artificial excitation of the
turn rates by the supervision module can be seen as a means of increasing
the signal-to-noise ratio of the turn rates during steady flight regimes.
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4.9.2 Wind Conditions and No Actuator Faults

In this section, Dryden Wind turbulences are included in the simulation to
test the robustness of the FDI system in the presence of external disturbances.

Figure 4.19 shows the wind speeds in the North, East and Down directions.
They correspond to severe wind conditions for the type of aircraft simulated,
which is a small aerobatic model aircraft.

The guidance system used in this simulation is described in Chap. 9 and
successfully compensates for wind disturbances since the flight path is almost
identical to the one flown without wind. The left plot in Fig. 4.20 shows the
flight path of the aircraft. The top right plot shows how the speed measure-
ment signal is disturbed by the wind gusts. The bottom right plot shows how
the altitude tracking is perturbed by the wind as well.

Figure 4.21 shows that the wind gusts contribute to exciting the aircraft
naturally, such that the fault alarms that appeared on Fig. 4.16 no longer
exist. Moreover, Fig. 4.22 shows how the use of the active actuator fault
supervision system helps in removing some false alarms even in the case of
severe wind conditions. For example, for 110s <t <115s or 195s <t < 200s,
the FDI system with no supervision module indicates that the ailerons are
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failing, whereas with the supervision module, these two false fault alarms do
not appear. In such wind conditions, the active supervision system would be
more effective if the amplitude of the excitation signals was higher. Therefore,
the wind speed or a level of wind disturbance might be an additional criterion
to design the adaptive excitation amplitude.

4.9.83 Strong Winds, Actuator Faults and Active
Supervision Module

In this section, the previous flight scenario is simulated again with the se-
quence of faults presented in Sect. 4.7.1. The fault-probability signals for each
actuator are generated by the EMMAE-FDI system and are shown in Fig.
4.23. The FDI system detects and isolates the actuator faults in less than
5s for aileron 1 (Pbafl), 3s for aileron 2 (Pbaf2), 2s for elevator 1 (Pbaf3),
3s for elevator 2 (Pbaf4), and 1s for the rudder (Pbaf5). In all cases, the
removal of the fault is accurately detected in less than 1s.
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4.10 An Additional Filtering Stage for the
EMMAE-FDI System

The results shown in Fig. 4.23 are still not completely satisfactory since the
fault-probability signals are noisy. In order to improve the quality of the
final fault diagnosis of the aircraft, an additional filtering stage is added to
the EMMAE-FDI system. As shown in Fig. 4.24, each fault-probability signal
D1, P2, - - -, P; Passes through a low-pass filter whose cut-off frequency is 0.2 Hz,
and a hysteresis block that sets its output to one if its input exceeds 0.6, and
sets its output back to zero when the input goes below 0.4 again. After passing
through this additional filtering stage, the signals of Fig. 4.23 are transformed
into the filtered actuator-fault probabilities p1, P, ..., p; shown in Fig. 4.25.
Although it may take longer to finally isolate the fault in the system,
the results shown in Fig. 4.25 are in accordance with the expected fault
probabilities. We recall that this simulation is made in severe wind conditions,
flying the flight path shown in Fig. 4.20 at different speeds and altitudes.
Figure 4.25 shows that the noise in the probability signals pi,ps,...,D;
is almost completely removed. These filtered probabilities can thus be used
to select alternative flight modes in a reconfigurable flight controller, for ex-
ample. Note that the excitation signals are still triggered by the unfiltered
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Fig. 4.24 Complete architecture of the active actuator-fault detection, isolation and
supervision system
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probability signals that come directly from the EMMAE module. In this way,
we ensure that the system is excited after any variation of the probabilities
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Fig. 4.25 Filtered actuator-fault probabilities p1,pa,...,p; after the second stage
of filtering in the active FDI supervision module

4.11 Detection and Isolation of Simultaneous Failures

This section addresses the case of a second fault occurring simultaneously in
the system. The EMMAE-FDI is slightly modified to detect and isolate the
occurrence of a second fault and to continue the monitoring of the fault that
occurred first. The system described here works properly for the detection
and isolation of the second fault as long as the first fault does not change,
i.e., the faulty control surface remains locked. In such a case, the filter i that
isolated the first actuator fault provides an estimation of the deflection of

the faulty control surface. This estimation §; is used as a new input instead
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of the input §; for all the other filters in the bank of EKF's in the EMMAE-

FDI. Note that the value of §; used as input for the other filters must be
the value before the second fault occurred. Indeed, when the second fault k
occurs, then the ith filter has an input ), that is false, leading to the wrong
estimation of &;. Figure 4.26 shows the modifications that are to be made at
the input of the EKFs in the case of the first failure occurring on actuator 1.

Figure 4.27 shows the probability signals pi,ps,...,Dp; generated at the
output of the FDI-system shown in Fig. 4.24. Aileron 1 fails between t =
30...110s and elevator 1 fails between t = 50...90s. Pbafll indicates the
probability of aileron 1 failing only, Pbafl3 indicates the probably of both
actuators (aileron 1 and elevator 1) failing at the same time. The system can
properly detect and isolate the fault situations. The flight scenario that yields
the results of Fig. 4.27 and Fig. 4.28 corresponds to straight level flight, with
no wind. The maximum time delay needed to isolate the first fault is 3.8s
and 2 s for the second failure.

Figure 4.28 shows the estimation of the deflection of the faulty control
surfaces. As expected, the estimation of the position of the failing aileron is
valid as long as the second fault is not introduced, i.e., between the time
intervals t = 30...50s and t = 90...110s. The deflection of the failing
elevator is properly estimated during the occurrence of the corresponding
fault between t = 50...90s.
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Fig. 4.26 Modified EMMAE-FDI for the isolation of a second simultaneous fault
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4.12 Use of the EMMAE-FDI for a Reconfigurable
Flight Control System

The design of a reconfiguring control system in the event of a major failure or
damage is a challenging task [24]. Many papers show how to build an adaptive
controller using a multiple-model structure. An overview of these architec-
tures and their robustness properties can be found in [25]. This section shows
a new feature of the EMMAE-FDI, which consists of using the estimation of
the faulty control surface to reconfigure part of the control system depicted
in Fig. 4.10, using control allocation techniques; see Chap. 5.

4.12.1 Control Allocation

The controller generates a virtual control command Cy = [C, Cpr Cn]|7
in terms of desired roll, pitch, and yaw torque. This virtual command C,
is passed to the control allocator, which is provided with each actuator’s
position limits and effectiveness to produce any torque component of the Cy,
signal. A constrained optimization problem is then solved on-line to optimally
generate control signals for actuators.

The control allocator solves the following (possibly underdetermined) con-
strained system of equations, which may be regarded as a mapping in the
controlled system g(d(t)) = Cy(t), with the true actuator control signals
5(t) € RY and N being the number of control surfaces. After linearization,
the mapping equation may be rewritten in the standard formulation of the
constrained linear control allocation problem:

Bi(t) = Cy(b),
64(t) < 0;(1) < 6it), (4.53)
with the constraints

6 ;(t) = max{0i, min, Pi, down AT + 8;(t — AT)},

(Sl(t) = min{6i7 maxs Pi, up AT + (Sl(t - AT)}, (454)

where 0; maz, 0i,min are actuator ¢ position limits, p; vp and p; down are the
actuator ¢ rate limits, and Ty is the sampling time of the digital control
system.
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4.12.2 Benefits of the Supervision Module for Control
Allocation

The control allocator is responsible for distributing the desired moments
among a set of actuators. Therefore, if the control allocator is provided with
the information that a faulty control surface is deflected at a certain an-
gle, then the control allocator can generate appropriate commands to the
unfailed actuators in an optimal manner, i.e., by taking advantage of the
torque already generated by the faulty actuator(s). A method to indicate to
the control allocator which actuator has failed and at what position is to have
the supervision module merge the upper and lower deflection limits 6; maz,
0i,min Of the failed actuator ¢ and make these limits equal to the estimated

deflection &; of actuator i computed by the corresponding EKF.

This method allows the faulty actuator to be frozen or floating at any
position. Moreover, since §; is actually the estimate for the deflection angle of
a control surface, this method is still valid for mechanical-link failure between
an actuator (servo) and its corresponding control surface.

A complete description of this reconfigurable control allocator can be found
in Chap. 5 of this book [26].

4.13 Computational Complexity of the EMMAE-FDI

Let us denote by N the number of actuators that are monitored by an FDI
system. In the classical implementation of an MMAE-FDI, for each actuator
k filters are to be designed for k different possible positions of the failed
actuator. Therefore, kN +1 KF's are required (+1 refers to the no-fault filter).
If the appearance of a second fault is to be checked as well, a new bank of KFs
has to be reloaded, based on the knowledge of the first fault that occurred.
In total Nk +1+ (N — 1)kN = N2k + 1 KFs must be designed.

One major advantage of the EMMAE-FDI method presented in this chap-
ter over classical MMAE schemes is that it requires only one filter to com-
pletely monitor one actuator. Any possible actuator-fault scenario is taken
into account by only one filter. Therefore, for the monitoring of a single actu-
ator fault, only N + 1 filters are required with the EMMAE-FDI method. For
the monitoring of a second actuator fault with the EMMAE-FDI method, no
other bank of filters has to be loaded. Indeed, if actuator ¢ fails, it suffices
to feed all the other filters with the estimate of the faulty control surface

deflection §; instead of the input ¢;. Thus, again only N + 1 filters are needed
with the EMMAE-FDI system to detect and isolate a second fault after a
first actuator fault has been introduced.

As a simple example, our UAV is equipped with five actuators. A classical
MMAE scheme designed for three possible faulty deflections per actuator
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requires sixteen filters, whereas the EMMAE method needs only six filters
for any lock-in-place and floating actuator fault scenarios.

Finally, the choice of the state vectorx =[p ¢ r «a f 5]T minimizes
the number of relevant state elements for the satisfactory operation of the
filters, thus limiting the number of computations required for the EKFs.
Indeed, in previous work by the author [8, 9], a first version of this EMMAE
method needed up to nine states in the state vector to achieve satisfactory
results.

4.14 Conclusions

The EMMAE-FDI algorithm, combined with an active supervision module,
offers fast and accurate fault detection and isolation. Moreover, the addition
of the estimation of the faulty control surface deflection in the state vector
makes the method applicable for actuator failures such as frozen or floating
at an arbitrary position. Only one filter is needed to monitor the health of a
single actuator. The filters used in the EMMAE-FDI are EKF's, which provide
nonlinear state estimations at any flight operating condition. An active FDI
technique is developed, which generates appropriate artificial excitation of the
aircraft when needed. An additional filtering stage for the fault-probability
signals has been designed to enhance the robustness of the diagnosis, even in
the event of severe wind turbulence. The whole system has been demonstrated
using nonlinear simulations of a realistic flight scenario. The FDI system was
shown to be capable of handling two simultaneous actuator failures without
increasing the computational load. Finally, when a fault is clearly isolated,
the faulty actuator deflection estimate can be advantageously used to modify
on-line the settings of a control allocator, making the whole system suitable
for flight control reconfiguration without any change in the initial controller
and any additional actuator position sensor [7].
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Chapter 5
Control Allocation

This chapter describes the design of a control allocation module with explicit
laws for fast operation and low computational load, such that this algorithm
can run in a small processor or microcontroller with limited floating-point
operation capability. The control allocation method is capable of compensat-
ing for actuator faults. Given the appropriate fault detection system, there is
no need to redesign the controller when such faults occur, since the control
allocator compensates for the fault. The allocation method is also designed
to be reconfigurable based on the results obtained from the EMMAE-FDI
system presented in Chap. 4. Finally, this chapter terminates with a com-
parison, which shows that this method yields satisfactory results, provides
optimal solutions in some cases, and is simpler and faster than conventional
methods.

5.1 Introduction to Control Allocation

In flight control, the proposed control allocation is used to compute control
surface deflections in order to produce certain desired aerodynamic moments
in roll, pitch, and yaw. The greatest benefit of this approach is achieved
in over-actuated systems. Using control allocation, the design of the control
system can be separated into the derivation of the control laws and the design
of a control allocator. This approach offers the following three advantages:

e The actuator constraints, such as position and rate limits, can be taken
into account. If one actuator is saturated, the remaining actuators can be
used to produce the desired control effort.

e Control allocation takes advantage of the system’s redundancy and allows
the system to be optimized for certain objectives. For instance in a plane,
these objectives may be the minimization of the drag, wing load, total
control surface deflections, etec. [1, 2].

89
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e In cases of actuator failures, a supervision controller can reconfigure the
behavior of the control allocator in order to compensate for those failures,
without the need for redesigning the control laws.

Several methods have been described in the literature: direct control al-
location [3], daisy chaining [4], and the linear programming method [5]. The
main technique these methods have in common is solving a constrained opti-
mization problem. The pseudoinverse redistribution method [6, 7] is another
technique, which makes use of a pseudoinverse computation of the control
input B matrix. Although it does not always provide an optimal solution, it
is usually faster than the other methods.

This chapter presents a method which does not have to solve any optimiza-
tion problem and does not need to compute any pseudoinverse matrix. It is
based on a set of explicit laws to drive the actuators depending on the fault
situation. The appropriate law is selected by a supervision module, which
uses data from a FDI module; see Chap. 4.

The control allocation algorithm presented in this chapter is designed for
a small unmanned airplane, with five control surfaces producing the torques
around the roll, pitch, and yaw axes. The method has been designed for fast
operation and very low computational load, suitable for a small processor or
microcontroller with limited floating-point operation capability [8]. Finally,
the performance of this method is compared with that of a sequential least
squares (SLS) control allocation method [9].

5.2 Reconfigurable Flight Control System

As described in Chap. 3 and shown in Fig. 5.1, the aircraft is equipped with
five control surfaces, which are one left aileron, one right aileron, one left ele-
vator, one right elevator, and one rudder. All actuators are fully independent,
which means that ailerons (or elevators) can individually move up, down, or
together in the same direction. This configuration permits some pitch torque
to be produced with ailerons or some roll torque to be produced with ele-
vators. The flight control system shown in Fig. 5.2 is a modified version of
the one shown in Fig. 4.10. In Chap. 4, the supervision module (Supervisor)
is responsible for the generation of appropriate excitation signals for fault
detection purposes [10].

In this chapter, the supervisor is additionally made responsible for the
reconfiguration of the control allocation module. Based on the results from
the EMMAE-FDI system, the supervisor is to decide what is the health status
of the aircraft, and in particular, what fault situation occurs. Based thereon,
the supervisor selects an appropriate actuator behavior mode that the control
allocator should use for the control of ailerons and elevators. These modes
are detailed in the next section. Additionally, the supervisor passes to the
control allocator the estimate(s) of the position of the failed actuator(s).
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Fig. 5.2 Control allocation module in a reconfigurable flight control system

The flight controller generates a virtual control command vector C, =
[CL, Car Cn]T in terms of the desired dimensionless aerodynamic coefficients
for roll, pitch, and yaw torques. This virtual command C,, is passed to the
control allocator, which knows each actuator’s position limits and effective-
ness to produce torque components of the C,, signal.

In conventional methods [6, 9], the control allocator solves the following
(possibly underdetermined) constrained system of equations, which may be
regarded as a mapping in the controlled system g(d(t)) = Cy(t), with the
true actuator control signals §(t) € R™ and N being the number of control
surfaces. After linearization, the mapping equation may be rewritten in the
standard formulation of the constrained linear control allocation problem:
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Bé(t) = Cu(t),
0 ,(t) < 0;(t) <4;(¢), (5.1)

with the constraints

d z(t) = max{éi, mins Pi, down AT + 5z(t — AT)},
(51(75) = min{6i7 maxs Pi, up AT + Jl(t - AT)}, (52)

where 6; maz, 0i,min are the ith actuator position limits, p; vp and p; down are
the i'h actuator rate limits (see Fig. 5.3), and T, is the sampling time of
the digital control system. Note that in the context of this work, actuators’
motion rates are not considered.

AN P i,down

9,

4,min

Fig. 5.3 Control surface deflection, motion, and rate limits

The convention used here for ailerons and elevators is positive deflection
when the control surface is up and negative deflection when the control sur-
face is down. For the rudder, positive deflection occurs when the rudder
deflects to the right, when looking at the aircraft from the back, Table 5.1.

Table 5.1 Control surface sign conventions

Actuator Deflection Sense Primary effect

Ailerons Right wing trailing edge up + Positive roll moment
Elevators Trailing edge up + Positive pitch moment
Rudder Trailing edge right + Positive yaw moment

For convenience the relevant equations of aerodynamic moments needed
for control allocation are recalled below (see Chap. 3):
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L= quCL(5a176a2756175627ﬁ7?:76) )
M = qSECM((Sal» 6(12? 6617 6627 Qa Oé) )
N = (ijCN((Sal,éag,(Sel,662,6T,F,ﬁ) R (53)

where the control-surface deflection vector is § = [641 a2 e1 Oe2 07 and
g=" ‘2/T2 is the dynamic pressure, V7 is the total airspeed of the aircraft, p is
the air density, .S is the wing total surface, b is the wing span, and ¢ is the
mean aerodynamic wing chord.

The aerodynamic derivatives are expressed as a linear combination of the
state elements and control inputs as

Cr =Cr,6a1 +Cr.0a2 +Cr,, 61 + Cr.y0e2 + Crsp + Crsm + Crgf ,
Cm = Chriyy 001 + Chriyp002 + Ciaryde1 + Crrnde2 + Crgq + Craar

Cy = CN5T6’I‘ + Cn#T + CNﬁﬁ R (54)
with
- bp - cq - br
= = = . 5.5
P=oy 7oy T T an (5:5)

The inertia matrix is expressed in the aircraft’s body axes as follows:

I$$ O I$Z
I"=|0 1, 0 |. (5.6)

Equation 5.4 shows that the dimensionless torques (Cf,, Cas, Cv) linearly
depend on elements of the state vector [p ¢ r a 3]T and on elements of the
control input vector § as follows:

[Cr. Cu CN]T =[CL Nz T+ [CrLarN]s d. (5.7)

The rudder produces torque along the aircraft z-body axis, together
with the ailerons when they do not generate the same aerodynamic drag.
This effect is known as adverse yaw [11, 12] and is modeled by the term
CnNdrag(0a2) — CNdrag(da1) in (5.8). We will not consider the adverse yaw
effect from elevators when they are used with opposite deflections.

The virtual command issued by the controller for torque generation is

CrL CrLoi0a1 + Cr,,002 + CL,,6e1 + CL_,0e2
Co=|Cym | = CMubar +Cuspdaz + Crspy0e1 + Chrrndea |- (5.8)
C'N CNgr 67" + CNdrag (6a2) - CNdrag (6a1)

The virtual command is rewritten as

Cy =[CrLmnN]s 9, (5.9)
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with

CLal CLa2 CLe.l CLe2 0 0

Crmnls=| Cmn  Cmp Cumy Cum,, 0 0f,
CNdmg,aa CNdmg,aa 0 0 CNL;T 0
0 =[0a1 Va2 Oe1 Oe2 Op OThrust]”- (5.10)

Given C, and [CL a n]s, the problem of control allocation is to find the
control input vector d. The system in (5.9) has three equations and five
unknowns. In order to solve this system for a unique value of a control input
vector &, modes for the behavior of the actuators are set according to the
fault situation. The fault configurations are shown in Table 5.2.

Table 5.2 Fault configurations

Actuator
Aileron 1 Aileron 2 Elevator 1 Elevator 2  Behavior Equation
Mode

see Fig. 5.5

see (5.16)
see (5.16)%
see (5.18)
see (5.18)%

see (5.18)
see (5.18)
see (5.18)
see (5.18)
see (5.18)
see (5.18)

see (5.18)°
see (5.18)°
see (5.18)°
see (5.18)°

ols
<R X
ke

KA R A

>
N|jloooo |l oo e wo - |o

el Ea Rl
A Ea i
XA

X

“ modified accordingly
b or (5.18)
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5.3 Behavior Mode of Ailerons and Elevators

5.3.1 Nominal Mode: Mode 0

In the nominal mode, the system does not experience any fault. When the
ailerons are deflected, they not only alter the lift being produced at each wing,
but the drag as well. The aileron that deflects up (daiteron > 0) produces less
drag than the one deflecting down; see Fig. 5.4. The difference in the drag
between the two ailerons will generate some yaw torque. The most common
way to overcome adverse yaw is to use differential ailerons. This consists of
deflecting the up-going aileron to a larger angle than the down-going one.
Figure 5.4 shows a case where aileron 2 deflects to a larger angle than aileron
1, so that they both generate the same drag.

CX ,aileron

CXail,down <0

Fig. 5.4 Drag coeflicients for an aileron deflecting up or down

In the nominal mode the ailerons are driven differentially according to
(5.11):

ba; = =7 " Oas, (5.11)
with ian(6e.)
sign(da,
Cx..
N = Heit,up : (5.12)
’CXail,down

and sign(da,) defined in Fig. 5.5. Given the conventions shown in Table 5.1,
the sign of each aerodynamic coefficient in (5.8) can be explicitly written
down as follows:

Cr,=Cr,,=-Cr,, >0,
CLe = CL62 = 7CL51 >0,
Cv, =Cwmy =Cum,y >0,
Cyv, =Cr,, =Cy,y >0,
Cn;, > 0. (5.13)



96 5 Control Allocation

In this nominal mode, given (5.11) and (5.12), no adverse yaw torque is
generated and the system for torque generation may be reduced as follows:

Cr= CLa (5112 - 5111) + CLe (662 - 661) )
CM = CMa (6112 + 6111) + CMe. (662 + 661) )
Cn = Cn, 0, (5.14)

The system in (5.14) has three equations with five unknowns. In order to
obtain a unique solution for this system, the number of unknowns must be
reduced to three. In the nominal case, we thus set the following two behavior
modes for actuators:

5(11 == 51123
5o, = 6., . (5.15)

Using the conditions of (5.15), Eq. 5.14 now has three unknowns and can be
solved uniquely. Figure 5.5 shows the finite state algorithm that computes
control allocation in the nominal mode.

<G>

no
v yes

sign(3,,) =1 | [sign(3,,) =+1

L

Y
Compute

sign(8,,)
_ Can up
y=| —=2
‘me-/ down

v

, check and saturate §,, if needed

5 G
C (+y)

3, =-0,,7, check and saturate §,, if needed

1
851 =6«2 = Y (CM _CM(,-(SM +5u2))
Me

5, =
CNSr

Check if 3,,,6

and saturate if needed.

.»,0, are in the actuator motion range,

el?

Fig. 5.5 Control allocation in the nominal mode (no fault), mode 0
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5.3.2 Single Actuator Fault Modes: Modes 1 to 4

The FDI system is either based on the EMMAE method [10] which returns
the estimated position of a faulty actuator (control surface), or on a direct
measurement of the deflections of the control surfaces. Therefore, the de-
flection of the failed control surface is known. This reduces the number of
unknowns in (5.14) by one.

A predefined rule for compensating this failure is then used to further
reduce the system to three unknowns for three equations. In this way, we
obtain a unique solution of the system of equations in (5.14). The goal is
always to provide the control allocator with an analytic and explicit solution
to properly drive the healthy actuators, depending on the fault configuration.

5.3.2.1 Aileron Fault: Modes 1 and 2

If aileron 1 fails (mode 1), the FDI system will estimate or measure its cor-
responding faulty deflection a1 fauit. Aileron 2 is used to produce the roll
torque required to stabilize the aircraft. The elevators are used to correct un-
desired pitch torque due to the ailerons, and they produce additional needed
pitch torque according to the following equations:

a1 fault is given by the FDI system,

da2 = 0t fautt — C1/Clra ,

01 = be2 = (Cryr — Cr, (Oar fauts + da2)) /(2Chr, )

6 = (CN — [CNdrag(ssz) — CNaragsa1)]) /CONs, -

Check if 042, de1, Oe2, 0; are in the actuator motion range, otherwise
saturate. (5.16)

If dq42 saturates then dg2 = J42,min O da2.maz, if da2 fails (mode 5) then
0q2 = 042 fault given by the FDI system. In both cases another unknown in
the system is removed. Only the two deflections for the elevators remain to
be computed. Note that they can also generate additional roll motion until
they themselves saturate, according to the following equations:

0a1 fault is given by the FDI system,

0a2 = 0g2,sat if Ja2 saturates, or 0,2 = a2 fauls if da2 fails,

01 = (Cnvr — O, (a1 + 0a2)) /Crt, , 02 = (CL — CL, (001 — da2)) /CL. ,
01 = (61 4+ 02)/2, 0e2 = (01 — 02)/2,

6r = (Cn — [ONdrag(s.s) — CNarag(sa1)]) /Cns, - (5.17)
Check if de1, de2, O are in the actuator motion range, otherwise

saturate.
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Similar results can be derived for the case when aileron 2 fails on its own
(mode 2).

Remark:

e In practice, it is also possible to simplify the control law for the rudder,
simply by driving the rudder with 6, = Cn/Ch;, .

e We will use this formulation in the rest of the chapter. Indeed, if adverse
yaw effects occur due to aileron deflection, then the controller itself will
compensate by modifying the torque command Cn accordingly.

5.3.2.2 Elevator Fault: Modes 3 and 4

Let us consider the case when elevator 1 is locked (mode 3). The locked eleva-
tor will generate some roll motion if the other elevator does not deflect with
the same angle. If this undesired roll motion is compensated by having the
other elevator deflect the same angle as the locked one, then some undesired
pitch torque will be generated in turn, and it will be very hard to compensate
for the undesired pitch motion by only acting on the ailerons. One solution
is to compute first the deflection of the remaining elevator to produce the
desired pitch moment. In a second step, we use differential ailerons to correct
for the roll torque.

el fault 1S given by the FDI system,

de2 = Car/Char, — et fauit- Check and saturate deo if needed.

In the case dez also fails (mode 5) Je2 = de2 fault, given by the FDI system.
01 = =042 = (CL — Cp, (01 — de2)),

6 = CN/CN, 0>

Check if 0,1, da2, J; are in the actuator motion range, otherwise

saturate. (5.18)

Once again equivalent results can be derived for the case when elevator 2 fails
(mode 4). If the actuators exceed their respective physical limitation, they
are simply saturated.

5.3.2.3 Rudder Fault

If the aircraft is equipped with a redundant rudder, then the method is also
applicable to compensate for rudder failure. The equation for Cy in (5.14) has
to be modified to take into account both rudders. In the case of failure, the
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supervision module would compensate a rudder fault, and thus an undesired
yaw moment, by deflecting the remaining rudder.

5.4 Multiple Failures

5.4.1 Case of Two Simultaneous Failures: Mode 5

If the FDI system is capable of handling two simultaneous failures, and if
the position of these two locked actuators is known, then two unknowns in
(5.14) are removed and replaced by the faulty values. The remaining two
actuator deflections can then be computed. However, we may face problems
that cannot be solved any more. For example, if the two elevators are both
locked up or down, then the induced pitch motion will never be compensated
by the ailerons. In such a case, an emergency procedure similar to that of the
following modes 6 and 7 has to be initiated.

5.4.2 More Than Two Simultaneous Failures: Modes 6
and 7

In the case of three simultaneous faults (mode 6), there is one unknown for
two different equations. Therefore, the two equations cannot be solved at
the same time, and it is very likely that the aircraft cannot be controlled
anymore. In mode 7, all the control surfaces of the aircraft are failed. In
these two modes, an emergency procedure has to be engaged to prevent the
UAV from crashing. One possibility is to shut down the engine and deploy a
parafoil. If the UAV is small and low cost and does not necessarily need to
be recuperated, then a another possibility is to blow up the UAV when it is
high enough to avoid a ground or obstacle collision.

5.5 Extensions of the Method

The method described in this chapter could be extended to a larger number
of actuators. As an example, consider an aircraft that is equipped with two
ailerons on the right wing and two ailerons on the left wing. One strategy
is to only use the outer ailerons during normal operation. This situation
corresponds to the one already described in Sect. 5.3.1.

If one of the outer ailerons fails, then the other outer aileron on the opposite
wing is used to compensate for this failure, as described in Sect. 5.3.2. If the
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latter actuator saturates or also fails, then the two inner ailerons (flaps) will
be used. In that case, (5.14) will be augmented with two new terms in the
equation for C'r. It then is easy to find explicitly the required deflections of
the inner ailerons to generate the desired value of C7..

5.6 Computational Load of the Method

In order to have an estimation of how many floating-point operations are
required in the control allocator, Table 5.3 summarizes the number of oper-
ations involved for the cases nominal mode, single, and double faults. These
cases are all simulated and presented in the next section. Clearly, the control
allocator presented requires very few floating-point operations.

Table 5.3 Number of floating-point operations required for control allocation

>
Fault situation or +,— x =+
L<
Nominal mode, see Fig. 5.5 11 3 4 4
Aileron 1 fault, see (5.16) 8 5 2 3
Aileron 1 fault and saturation of aileron 2, see (5.18) 6 8 4 2
Aileron 1 + aileron 2 faults, see (5.18) 6 8 4 3
Elevator fault, see (5.18) 8 5 3 3
Elevator 1 + aileron 2 faults, see (5.18) 6 6 4 2

5.7 Simulation Results

The method described has been tested in MATLAB® /Simulink® in a closed-
loop control architecture. The aircraft is in steady conditions flying straight
and level. The input of the controller is a reference signal for roll, pitch,
and yaw rates of pref = gref = Trey = 0[deg/s]. The actuators are modeled
as a first-order low-pass filter with the time constant 7 = 0.05s. In order
to introduce some noise into the system, some white noise with a variance
of 0.32deg? has been added on the actuators. Actuators are saturated at
+45 deg.

The control allocator implemented for comparison is based on the work by
Hérkegard [9]. That method solves a constrained optimization problem on-
line using an SLS method to optimally generate control signals for actuators
by minimizing overall actuator deflections. That method was also used for
comparison purposes in the paper by Jin [7].
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The tic toc command in MATLAB® /Simulink® has been used to compare
execution times of both methods. Simulations have been run on an AMD
Turion 64, 1.6 GHz processor.

As shown in Fig. 5.6, a sequence of consecutive faults is generated. During
t=2...6s aileron 1 fails and is locked at —20deg, for t=10...15s aileron 2
fails and is locked at +40deg, for t =20...25s elevator 1 fails and is locked at
—5deg, and finally for t =30...35s elevator 2 fails and is locked at +15deg.
Finally, two cases of simultaneous failures are tested. For t =40...45s both
ailerons are locked at +10deg and —1 deg, respectively. For t =50...55s both
elevators are locked at +5deg and —10 deg, respectively.

In the plots presented, fastCA refers to the method introduced in this
chapter, whereas SLS refers to the sequential least square method [9]. Fig.
5.6 shows the respective behaviors of the two methods. In the non-fault case,
both methods generate exactly the same control signals, even if the reference
signal for the turn rates is different from zero (a sine wave, for example).
This means that fastCA generates an optimal solution in the non-fault case.
Slightly different control signals are generated in fault cases. For example,
during an aileron failure, fastCA only compensates for roll motion by acting
on the remaining aileron, whereas SLS also makes use of elevators. In the case
of an elevator fault, it is interesting to note that both methods generate the
same control signals for the remaining elevator, but generate slightly different
control signals for ailerons.

The second fault on aileron 2 that is introduced at t = 10s is rather severe.
Aileron 1 thus tries to compensate this fault to maintain the roll rate at zero.
We see that aileron 1 briefly saturates, and both methods use differential
elevators to help correcting for the roll motion. Finally, SLS allocation some-
times produces large peaks in the control signals when a fault is introduced or
removed, especially when the reference signal is not zero, whereas such peaks
never appeared with fastCA. Figure 5.7 shows the signals for roll, pitch, and
yaw rates. They all remain close to zero, with the exception of the short peak
that appears when the severe fault on aileron 2 is introduced. But for all of
the other faults, they are almost unnoticeable in the turn rate measurement
signals.

5.7.1 I'mpact of the Control Allocator on the Controller

Figure 5.8 shows the virtual control signal C, = [Cr Cy Cn]T produced
by the controller and the influence of the control allocator on the controller.
Here the FDI system is ideal, i.e., it is infinitely fast and knows instanta-
neously which fault occurred, and the control allocator is also immediately
reconfigured in the proper mode.

Aside from the severe fault introduced at t=10s causing the controller
to generate a high command value for C', as aileron 1 saturates, the faults
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Fig. 5.7 Roll, pitch, and yaw rate during the succession of faults

have almost no influence on the controller. The controller thus acts as if there
were no faults, due to the reconfigurable control allocator that autonomously
compensates for the faults.

In the case of a realistic FDI system, the fault is isolated after some delay.
During the fault isolation process, the control allocator is still in its nominal
mode, and the aircraft flight controller itself tries to compensate for the fault
by modifying the values of C',, Cjs, and Cn such that the reference signals
for the turn rates are best satisfied. When the fault is isolated, the control
allocator can be reconfigured in the most appropriate mode. Note that the
flight controller on its own cannot drive, if needed, the elevators differentially
or the ailerons both up or down. The flight controller only produces the values
for Cp, Cyr, and Cp, and does not modify the behavior of the actuators.
Rather, this is done by the supervision module shown in Fig. 5.2, when the
FDI results are available.

5.7.2 Comparison of Computational Effort for Control
Allocation

The upper plot in Fig. 5.9 shows the time needed to compute the control
allocation algorithm. The upper gray curve represents the SLS method, which
needs about 1.3ms, whereas the black line represents the fastCA method,
which takes about 45 ps. The bottom plot in Fig. 5.9 shows the relative speed
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Fig. 5.8 Virtual control signal, C,, = [C, Cpr Cn]T

of the fastCA compared with the SLS method. During normal operation, on
average, fastCA is 30 times faster. During the single-fault mode, fastCA is 25
times faster than SLS. The noise that appears in Fig. 5.9 seems to be due to
the operating system running in the background of MATLAB®, which from
time to time executes other tasks (outside MATLAB®) in-between the tic
and toc commands.

5.8 Conclusions

The control allocation technique described in this chapter is an explicit set
of allocation laws. Depending on the fault configuration, a supervision mod-
ule has to select the appropriate law to distribute the commands. The re-
sults show that the behavior of this method is very similar to that of an
optimization-based method, but it is much faster. Indeed, no optimization
solver has to be run on-line, and no pseudoinverse matrix has to be com-
puted. This method also requires very few floating-point operations and is
deterministic, ¢.e., we know precisely how much time the control allocation
requires to compute its solution. The technique is therefore suitable to be
implemented in a small processor or a microcontroller, where the computa-
tional power is rather limited and where the program has to run in a real-time
environment.
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Chapter 6
Nonlinear Control Design

An aircraft is intrinsically a nonlinear system. Therefore, if linear controllers
are to be used in the aircraft flight control system, several linear controllers
have to be designed and then gain-scheduled over the operating regime of
the aircraft. However, recent nonlinear control techniques have made it pos-
sible to deal directly with the known nonlinearities of the aircraft dynamics,
which yields a unique controller suitable for a wide range of operating condi-
tions. This chapter describes the technique known as NDI and presents the
architecture and the design procedure of the controllers used in the aircraft
autopilot.

6.1 Concept of Dynamic Inversion

6.1.1 Derivation of a Dynamic Inversion Controller

The usage of dynamic inversion control has been very popular over the past
few years for the design of flight control systems [1-15].

Let the plant be described by a set of nonlinear differential equations of
the form

&(t) = f(z) + g(x)u, (6.1)
y(t) = h(z), (6.2)

where the state vector is z(t) € R™ and the measurement vector is y(t) € RP.
The system is assumed to be linear in the control input vector u(t) € R™.
This assumption holds for an aircraft, the model of which is described in
Chap. 3.

From (6.2), we obtain the following total derivative of the output y with
respect to the time ¢:

107
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_ Ohdz _ Oh oh

amg(as)u = F(z) + G(z)u . (6.3)

6.1.2 General Case

In order to have the output of the plant y(¢) follow a desired trajectory, the
signal for the desired output dynamics ¢ ,,(¢) is constructed and (6.3) is
inverted in order to obtain the appropriate control signal u.(t) as follows:

ue(t) = G (@) (Jaea() — F(a)) (6.4)

Now, the control design task is to build a suitable control signal for the
desired output dynamics §,,.,(t) as follows:

'gdes(t) = K(yc(t)a Ymeas (t)) ) (65)

where the symbol K represents the controller, which has two inputs, namely
the command signal y. and the output measurement vector y,,,.,s, @s shown
in Fig. 6.1.

Linearization Loop

F(x)«
y.(t) 0 - Control Allocation ”
— > Yaes (T ’u,(t) Aircraft x(t
» K G_l(w) - »| Dynamic
Model Ypeas (1)
Outer Tracking Loop

Fig. 6.1 NDI scheme

6.1.3 Formulation of the Signal for the Desired Output
Dynamics Yges(t)

The signal for the desired dynamics ¥,.,(t) can be constructed with the
following design steps [16].
First, the error signal is defined as

e(t) = Ye(t) = Ymeas(t) - (6.6)

Second, the terms in (6.6) are differentiated with respect to time yielding
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é(t) = yc(t) - ymeas(t) )
Aad ymeas (t) = yc(t) - e(t) . (67)

Third, a controller K is designed to drive the error e(t) to zero, and to
guarantee that the dynamic system in (6.8) is asymptotically stable:

é(t) = —Kel(t) (6.8)

where all of the eigenvalues of the p by p matrix K have strictly positive real
parts.

Fourth, if perfect plant dynamic inversion occurs, then the plant output
follows the desired dynamics, i.e., ¥,,005(t) = Yges(t). Therefore, (6.7) is
rewritten as follows:

:';/des(t) = yc(t) - é(t) . (69)
The complete expression for the signal 9,.,(¢) is finally obtained by using
(6.8) in (6.9) yielding

Yaes(t) = Y. (t) + K - e(t) . (6.10)

6.2 Ideal or Perfect Dynamic Inversion

If there is no uncertainty in the plant model, i.e., F'(x) and G(x) are perfectly
known and if actuators and sensors are also perfect, the dynamic inversion
process is perfect or ideal. In such a case, dynamic inversion transforms the
controlled system from ¢ ,.,(t) t0 Y,,cqs(t) into a system of p parallel and
uncoupled integrators.

In order to better illustrate how the pure integrators are actually created
by perfect dynamic inversion, let us consider Fig. 6.2, which shows the effect
of the additive inverse path and multiplicative inverse path on the dynamics
of the plant.

Pure integrator created with perfect dynamic inversion

Ye Nonlinear multiplicative  _ _ ______ Plant_________. 1
—» Controller inverse 1Ymeas
of Desired —e )
Dynamics
Nonlinear
measurement
output

Fig. 6.2 Dynamic inversion with desired dynamics for a nonlinear plant
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The plant output signal y,,.,s = h(x) can be written as follows:

Ymeas = i Ymeas »
= [F@) + G@pu] . see (63), with u, defined in (6.4),
L [P+ 6@) (67 @) (90 ) - F@))]
=0 ) (6.11)

Equation 6.11 clearly indicates that perfect dynamic inversion transforms
the controlled system from 9., (t) t0 Y,,.q(t) into p parallel integrators as
shown in Fig. 6.3.

Fig. 6.3 Transfer func- Ydes 1 Ymeas

tion from Y .5 10 Ypeas — 7 L,
in the case of perfect s 7

dynamic inversion

Figure 6.4 shows the architecture of the dynamic inversion process in the
linear case, where the linearized plant is written in the standard form

&(t) = Ax(t) + Bu(t) ,
y(t) = Cx(t) . (6.12)

Pure integrator created with perfect dynamic inversion

Linear multiplicative
inverse B

yC
— | Controller
of Desired
Dynamics

Fig. 6.4 Dynamic inversion with desired dynamics for a linear plant
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6.3 Architecture of the Controller of Desired Dynamics

The architecture of the controller that parameterizes the desired dynamics
Yges(t) is based on a proportional and integral (PI) controller.

6.3.1 Selection of a PI Controller

There are several ways to construct PI or proportional, integral and derivative
(PID) controllers for a plant with the transfer function Gp(s). A classical
configuration is the “parallel” PI controller shown in Fig. 6.5.

Ymeas
»

Plant: G,(s) >

Fig. 6.5 Configuration of a classical parallel PI controller

The closed-loop transfer function of the PI controller and the plant G, of

Fig. 6.5 is
Ymeas _ (SKb + K’L)Gp ) (613)
Ye s+ (sKy + K;)G,

The PI controller has introduced a zero at s = —K;/K}, which is de-
pendent on the controller parameters K; and Kj. It is preferable to have
a PI controller structure without a zero or with a zero that can be placed
arbitrarily and can be used to cancel a slow pole in the closed-loop transfer
function. Therefore, the previous PI controller is modified in order to obtain
the PI-type controller shown in Fig. 6.6.

Ymeas

Plant: G,(s) >

Fig. 6.6 Configuration of the modified PI controller

The closed-loop transfer function of the modified PI controller and the
plant G, is
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Ymeas _ KbKiGp ) (614)
Ye s+ Ky(s + K;)G,
Clearly, the transfer function in (6.14) has the same denominator as (6.13)
but the closed-loop zero of the controller has been removed. The modified
PI controller of Fig. 6.6 contains a pure integral controller of the error sig-
nal and an inner-loop proportional feedback, which can be considered as a
differentiator-free rate-feedback control loop.

6.3.2 Feedforward of the Command Signal y.

The control structure in Fig. 6.5 is called “one degree-of-freedom” because the
controller is acting on a single signal, i.e., the error signal y.—ymeqs. However,
in order to improve the command-tracking performance of the controller, we
treat the two signals y. and y,,eqs independently by introducing a feedforward
controller on the command signal y..

Ymeas

Plant: G,(s) >

Fig. 6.7 Architecture of the modified PI controller with feedforward of the command
signal

The resulting control system is depicted in Fig. 6.7 and has a so-called
“two degree-of-freedom” control scheme, since the plant input is the sum of
the contributions of the feedback and the feedforward controllers.

Adding the feedforward path of the command signal improves the perfor-
mance at frequencies where feedback control is not effective (i.e., at higher
frequencies than the feedback controller corner frequency). The transfer func-
tion of the system shown in Fig. 6.7 is as follows:

ymeas(s) G;DKb(fCS + Kl)

Ye(s) T s+ GpKy(s + K;) (6.15)

Equation 6.16 shows that the closed-loop transfer function has a zero,
which can be placed at a desired location by modifying the value of the
coefficient f.. In this way, the zero can be chosen in order to cancel the
smallest real pole of the closed-loop transfer function and hence improve the
time response of the system to the command signals.

The controller that will be used in this project features:
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e A proportional action with the gain K3, which sets the bandwidth of the
controller.

e An integral action with the gain K; = f; K}, with the auxiliary integrator
gain f; as shown in Fig. 6.8. The reason why the coefficient f; is introduced
here will be clarified later in the chapter. The coefficient f; is selected once
and K3 becomes the single parameter determining the bandwidth of the
closed-loop system.

e A command-feedforward gain f., which enhances the time response of the
system to command signals.

The transfer function of the system shown in Fig. 6.7 is as follows:

ymeas(s) _ GPKb(fC s+ fl Kb) (6 16)
ve(s)  s(1+GpKp) + Gy fi K |

If we consider the plant G,(s) to be a pure integrator created by perfect
dynamic inversion, then the closed-loop transfer function of the system shown
in Fig. 6.8 is
meas K S+ 1K
Yy (S) _ Qb(f § f b)2 ) (617)
Ye(s) s+ Kps + fi K

ymms

»
»

Ye ydes

—_

Integrator created with
s pure dynamic inversion

Fig. 6.8 Architecture of the modified PI controller with command feedforward

6.3.3 Open-loop Gain

In order to compute the open-loop gain, the inner-rate feedback loop is first
closed as shown in Fig. 6.9, and the open-loop gain is computed as

_ Gp(s) K; fi
14+ KpGp(s) s

Clearly, the open-loop transfer function is not dependent on the gain f..
If the plant G, (s) is a pure integrator, the open-loop gain is

Le(s) = Ly(s) (6.18)
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L Kifi

6.19
s+ Ky s ( )

Le(s) = Ly(s) =

where the gain K is used to set the bandwidth of the controller as shown in
Fig. 6.10.

e 1 ymeu,s
—» K, > = K, —>» Plant: G,(s) >
s
Fig. 6.9 Open-loop gain
Gain A
—20dB/dec

Sl o _____2

21 } T ] »
(0dB) 0.1 p 10 w [rad]

—40dB/dec

Fig. 6.10 Asymptotic Bode plot of the loop-transfer function L (s) of (6.18)

6.3.4 Design Rules for the Command-feedforward
Gain f.

Equation 6.17 is of the form (sfggli;()s(iizs)ez). The gain f. is to be selected in

order to make the real zero of the transfer function cancel the smallest real
pole. In this way, the closed-loop time constant is as small as possible.

The poles of (6.17) are the solutions of the equation s* + Kps + f; K = 0.
Let us define the auxiliary variable A = K7(1 — 4f;).
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o If the integral gain f; < 0.25, then A > 0 and the two poles of (6.17) are
real and equal to pole; o = (=K}, +1/A)/2. In order to cancel the slowest
*J}'Kb — —Kb;‘\/A

pole by the zero, the condition must be satisfied, which

results in the choice for the command-feedforward gain f. as follows [12,
13]:

fo=(1+/1—4f)/2. (6.20)

o If the integral gain f; is chosen larger than 0.25, then two complex con-

jugate poles pole; s = (—Kp £ jy/—A)/2 appear and f. can be selected

to make the real zero cancel the magnitude of the complex poles, i.e.,

(K? + KZ(4f — 1)) /4= (f?K?)/f?, which results in the following choice
for f. [12, 13]:

fe=~F;. (6.21)

The denominator of (6.17) can be written in the form s+ 2wo(s+w? with

2wo¢ = Kp and wg = f;K2. An analytical value for the damping ratio is also
found to be ¢ = 1/(2V/f;).

Bode Diagram

10°

Frequency (rad/s)

Fig. 6.11 Bode plots of the closed-loop transfer function ymeqs/yc for Kp = 1 and
different values of f; according to Table 6.1

Table 6.1 shows that for f; > 0.25 complex conjugate poles appear as
expected, and they can no longer be perfectly canceled by the zero. Therefore,
the values for f; will be chosen up to 0.25. In the flight control loops designed
in the following chapters, the integral gain is chosen to be f; = 0.25. This
choice yields a value f. = 0.5 according to (6.20), which leads to a “critically
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damped” (closed-loop damping coefficient (.,; = 1) system, whose transfer

function is
ymeas(s) _ [(b/2
Ye(s) s+ Kp/2
Clearly, (6.22) indicates that the bandwidth of the closed-loop transfer func-

tion Ymeas/Ye 1S given by the term Kj/2, which is a key parameter for the
tuning of the controllers described in the following chapters.

(6.22)

Table 6.1 Summary of the control design parameters shaping the signal of desired
dynamics ¥ges

fi=0 fi=001 f; =02 f, =025 fi =0.3 fi=1
Ky 1 1 1 1
fe 1 0.99 0.724 0.5 0.5477 1
Zero 0 —0.01 —0.276 —0.5 —0.5477 -1
poleq 0 —0.01 —0.276 —0.5 —0.54+50.2236 —0.5 + 50.8660
poles —1 —0.99 —0.724 —0.5 —0.5 —50.2236 —0.5 — 50.8660
Wel® 1 0.99 0.72 0.5 0.55 1
¢ o] 5 1.12 1 0.9129 0.5

@ closed-loop bandwidth

6.3.5 Feedforward of the Rate of Change of the
Command Signal y.

In Chap. 7, some controllers will be designed with a feedforward of the rate of
change of the command signal 7. in order to increase the command-tracking
performance of the system. Figure 6.12 shows the complete architecture of
such a controller.

Ymeas

Integrator created with
pure dynamic inversion

»
»

il > (K 1

Reference Model

Fig. 6.12 Architecture of the PI controller with feedforward and reference model

One may notice that for K; = 1, the signal ¢q.s(t) is exactly constructed
as shown in (6.10), i.e., Yges(t) = 9c(t) + K - e(t).
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The transfer function of the system in Fig. 6.12 from y. t0 Ymeas 1S as

follows:
ymeas(S) Gp [Kf52 + Kb(fcs + fiKb)}

= . 6.23
yels) s+ Gy(Kos + [,K3) (6.23)
If the plant G,(s) is a pure integrator obtained by the perfect dynamic
inversion process, the transfer function ¥ () is as follows:
Ks? + Kp(f. i K
ymeas(s) _ fS + b(fcs + fl b) (624)

Ye($) s2 + Kps + flK,?

It is very interesting to note that for Ky = 1 and f. = 1, the transfer function

in (6.24) simplifies to y”;“zzgs) = 1, and the open-loop gain L,(s) remains
exactly the same as in (6.18) [10, 12]. This architecture will be particularly

useful in the aircraft velocity-control loops.

6.3.6 Reference Model and Explicit Model Following

In Fig. 6.12, the reference signal y,.s passes through a reference model filter
that generates the commanded control signal y.(t) and its time derivative
Ue(t) used in the feedforward path. Inserting a reference model in the control
system is also called explicit model following and makes the aircraft behave
with certain “flying qualities” imposed by the reference model [3, 5, 9, 16, 17].
In this project, the explicit model-following technique is employed such that
the closed-loop system under consideration exhibits first-order responses. The
reference model has the following transfer function

yc(s) Kref

= . 6.25
yref(s) s+ Kref ( )
For Ky =1 and f. =1 in (6.24), we obtain
ymeas(s) _ Ymeas . Ye _ Kref ' (626)
yref(s) Ye Yref s+ Kref

The latter equation means that if dynamic inversion operates properly, the
system responds to the reference signal y,.r like a first-order system, with
the coefficient K. defining its cut-off frequency.
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6.3.7 Integrator Anti-windup

A common problem encountered with integral control of real systems is inte-
grator windup. Saturation may occur on actuators or on internal states like a
limited angle of attack, a limited rate of climb, etc. When saturation occurs,
the integrator may begin to integrate a large error signal that takes its output
far beyond the plant’s control-input saturation levels. When the plant comes
out of saturation, or when the command reverses, it may take a significant
time before this excessive control output is removed and linear control is
regained [16]. Figure 6.13 shows the implementation of the anti-windup loop.
For practical application, a suitable value for the anti-windup gain is to be
selected. When the control signal exceeds the upper actuator limit v > wmqz,
the actuator saturates and its output stays at a constant value usq¢, and
therefore Au = ugq¢ — v is a negative number, which is fed back to decrease
the input of the integrator until Au reaches zero again, thus yielding u = usq;.
The control objective of the anti-windup loop is to drive the signal Au in
Fig. 6.14 to zero. Therefore, the loop should be stabilizing, which imposes the
condition K, K} > 0. Moreover, Au is the solution of the following differential

equation:
TAu+ Au=0. (6.27)

Equation 6.27 corresponds to a first-order system with the time constant
7 =1/(KpK,). The larger the product K, K, the faster the term Au returns
to zero. A reasonable number adopted in this work is K, = 3.

Remark:

e A very interesting framework for the design of anti-windup system for NDI
controllers can be found in the work by G. Herrmann et al. [18].

>
Ye Ymeas
- JiKy » Plant »

Fig. 6.13 Architecture of the integrator anti-windup system
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Fig. 6.14 Stability study of the integrator anti-windup loop
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Chapter 7
Autopilot for the Longitudinal Motion

The nonlinear differential equations governing the motion of an aircraft are
described in Chap. 3. For the plant analysis and control design, these equa-
tions are linearized around a certain operating point. Two sets of state vari-
ables appear to be clearly decoupled, each defining a specific mode of aircraft
motion. The state variables involved in the longitudinal mode are the pitch
rate ¢, the airspeed Vr, the angle of attack a, and the pitch angle 6. The
lateral-directional mode involves the state variables for the roll rate p, the
yaw rate r, the sideslip angle (3, and the roll angle ¢.

This chapter is dedicated to the analysis and control of the longitudinal
motion of the aircraft and presents an architecture for the altitude controller,
which uses robust NDI in all of the control loops. This chapter brings an in-
novative and practical approach for stability and robustness analyses of the
plant undergoing the dynamic inversion process. Moreover, this chapter pro-
vides a systematic procedure for the selection of some uncertain model para-
meters involved in the controllers. Finally, a new nonlinear airspeed controller
is also designed and presented.

7.1 Equations for Longitudinal Mode Analysis

A linear model of the longitudinal motion of the aircraft is constructed as
follows:
Ailong = AlongAmlong + BlongAulong s (71)

where the state vector is defined as Tjong = ¢ Vr « 0] and the control
input vector is Uiong = [dcicvator OThrust] as shown in Fig. 7.1.

In order to build the linear longitudinal model and therefore obtain the
matrices Ajong, Biong, Clong, and Djopng, a nonlinear differential equation
must first be formulated for each of the state variables as follows:

121
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Aéelevator — A q
—_— . .

Longitudinal ——» AV,
AéThTusf = A}FT plant > A
- 7 .Y

Fig. 7.1 Linear model of the aircraft longitudinal mode

cj:fq(a:,u), VT:fVT(m7'U/),
d:fa(m7u)7 é:fe(m7u)7

where the state vector of the aircraft is «, and the control vector is wu.

7.1.1 Pitch Rate Differential Equation

The nonlinear differential equation for the pitch rate is found from (3.44) as

1

q = [Mb — (wa — Izz)p’l" + Iwz(pz — ’1"2)} R (72)

Iyy

where the pitch torque M? is expressed as a linear combination of the control
surface deflections, the angle of attack «, and the dimensionless pitch rate
G = ¢q/2Vr as follows:

M = qSe(Cu + Ch,0e + Crract + Crrg §) - (7.3)

The definition of the other variables can be found in Chap. 3.

7.1.2 Airspeed Differential Equation

The nonlinear differential equation of the aircraft’s airspeed is derived in
Appendix A and is formulated as follows:

. 1
Vr = m(Xw + Frcosacos B+ mgy) , (7.4)

where the drag force is X% = p‘2/2 S(Cx1+Cxaa+Cxa2a?+Cxpo %) and
the gravity term is

92 = g(—sinf cosacos 3 + cosfsin ¢psin B + cosf cospsinacos ) . (7.5)

For the analysis of the longitudinal motion, the aircraft is assumed to fly
straight and level with no sideslipping and no wind, yielding
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ﬁnom = 0; onom = Unom, Prnom = Qnom = Tnom = 07 ¢nom =0. (76)

The nonlinear differential equation for the airspeed is simplified as follows:

. 1 2
Vo = . <pV2 S(Cx1 + Cxaa+ Cxa20®) + Fr COSOé) . (7.7)

7.1.3 Differential Equation for the Angle of Attack

The nonlinear differential equation of the aircraft’s angle of attack « is derived
in Appendix A and is formulated as follows:

1 1
. w : w w .
a= ( [ZY — Frsina +mgy] 4+ q ), (7.8)

with the lift force Z% = p‘2/2 S(Cz1 + Czqa), the gravity term g¥ =
g(sin asin 6+ cos a cos 0 cos @), and the pitch rate in wind axes ¢ = g cos § —

psin S cosa — rsinasin . Under the assumptions in (7.6) the dynamics of
the angle of attack can be simplified as

. 1 {pV2
G =

= v | 2 S(Cz1 4+ Czo ) — Frsina + mg} +q. (7.9)

7.1.4 Differential Equation for the Pitch Angle

The differential equation for the pitch angle 6 is

0=q. (7.10)

7.1.5 Matrices for the Longitudinal Mode

The matrices for the linear longitudinal mode are obtained as follows:

Aq Aq

AVT . AVT A(Selevato’r‘

AO( o ALong AO( + BLong |: AéThrust :| ’ (711)
Ab Af

with the dynamic matrix
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ALong = <af(aa;: U))

Lnoms Unom

VTpSEZC]ug ngpSEC]ua O

41, ALong(1,2) 21,
pVS[Cx1 + Cxa o + Cxaz
= 0 | m ] ALon9(2,3) 0 (7.12)
1 Z¥ 4+ Frsina — mg VrpSCza 0
qug 2m
1 0 0 0| ®Trom,
Unom
pVrSe [Cui + Cure de + Cra @
ALong(l,Q) = I )
vy
2
PYTS(Cxa + 2Cxa2 @) — Frsina
ALong(Q,S) = )
m
and the control input matrix
gScChure
q InyM 0
8f(w, u) 0 cos «cos 3
Buons= (50 )= | 0 e )
w mVr cos 3
o 0 0 Lnom,

Unom

where the input drpruse = Fr is expressed in N. The numerical values of
Afpong and Brong are provided in Appendix E.

7.2 Dynamic Modes of the Longitudinal Plant

The eigenvalues of the dynamic matrix Azong are computed and two pairs
of complex eigenvalues appear corresponding to two oscillatory modes called
the short-period mode and the phugoid mode as shown in Fig. 7.2.

7.2.1 Short-period Mode

This mode has a frequency of ws, = 4.72rad/s and a damping coefficient of
Csp = 0.9. The short-period mode corresponds to oscillations in the angle of
attack and the pitch angle at approximately constant airspeed. In order to
efficiently compensate for the undesired motion due to this mode, the pitch
rate and the angle-of-attack controllers are to be designed with a bandwidth
larger than wg).
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Longitudinal mode eigenvalues

2.5 T T —
Wehort—period1 = —4.03 + j2.31

phugoid mode
05F Wyhigoit 12 ==0.14 4 j0.09

ofF <«———short period mode A @

Wahort—periodz = —4.03 — j2.31

25 i i i i i i I
-4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0

Fig. 7.2 Aircraft longitudinal mode eigenvalues

7.2.2 Phugoid Mode

The phugoid mode involves the coupled effects of potential and kinetic en-
ergy. Indeed, as the aircraft pitches up and climbs, its speed decreases causing
the aircraft to pitch down again and therefore descend. As the aircraft de-
scends, its speed increases and the aircraft starts to pitch up again, and so on.
This oscillation is slow with a frequency of wy, = 0.2rad/s and a damping
coefficient of (pp = 0.64.

7.3 Validation of the Linear Longitudinal Model

In order to validate the analytical terms found for Ajong in (7.12) and Biong
in (7.13), the linear longitudinal model is simulated for some input pertur-
bation and compared with a nonlinear simulation, which has the same input
perturbation.
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7.3.1 Perturbation on the Elevator Command

The top plot in Fig. 7.3 shows a perturbation of about 10 % on the elevator
command. The other plots in Fig. 7.3 show that the nonlinear and linear
simulations are in good agreement.

Verification of the Linear Plant at 30 m/s with Disturbance on Elevator
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-0.021 - bl
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Fig. 7.3 Validation of the linear longitudinal plant with a small perturbation on the
elevator
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7.3.2 Perturbation on the Engine Speed 1,0t

The top plot in Fig. 7.4 shows a perturbation of about 10% on the engine
rotational speed n,,o¢. The other plots in Fig. 7.4 show that the nonlinear and
linear simulations are in good agreement, thus validating the linear model of
the longitudinal axis.
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Fig. 7.4 Validation of the linear longitudinal plant with a small perturbation on the
engine rate Ny, ot
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7.4 Stability Analysis of the Uncertain Dynamic
Inversion

Perfect NDI control assumes that the plant dynamics are perfectly known,
such that perfect cancelation of the nonlinearities in the plant dynamics can
be achieved. This assumption is obviously not satisfied in practice where all
the parameters of the aircraft model are subject to uncertainties and where
all the measurement data are corrupted by noise and bias.

Many papers have already discussed methods to design stable and robust
control systems based on the dynamic inversion method [1-8]. In general the
NDI is used in an inner control loop to cancel certain nonlinearities of the
system and an outer control loop is designed to guarantee the performance
and the stability requirements of the whole system; see Fig. 6.1. For example,
in [4] the outer loop is designed using the linear quadratic gaussian (LQG)
control method. The stability analysis is made using the methodology devel-
oped by [9], which gives the largest stability domain around a steady-state
operating point.

Other papers show how H., controllers can be designed for the outer
contol loop [7, 10, 11]. A p-analysis is presented, for example, in [1, 12] and
the stability of the system can be measured by the value of u, whereas the
robustness of the system is guaranteed if u < 1.

In [7], NDI is used in the inner loop controller in order to equalize the plant
dynamics over the flight envelope. The stability of the closed-loop system
(together with the outer-loop controller) over all operating points is assessed
using the relative error method presented in [13].

Another approach is the stochastic stability and robustness analysis and
design [8, 14]. This technique estimates the probability of system instability
and performance requirements violation when stochastic variations of the
system parameters are introduced.

In [3], an alternative approach for the design and analysis of a robust NDI
method for aircraft motion control is presented. That approach is based upon
Lyapunov stability theory and multiple time-scale dynamic inversion.

In [6], linear stability and robustness analyses are conducted on linearized
models computed locally throughout the flight envelope and the classical gain
and phase margins are determined.

More recently, the analysis of NDI flight control laws has also been inves-
tigated using LPV or quasi-LPV models. Using this framework, it is possible
to model nonlinear effects and parametric uncertainties in the system. In
order to analyse stability and robustness properties of LPV-based models,
quadratic Lyapunov functions and parameter-dependent Lyapunov functions
have been used in [15] and [16], respectively. Some additional techniques
based on Lyapunov quadratic functions are developed in [17] for assessment
of the robust performance and robust stability of a quasi-LPV model with
respect to time-varying, parametric uncertainties.
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Although many advanced analysis techniques have been presented to quan-
tify the stability of a control system using NDI, very few papers show the
“physical” effects of uncertainties on the behavior of the system. This sec-
tion considers the longitudinal motion of an aircraft and shows the effects
of parameter and measurement uncertainties on the inversion processes. The
contributions of this work to the analyses of stability and robustness of the
NDI controller for the longitudinal motion are [18]:

e To show that an explicit transfer function can be derived from the plant
input to the plant output, which includes the dynamic inversion process
and all the relevant model parameter and measurement uncertainties.

o To suggest a framework in which the stability and robustness properties
can be assessed using the notion of phase and gain margins from classical
control theory.

e To show that uncertain parameters selected in the dynamic inversion paths
can either stabilize or destabilize the system to be controlled.

e To provide a systematic procedure for the selection of uncertain model
parameters involved in the dynamic inversion paths.

7.4.1 Uncertain Model Parameters and Measurement
Data

The uncertain model parameters involved in the longitudinal axis are Cjs1,
Cure, Cumg, Cria, Iyy.- The uncertain measured state elements are a, ¢, and
V. The uncertainty levels of these parameters are summarized in Table 7.1.

Table 7.1 Summary of the parameter and measurement uncertainties for the pitch-
axis control loop

Parameter Nominal value Level of uncertainty Unit
Cumt 2.08 x 102 +10% -
Chre 5.45 x 1071 +20% -
Cumg —9.03 x 1072 +20% rad—?!
CMea —-9.83 +20% rad—1t
Iy 10.9 +5% kg m?

a 9.23 x 10—2 (5.29) +5% rad (deg)
q 0 +5% rad/s
Vr 30 +5% m/s

Furthermore, it is assumed that there is no uncertainty on the aircraft
mass m, the wing surface S, the wing span b, the air density p, and the mean
aerodynamic chord ¢.
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7.4.2 Linear Modeling of the Uncertain Dynamic
Inversion

Figure 7.5 shows the NDI process involved in the innermost control loop of
the longitudinal axis, namely the pitch rate control loop. If dynamic inversion
operates perfectly, the plant behaves as a pure integrator. However, as soon as
some uncertainty is introduced in this process, this pure integrator transforms
into either a stable or unstable system depending on the uncertainty. This is
discussed in the rest of this chapter.

M LAL’ < L
L —wx Iw d
qc x
— > .
4 | Pitchrate | des L 6" > Y
e e . ’U’Lﬁai
controller Cie oo | Alrcraft >
—>

1
| Control Allocation
Antiwind up B

8

Fig. 7.5 NDI for pitch rate control

In order to build a linear transfer function from the input ¢ges to the output
Ymeas, the additive inverse term and the multiplicative inverse term of the
dynamic inversion path are linearized as shown in Fig. 7.6. The uncertain
plant matrices are called A*, B* and C*, where the superscript u stands for
“uncertain”.

Uncertain dynamic inversion

' Multiplicative
de i Inverse R ]

—» Controller o owl
() >8]

of Desired
Dynamics

Additive Inverse

Fig. 7.6 Linear dynamic inversion with uncertainties for pitch rate control
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The state space representation of the system in Fig. 7.6 is [18]

Az = [A- B(CB")'A"C"| Az + B(CB")'Au,
= Apr Ax + Bpr Au. (714)

7.4.3 Model Simplification for the Longitudinal Motion

The variables describing the aircraft longitudinal axis can be divided based on
a time-scale-separation argumentation between the fast time-scale variables
« and ¢, and the slow time-scale variable Vp and flight-path angle v = 6 — a.

A linear model of the pitch axis is built which only involves the fast time-
scale variables as follows:

q|_|enaz||q " b1 O e
« a1 a2 [0 0 b22 FT ’

de
Aga m + By {FT] : (7.15)

The dynamic inversion process on the longitudinal axis is employed to
directly affect the dynamics of the pitch rate ¢ as shown in Fig. 7.5. Therefore,
the state variable « is not concerned with the inversion process and thus the
second line of the matrix Apr is equal to the second line of the matrix Aq o
of (7.15). Uncertainties in the terms of the dynamic matrix of the system in
(7.15) are introduced as follows:

u o _ {anJrAau 1112+A<112] .

A
D az + Aaz1  az + Aags (7.16)

uncertainties in the terms of the the control input matrix are introduced as

follows:
B® bi1 + Abny 0 )
0 bao + Abgy |’

g,

(7.17)

and uncertainties in the terms of the measurement matrix are introduced as
follows:

or — [011 + Acit 0 ] (7.18)

o 0 C29 + ACQQ
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7.4.4 Linear Model of the Pitch Axis and Dynamic
Inversion Process

7.4.4.1 Perfect Dynamic Inversion

If there is no model uncertainty and no measurement error, the dynamic
inversion process is perfect, yielding

Apray) = Aprag =0, and Bprap=1. (7.19)

The matrices Apy € R?*? and Bpr € R?*? of the system in (7.15) are
of the form

[0 0 1 o [, 0] [t o
ADILmaQJ’ BDI{O bgz}’ CDI{O CJ{O 1}-
(7.30)

A graphical representation of the perfect dynamic inversion process is shown
in the right-hand plot in Fig. 7.7, where we clearly see that gmeqs = Gdes/S-

Imperfect dynamic inversion + plant model Perfect dynamic inversion + plant model

q 3 Gmeas q

Am(u) [

N

DI(1,2) €

'
&%

1Ymeas
'

Fig. 7.7 Imperfect vs. perfect dynamic inversion

7.4.4.2 Imperfect Dynamic Inversion

In the case of imperfect dynamic inversion, the terms in the matrices Apy
and Bpy are obtained as follows:

. —1 .
¢ = ajrc11q + aracoa + bi1 (b11) " (daes — a11¢11q — afacypa) |
—1 —1
= {aucu — b1y (b14) aiflciﬁ} q+ {a12022 —b11 (b34) Q?QCSQ} «

+ bll (b1f1)_1 Qdes 5
= Apr1,1)q + Apra,2)@+ Bpr,1)qdes - (7.21)
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The dynamics of the angle of attack are obtained as follows:

& = a21q + azeq + bao Frr |
Apr21)q + Apre,2ya+ Bpre2)Fr - (7.22)

The terms c11 and ¢y are both equal to one, whereas the uncertain mea-
surement coeflicients are c; = c11 + Acy1 and ¢4y = caz + Acas.

Qdes | Ameas
1 !
6Thrust ' B DI - CDI » Yneas

- > s "

Fig. 7.8 Uncertain dynamic inversion and simplified longitudinal plant

The dynamic matrix, the control input matrix, and the measurement ma-
trix of the simplified plant, together with the uncertain dynamic inversion
process as shown in Fig. 7.8, are finally obtained as follows:

bi1(a11+Aa11)(c11+Aci1) bi1(a12+Aar2)(coz+Aca2)
Ay — apy — bnlen bll-t,l-lAblil 11 Qg — brr(aez b11—§1—2Ab1?2 22 |
a21 22
(7.23)
b11 0
b11+Ab11
Bpr = , (7.24)
0 boo
c c11 + Acny 0 (7.25)
DI — .
0 co2 + Aca

7.4.4.3 Computing the Plant’s Transfer Functions Including
Model Uncertainties

Explicit transfer functions can be obtained using the following formula:

Cpradj(sI — Apr)B
G(s) = Cpr(sI - Apr) 'Bpr = "™ i(s or)Bpr (7.26)
|SI — AD1|
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The transfer function for the channel from ¢ges t0 ¢meas is Obtained as
follows:
Gmeas  Cpra,1yBpra1(s — Apr(a2))

Gdes D , (7.27)

with D = s*—s(Apr(1,1)+ADI1(22)+ADI1(1,1)ADI(2,2)—ADI(2,1)ADI(1,2)-

7.4.4.4 MATLAB® Validation

In order to validate the results derived in the above paragraphs, three different
methods are used to calculate the transfer function ¢meas/qdes-

First, the Simulink® diagram shown in Fig. 7.9 is constructed, where the
matrices Al alq long, B1 alq long, and C1 alq long represent the uncertain
matrices A;" o BZ;’ o and C;" o> Tespectively. The state space block contains
the original matrices Aq,a, Bg,o, and Cq,o. The output of the state space

block is the vector [g a]T. The MATLAB® script shown in Table 7.2 is used
to compute the transfer function from the input ¢g.s to the plant output ¢meqs
using the MATLAB® command “linmod”.

A1 alq long(1,1)

X dA/dq

A1 alq long(1,2)
dA/dalpha

C1 alq long(1,1)

dC/d
qdotdes B1 alg long(1,1) 2
X' = Ax+Bu q1
dB/dq y = Cx+Du

State-Space

C1 alq long(2,2)

dC/dalpha

Fig. 7.9 Simulink® diagram called “alpha glinearDITest” used to compute the
transfer function with the command “linmod” from ¢ges to ¢ as shown in Table
7.2

Table 7.2 MATLAB® commands used with the Simulink® diagram in Fig. 7.9 to
compute the transfer function from ¢g4es t0 gmeas

[aa alq, bb alg, cc alq,dd alq] = linmod(’alpha qlinearDITest’);
sys plant alq linmod = ss(aa alq, bb alq, cc alg,dd alq);
tf qdotdes to q alq linmod = tf(sys plant alq linmod);
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A second method is investigated, where the matrices Apr, Bpr, and Cpr
are first computed by MATLAB®, and the command “ss” is utilized to create
a state space system out of these matrices. Finally, the transfer function is
computed with the command “tf” as shown in Table 7.3.

Table 7.3 Second method to compute the transfer function from Gges t0 gmeas

sys DI = ss(A DL, B DI, C DI, D DI);
DI tf = tf(sys DI);
DI tf(1, 1)

Third, the transfer function is explicitly evaluated given (7.27), and the
MATLAB® code is shown in Table 7.4.

Table 7.4 Third method to compute the transfer function from ¢ges t0 ¢gmeas
s = tf(’s’);
hand grateDI tf = C DI(1,1) * B DI(1,1) * (s — A DI(2,2))/(s? — ...
...(A DI(1,1) + A DI(2,2)) *s + A DI(1,1) « A DI(2,2) — A DI(2,1) « A DI(1, 2));

The top plot in Fig. 7.10 shows that if no uncertainty is introduced in the
system, the transfer function obtained by each of the three methods is that
of a pure integrator, i.e, ¢meas/qdes = 1/8.

The bottom plot in Fig. 7.10 shows the case where all the terms of the
matrices A;‘ By ,,and C“ are 30 % lower than the original values. Using
the three dlfferent methods the transfer function ¢meaqs/Gdes is computed. The
results are identical and show that uncertainties in the system transform
the pure integrator obtained by perfect dynamic inversion into ¢meas/qdes =
(s +3.657)/(s® + 5.091s + 6.607) in this case.

Section 7.4.6 presents in more detail how the parameter uncertainties affect
the dynamic inversion process.

7.4.5 FEvaluation of the Uncertainty Terms in the
Matriz Apr

Suppose the variable y is a function of the parameters x, z, t, with the
associated uncertainties Az, Az, At. The maximum possible error on y =
f(x, z,t) is computed with the following relationship:

5‘f of A +‘8f’At

2
Ox ‘ 0z (7.28)

Ay’
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Fig. 7.10 Comparisons between the three methods to obtain the transfer function
Gmeas/ddes: (a) Bode diagram: no uncertainty in the system; and (b) Bode diagram:
with uncertainties in the system

If the variable y is a ratio of the variables z and z, y = 7, the maximum
relative error on y is computed as follows [19]:

A A A
y _ at+ z

Y T z

(7.29)

The uncertainty of the term ai; of the matrix Aq o defined in (7.15) is
computed as follows:

a4 VTpSEQCMq
= - I =
aq f(VT7CMq7 yy) 4Iyy 9

ail =
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Aa11 = ‘aanT AVT + ‘ag']]\;q ACIWQ + ‘aaljy Afyy s

Aa11 o AVT ACMq Afyy

an | ‘ Vr ' Chrg ‘ Iyy |
~5%+20%+5%=30%. (7.30)

The uncertainty of the term ajs of the matrix Agq o defined in (7.15) is
computed as follows:

. 5
Aau . AVT AC}MD‘ AIyy
aiz | ' Vr ‘ CMa ‘ Iyy |7

~ 5% +20% +5%=30%. (7.31)

The uncertainty of the term b1 of the matrix By o in (7.15) is computed
as follows:

b1 = 88(;16 = f(Vp, Cume, Lyy) ,
B pVQ%SEC’Me
21, ’
‘Abu B )AVT )ACME N ‘Alyy
bi1 Vr Cuse Iy, |’
~ 5% +20% +5%=30%. (7.32)

The uncertainty of the terms as1, age, be; and bog is chosen to be zero,
since these terms are not used in the dynamic inversion of the dynamics of
the pitch rate q.

7.4.6 Effect of Uncertainties on Dynamic Inversion

In this section, the matrices Apy and Bpy are computed with uncertainties
according to (7.23) and (7.24).

The transfer function gmeqs/ddes in (7.27) is computed, where the coef-
ficients Aa‘ﬁl, Ablﬁl, Aa‘jf, Aenr are successively made negative and positive
in a nested for-loop algorlthm in MATLAB®. The results are shown in Fig.
7.12 and Fig. 7.13.

It appears that the transfer function gmeas/ddes has at least one unstable

pole if:

. Aa‘ﬁl and All’“ have the same sign, and Aq >0

e 491 > 0 and Abil <0.

ail
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The transfer function ¢meqs/ddes only has stable poles if:

. Aa‘ﬁl and Abll’il have the same sign, and Aqq <0

o 4 <0and 9" >0.

arl

Therefore, for the actual implementation of the pitch rate controller in the
UAV control unit, a safe choice for the plant parameters would be

( Aan )
a11 = @11 nom | 1 — )
aii
Ab
bll = bll,nom <1 + ‘ " ) 5 (733)
b11

where the terms @11 nom and bij nom may be obtained from wind-tunnel ex-
periments or real flight tests. For the measurement of the pitch rate, a safe

choice would be
Aq
4 = Qmeas | 1 — q . (734)

By using the above suggestions in (7.33) and (7.34), the plant from §ges to
(meas Temains stable, even if one of the three above conditions is violated.
Other simulation results show that measurement uncertainties of the angle of
attack o have no influence on the stability of the transfer function gmeas/qdes
[18].

Aby
bll
A
A
J<0 /,’
Stable poles 1 7
0 A
e =)
< q ‘Aan
_-0 T an
ﬂ<0 /z’
q 7 Unstable poles
e A
- 295
o q

Fig. 7.11 Unstable vs. stable poles due to parameter uncertainties
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7.4.7 Mathematical Selection of the Uncertain Model
Parameters

Equation 7.27 can be written explicitly as follows:

bll
Qmeas _ bi1+Abyq (S - a’22) (7 35)
qdes 32 + I's + Y ’ '
where the factor I is
b1
I'=— — A A 7.36
[011 biy + Abyy (@11 + Aair) (e + Acin) + a22] ) ( )
and the factor v is
¥ = |:(111 — bll (CL11 + Aau)(cu + Acll)] a9 (737)
bi1 + Abyy
b
_ |:a12 — bu +11Ab11 (a12 —+ Aau)(cll —+ Acll):| asi, (Wlth ag) — 1)

The term [' is rearranged in order to make relative uncertainty terms
appear of the form Aa_/a.. and is approximated by neglecting products of
uncertainty terms:

b1
I'=— — A A 7.38
[an byt + Abyy (@11 + Aar1)(e11 + Acnr) + a22} ) ( )
—aill Abll Aan Acu
= 1 — 11 1 — =1).
14 Ablﬁl [ + by ( + an ) c11 ( + o )} aszs  (c11 )

Let usdefine I" = I (1 + Ablﬁl ) , the previous equation is rewritten as follows:

o Can [1+ Abyy B <1Jr Aaqy n ACn)} g (1+ Abll) 7

bi1 ai ci1 b11
/ Aa Ab Ac Ab
r =a11[ 1 11+ 11]—@2(1—1— 11) :
a1l b1 C11 b1
Fl =] — Qg , (739)

. A Ab A Ab
with a1 = a1z [ a‘ﬁl — blil + c‘il} , and as = agg (1 + blil) .

The term -~ is rearranged as follows:



142 7 Autopilot for the Longitudinal Motion

Ab A A
y = CluaAiz {1+ 1 (1+ Clu) <1+ 011)]
L+ bi1 ai c11
A A A
_ aljb [1+ b11 _ (1+ a12) <1+ C11)] 7
1+ blil b1 a2 C11

Ab A Ab A
~ (1+ 11) = — aj1ams [ aii _ 11 + Cn}

b11 ail b1 C11
Aa Ab Ac
T ap { 12 11 4 11} ’
a2 b11 c11
’yl = — a92011 + 3, (740)

with ’y/ = (1 + Ab”) , and a3 = aio [A‘“Z — Abu 4 AC“} .

b11 a2 b11 c11

The poles of the transfer function in (7.35) are the roots of
2+ Ts+~v=0. (7.41)

These roots are given by s12 = *F?/A, where A = I'?> — 4~. In order that
there are only stable poles in the system, the following two inequalities must
be satisfied

—I'+VA<0 and —-T—VA<O. (7.42)

The poles will lie in the left half plane if I > 0. Suppose that A > 0, in
which case the poles are real, then the conditions above are equivalent to
~I'<VA<I and T>0, (7.43)

which is again equivalent to

A<TI? and T >0,
— I?—-4y<TI? and T >0,
<= I'>0 and ~v>0. (7.44)

The first inequality in (7.44), namely I" > 0, is satisfied if

Abyy

r'> 0, (1 + ) is always positive ,
11

“— a;—as >0,

A Ab A Ab
— ap { arn 11 + 611} > oo (1+ 11> 7
aill b11 C11 bll

A Abyy A Ab
[ oun A0 011} < 022 (1+ 11)7 (a11 < 0). (7.45)

ail b11 C11 ail b11

Since both of the coefficients a1; and a2 are negative, the inequality in (7.45)
holds if
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Aaiq Ab11+AC11

— <0, 7.46
ann b11 c11 (40)
which is always guaranteed if we choose
A Ab A
Mg, TS0, and T M <o, (7.47)
an b11 11

The conditions in (7.47) for the selection of the uncertainty levels, which
guarantee the existence of stables poles only are indeed the same as the
conditions found from the simulation results (see (7.33) and (7.34)).

The second inequality in (7.44), namely v > 0, is fulfilled if

’

v >0
A Ab A A Ab A
—s —a12[ @12 _ 11 + 011] < —a11a22[ a11 _ 11 + Cn]’
ai2 b11 C11 ail b11 C11
A Ab A A Ab A
[ a2 11 + 011} < 11422 [ ai 11 + 011] , (1112 < 0)
ai2 bi1 i1 ai2 ai b1 ci1
A Ab A
[ M2 _ ooy C“} <0. (7.48)
ai2 bi1 i1

The condition in (7.48) holds if in addition to the conditions in (7.47), we

choose
Aalg

@12

<0. (7.49)

If the term A = I'> — 4~ is negative, then the poles will be complex conjugate.
They will lie in the left half plane under the condition that I" > 0, which is
fulfilled by the conditions of (7.47).

The numerator of the transfer function in (7.35) has a negative zero if the
term age = gi < 0. This is the case for the aircraft under consideration,
whatever the level of uncertainty for this term.

7.5 General Control Architecture for the Longitudinal
Motion

The longitudinal motion controller is inspired by [20] and consists of several
loops, where every loop is designed assuming that the next inner loop achieves
perfect tracking of the command signals. This condition is not satisfied if the
next inner loop bandwidth is not sufficiently larger than the bandwidth of the
outer loop. Therefore, the controllers will be designed to ensure reasonable
time-scale separation.

The differences between the autopilot for the longitudinal motion of this
chapter and the one in [20] are the following:
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The controllers in [20] for the tracking of roll-, pitch-, and yaw-rate com-
mands are based on MRAC laws, where the matrices A and B of the linear
aircraft model are constantly estimated by an on-line stabilized RLS algo-
rithm, which provides an adaptation of the matrix terms with the current
operating point of the aircraft and/or the possible modification of the
aircraft aerodynamics due to some damage or failures.

In this book, the controllers for the turn rates use NDI, and therefore rely
on a good knowledge of the plant parameters. Uncertainties on the plant
parameters and on sensor data are taken into account during the design of
the controllers of the turn-rate desired dynamics. These controllers are to
be sufficiently robust to guarantee satisfactory stability and performance
properties, as discussed in Sect. 7.6.

In [20], the controllers for the angle of attack, altitude rate, and altitude
commands, all consist of proportional compensators, whose gains are cho-
sen for a satisfactory closed-loop pole placement in the ideal case.

In this chapter, all the controllers used have the architecture presented

in Chap. 6 either in Fig. 6.8 or Fig. 6.12. These controllers include PI gains
together with feedforward paths of the command signal.
In [20], although some simulation results are provided that demonstrate
the robustness of the algorithm in the presence of external disturbance or
sensor noise, no robustness analysis is presented. The rest of this chapter
is dedicated to the stability and robustness analyses of the control systems
in the presence of large parameter and measurement uncertainties.

Qe e Turn rate controllers| &
e} + > (Aircrafi—s—»
controller T Control Allocation

5,0,V

Altitude
rate
controller

Altitude
controller

Fig. 7.14 General architecture for the control of the longitudinal motion

In Fig. 7.14, the blocks T3, T, and T3 represent transformations that are

linear in the main input variable, but nonlinear in the other variables. These
nonlinear transformations are derived in the Appendix C, [20].

7.5.1 Nonlinear Transformation T3

The nonlinear transformation T3 transforms the commanded rate of change
for the angle of attack ¢, into the pitch rate command g. as follows:

‘gT (cos@cos g+ ap) . (7.50)

gc = Q¢ —
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7.5.2 Nonlinear Transformation T;

The nonlinear transformation 75 transforms the aircraft normal acceleration
command an com into a command for the angle of attack o, as follows:

An,com — A29 (751)

Qe = _
airq

where a; and ay are constant and defined in Appendix C.

7.5.3 Nonlinear Transformation Ty

The nonlinear transformation 73 transforms the vertical acceleration com-
mand h. into the aircraft normal acceleration command a, com as follows:

}.Lc/gfl
n,com — . .52
on, cos ¢ cosf (7.52)

7.6 Pitch Rate Control

Figure 7.15 shows the longitudinal plant linearized by the uncertain dynamic
inversion process together with the controller of the pitch rate dynamics,
which generates the control signal ¢ges.

Uncertain dynamic inversion

e + plant model

Geom 1 ‘
. -K;'ef,q 5

Reference Model

Fig. 7.15 Pitch rate controller with the plant that includes parameter and measure-
ment uncertainties

In order to study the stability and the robustness of the system in the
presence of model and measurement uncertainties, the open-loop gain of the
plant and the pitch rate controller is computed with (6.18), which is recalled
here for convenience:
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Go(s) Kliqfivq

Lelo) = Ly(s) = | 0% T

(7.53)

Clmea,b(s)
qdes( )
Cpr(1,1)Bpr(1,1)(s — Apr(2,2))

with Gq4(s) =

52 —s(Apr(1,1) + Abpr(2,2)) + Apr1,1)ADI(2,2) — ADI(21)ADI(12)
(7.54)

Aall Aa12 Abll
a

A series of simulations are run, where the coefficients TIPS

AC]]
C11

loops algorithm. The gains chosen for the pitch controller are K, , = 12 [s™!]
and f; 4 = 0.25. The results are shown in Figs. 7.17 to 7.20.

, and ACZ"‘ are successively equal to +30% and —30 % in a nested for-

7.6.1 Stability/Robustness Requirements

The stability of the system is assessed by analyzing the root locus and Nyquist
plots provided for each example. Additional requirements are formulated for
the shape of the Bode plot of the open-loop gain as shown in Fig. 7.16a. Phase
and gain margins are defined by the diamond region shown in Fig. 7.16b. In
the Nichols chart, if the curve of the loop gain avoids the diamond region,
the phase and gain margins are guaranteed [16]. The two most important
uncertainty terms for the pitch rate control loop are Aa‘ﬁl and Abll’il . Therefore,
four series of plots are provided in Fig. 7.17 to Fig. 7.20. For each series, one
value of these two uncertainty terms is modified at a time, whereas all the
other uncertainty terms are varied.

Figure 7.17 shows the results obtained when Aa‘“l = +30% and Ab” =
+30%. Clearly, the requirements of the loop gain Bode plot are fulﬁlled
The loop gain also avoids the diamond region in the Nichols chart, therefore
45° phase and 5dB gain margins are guaranteed. The root locus plot shows
that right half-plane poles and zeros cancel each other and that the loop
gain can be safely increased without destabilizing the system. There is no
unstable pole. Finally, the Nyquist plot shows that the critical —1 point is
safely avoided (no right encirclement [21]) by the loop gain in all cases.

Depending on the uncertainty configuration, the bandwidth of the con-
troller may be significantly affected. The requirement on the bandwidth is
that the closed-loop bandwidth of the system should be higher than the
frequency of the short-period mode wy, = 4.72rad/s. The top-left plot
in Fig. 7.21 shows that a gain of K;, = 12[s7!] is sufficient in the case
Qo = 40— 130 %,

ail
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Figure 7.18 shows the results obtained in the case Aa‘ﬁl = 4+30% and

Abll’il = —30%. The Bode plot and Nichols chart requirements are fulfilled.

The root locus plot shows the existence of several right half-plane pairs of
poles and zeros cancelling each other. There is no unstable pole. The Nyquist
plot shows that no right encirclement of the —1 point occurs. The closed-loop
Bode plot is shown in Fig. 7.21.

Figure 7.19 shows the results obtained in the case Aa‘ﬁl = —30% and

Ablﬁl = +30%. The Bode plot and Nichols chart requirements are fulfilled.
The root locus plot shows that there is no right half-plane pole or zero. The
Nyquist plot shows that no right encirclement of the —1 point occurs.

The closed-loop Bode plot in Fig. 7.21 shows that the bandwidth w, of
the controlled system may be just enough (w. =~ wsp) for some uncertainty
configuration on the parameters a2, c11, c22. Therefore, a slightly larger
value of Kj , may be required in order to ensure w. > wsp . This uncertainty
configuration (Aa‘ﬁl = —30% and Abll’il = 430 %) is the one suggested in Sect.
7.4.6 for the selection of the plant parameters used in the dynamic inversion
process. It clearly gives the best results in terms of stability /robustess of the
system compared with the other plant uncertainty configurations.
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Fig. 7.19 Open-loop gain of the pitch controller and the plant including model
parameter and measurement uncertainties, Aa‘zlll = —30% and Abll’lu =4+30%

Figure 7.20 shows the results obtained in the case Aa‘ﬁl = —30% and

Ablﬁl = —30%. The Bode plot and Nichols chart requirements are fulfilled.
The root locus plot shows the existence of several right half-plane pairs of
poles and zeros cancelling each other. There is no unstable pole. The Nyquist
plot shows that no right encirclement of the —1 point occurs. The closed-loop
Bode plot is shown in Fig. 7.21.

Simulation results showed that the controller for the pitch rate desired
dynamics is able to meet the requirements for stability and robustness of
the system for all the different uncertainty configurations presented. The

configuration where dynamic inversion operates with Aa‘ﬁl = —30% and
Ablﬁl = 30% is clearly the safest case. Therefore, in practice the parameter

a11 is to be intentionally estimated too low, whereas b7 will be intentionally
estimated too high.
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Fig. 7.20 Open-loop gain of the pitch controller and the plant including model
parameter and measurement uncertainties, Aa(fl” = —30% and Abll’l’ =-30%

7.6.2 Pitch Rate Closed-loop Transfer Function

The closed-loop transfer function ¢meqs/qcom is obtained as follows:

Qmeas — qmeas 3 qC
QCom qC QCom ’
_ G [Kys® + Ky g(fes + [iKbg)]  Kiepg (755)
s+ Gy Kpg(s+ filKpq) s+ Krepq '
where
Q’meas
G, =", ,
! ddes

_ Cpr,1)Bpr,1)(s— Apr(2,2))

52 —s(Apra,1) + Ap1(2,2)) + Ap1(1,1)ADI(2,2) — ADI(21)ADI(1,2)
(7.56)
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The Bode plots of the closed-loop transfer function in (7.56) are shown in
Fig. 7.21 for several uncertainty configurations. Clearly, the closed-loop band-
width is affected by the uncertainty of the pitch rate measurement Agq/q. For
negative values of the uncertainty Aq/q the nominal bandwidth is reduced,
whereas for positive values of the uncertainty Ag/q the nominal bandwidth
is increased. Section 7.4.7 demonstrated that the pitch rate measurement
should be intentionally estimated too low to guarantee stability of the con-
trol system, which corresponds to the lower-bandwidth plots shown in Fig.
7.21. The gain Kj 4 should be chosen such that the closed-loop bandwidth
wer is larger than the short-period mode frequency ws, = 4.72rad/s. Figure
7.21 shows that w,; is larger than or equal to wg, in all cases, which confirms
that the value of K; , = 12[s7!] is sufficiently large.
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7.7 Angle-of-attack Control Loop

The controller for the angle of attack is shown in Fig. 7.22. The dynamics
of the angle of attack are described by the linear model in (7.57), where the
numerical values of the matrices are shown.

gl [—4.779 —4.542] [ ¢ 27.41 0 5.
{d}[ 1 —-3.698 | | « + 0 —1.1x107*| | drprust | (7.57)

It is assumed that the variations of d7ps¢ are small. Moreover, the thrust
force drprust modifies the dynamics of the angle of attack through the term
byy = —1.1 x 1074, which is negligible compared to as1, ass, or by;. Con-
sequently, the dynamics of the angle of attack & are considered to be only
dependent on the pitch rate ¢ and on the angle of attack a as shown in Fig.
7.22.

Qeom

. g .
Aes — 7(005 OCOSQ + a, ) = Geom
T

Imperfect dynamic inversion + plant model

9 des q Gmeas
q—controllerH By, IR meas
q(;()"ll S
Apr()
T

Qeom

Apr(2)

Ao Neas

Fig. 7.22 Dynamics of the angle of attack

The control loop of the pitch rate is closed, and the transfer function
Qmeas/Qeom 18 computed as follows:
Ga — Umeas _ Umeas . dmeas _ CQGQIC,;l ) Ameas 7 (758)

dcom dmeas dcom s — a2 dcom

where Gmeas/Geom 18 defined in (7.55), and where the measurement coefficient
of the angle of attack C,, is defined as follows:

A
c,=1+°9. (7.59)

(0%

A simplified version of Fig. 7.22 is shown in Fig. 7.23.
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Fig. 7.23 Angle-of-attack controller

7.7.1 Open-loop and Closed-loop Gains

The open-loop gain is

Ga . K[?,a fi,a

Lea:
’ 14+Go Ko S

(7.60)

The gains are selected to be f; o = 0.25, f. = 0.5, and K, = 6[s71].
Simulation results are shown in Fig. 7.24 to Fig. 7.27 for several uncertainty
configurations of the terms a1, ai2, bi1 ,Cy, and C,. The closed-loop trans-
fer function is:

Qmeas Ga (Kb,a fcs + fi,a K[ia) 7.61
acom  5(1+Ga Kpo) +Ga fia Ki o 7oy

b,a

7.7.2 Comments on the Results

An excessive value of K}, can destabilize the system in all cases (time-scale
separation issue with the pitch rate loop). In all cases, there is no unstable
closed-loop pole, and the phase and gain margins defined by the diamond
region in the Nichols chart are guaranteed. The Bode plots of the closed-loop
gain show that the closed-loop bandwidth is very sensitive to the uncertainty
of the pitch rate measurement Aq/q and to the uncertainty of the angle-of-
attack measurement Aa/a. The largest bandwidth is obtained for Aqq < 0and
Aaa > 0 simultaneously. Conversely, the smallest bandwidth is obtained for
A9 > (0 and Aa”‘ < 0 simultaneously. In Sect. 7.4.6, it was already suggested
to underevaluate the value of the pitch rate measurement geqs. For the
dynamic inversion process, it would be wiser to select an underestimated
value for the measurement of tuneqs, i-€., & = Qmeas(1 — |Aa/a|). These two
suggestions used in the dynamic inversion process result in an intermediate
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and reasonable closed-loop bandwidth. The configuration where NDI operates

with 41t
aii

= —30% and Abll’il = 30% is still clearly the safest case.
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Fig. 7.24 Angle-of-attack controller and the plant including model parameter and
measurement uncertainties, Aa‘;n = +30% and Abin =+30%
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Fig. 7.27 Angle-of-attack controller and the plant including model parameter and
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7.8 Rate-of-climb Controller

The flight path angle v, the pitch angle 0, and the angle of attack « are
related as follows:
0=a+r~. (7.62)

The rate of climb A is defined as follows:
h=Vpsiny . (7.63)

The linear system has been computed around nominal flying conditions
which correspond to straight and level flight. This means that the flight path
angle is v ~ (. Therefore, the difference between the pitch angle and the
angle of attack is small, 7.e., § — a ~ 0. The rate of climb can therefore be
approximated by

heVe-(0—a). (7.64)

The pitch angle 6 is obtained by time integration of the pitch rate g as follows:

q
o=". .
5 (7.65)

The angle of attack a may be expressed in terms of the pitch rate ¢ with

g="""24, (7.66)
a21

where the terms as; and age are those defined in (7.15) and therefore

. — 1— —
h%VT~(9—a):VT(S ma—a>:vﬁ( o) =@z 7 e

ag1s ag1s
Finally, a model of the altitude rate is obtained as follows:

. 1 — _
hrrons A ChVTS( an)—axn (7.68)
an1s
where the term C} contains the uncertainty in the altitude rate measurement
as follows (also see Fig. 7.28):
Ah
C,=1+ . . (7.69)
h
The nonlinear transformation between the desired vertical acceleration

ﬁdes and the commanded angle of attack acom as shown in Fig. 7.28 is (see
Appendix C)

.. 1 1 &
com = Ndes _ - _ s 7.70
@ d £1Gg cosgpcost (flqcos¢cos0+§1> ( )
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Fig. 7.28 Rate-of-climb controller

with
S(Cx1+ Cza SCyzq
& = (Cx1 Z)% Z, (Cx1 < Czq)
mg mg
SC
g=""2". (7.71)
mg

Therefore, the term T}, | =1/ (&1 g cos ¢ cos 0) is acting as a gain and should
not be forgotten in the computation of the loop gain.
The uncertainty associated with the gain T}  is computed as follows:

ATy A q
ha | |46 +‘Aq'+‘A¢ +'Ao'
T, o & q ) 0
~30%+10%+5%+5%=50% . (7.72)

The value of the controller gains shown in Fig. 7.28 are K, ;, = 1[s7'], f,; =
0.25, fc,h =1, and Kf_ﬁ = 1. Although not represented in the figures, the
angle-of-attack command aop, is saturated between 0° and 13°, and an anti-
windup system is implemented in the altitude rate controller.
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7.8.1 Open-loop Gain

The open-loop gain is computed as follows:

2 .
L= G Rali (7.73)
€ 1+ Gth,h S ’
where
hmeaé AT « meas hmeas
G = =Ty, (1 ) e . (1.74)
hdes Tﬁ,a Qcom  Ameas «

where the transfer function uneqs/@com is defined in (7.61), and the ratio
a/Qmeas = C5 1 is defined in (7.59) and shown in Fig. 7.28. The ratio hmeas/a
is defined in (7.68).

Figure 7.29 shows the open-loop gains obtained when the parameters </ A““ ,

Aa‘g“, Ablﬁﬁ e and A"‘ take on alternatively the values +30 % and 30%

AT
in a nested for-loop alg‘orlthm. The term T_,’“" takes on alternatively the

ha
values +50 % and —50 %, whereas the term Ahh takes on alternatively the
values +5 % and —5 %.

In all cases, the system is asymptotically stable and the bandwidth of
the open loop is very weakly affected by the uncertainties and is around
0.8 rad/s. The lower the gain K pi the weaker is the influence of the plant
and measurement uncertainties on the bandwidth of the altitude rate control
loop.

7.8.2 Closed-loop Gain

The closed-loop gain is computed as follows:

hmeas _ hmeas hC

hcom B hc hcom
G;, [Kf,hSQ +Kb,h(fc,hs+fi,th,h):| K

- . Trebh 7
s+ G K, (s + f,1K, 5) s+K )

)

with
AT a X o Rmeas
Gj, = T;, <1 + h’°‘> . cas . Lomeas (7.76)

h,a Qcom  Omeas «@

The gains used in the altitude rate reference model are K ,; =1 [s71]
and K, ; = 1. The choice of K, ;, =1 [s71] yields a closed-loop bandwidth
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Fig. 7.29 Bode plots of the open-loop gains of the altitude rate controller for several
uncertainty configurations

in the range of 0.6 to 1 rad/s depending on the uncertainty configuration as
shown in Fig. 7.30.

7.9 Altitude Controller

The altitude controller is shown in Fig. 7.31. The measured altitude is ob-
tained as follows: )
h

hmeas ~ Ch s 5 (777)

where the uncertain coefficient for the altitude measurement is defined as
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Fig. 7.30 Bode plots of the closed-loop gains of the altitude rate controller for several
uncertainty configurations

Ch=1+ Ahh . (7.78)
The gains of the altitude controller are K,.f 5 = 0.3 [sfl], fen=1Ksrp =1,
Kpp=02[s71, and f;, = 0.25.
The altitude rate command hcom is saturated to stay within the range
[-Vr/4, +Vr /4], and an anti-windup system is implemented in the altitude
controller.
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7.9.1 Open-loop Gain
The open-loop gain is computed as follows:
G K2, fin
Lep = no Ko (7.79)
' 1+ GthJL s
where . _
h’meas hmeas h’meas C C B hmeas
Gy = =" : = MR . (7.80)
hcom hmeas hcom S hcom

The transfer function f,,eqs / heom is defined in (7.75), the coefficient Cj, is
defined in (7.78), and the coefficient Cj, is defined in (7.69).
Figure 7.32 shows the open-loop gains obtained when the parameters Aa‘ﬁl

A@‘EZ, Ablﬁl, Aqq, and Aaa take on alternatively the values +30 % and —30 %

)

in a nested for-loops algorithm. The term " takes on alternatively the
h,«

values +50 % and —50 % and Ahh the values +1 % and —1 %.
In all cases, the system is asymptotically stable, the bandwidth of the

open-loop gain is almost unaffected by the uncertainties and is in the range
0.3 to 0.4rad/s.
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7.9.2 Closed-loop Gain

The closed-loop gain is computed as follows:

hmeas _ hmeas h’C

heom — he  heom
_ Gn [Kpns® + Kpp(fens + finKon)]  Krepn

. (7.81
s+ GrKpn(s+ finKpp) s+ Krep,n (7.81)

The choice of Kjp, = 0.2[s71] yields a closed-loop bandwidth in the range
of 0.2 to 0.3rad/s as shown in Fig. 7.33. This guarantees sufficient time-scale
separation with the rate-of-climb controller.

Figure 7.33 shows that the plant and measurement uncertainties have al-
most no influence on the bandwidth of the altitude control loop.
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Fig. 7.32 Open-loop gains of the altitude controller for several uncertainty configu-
rations
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Fig. 7.33 Closed-loop gains of the altitude controller for several uncertainty config-
urations

7.9.3 Performance of the Altitude Controller

Figure 7.34 shows the performance of the altitude controller in the nominal
case (no plant uncertainty) for a constant airspeed of 30m/s. The aircraft
is capable of tracking the reference vertical trajectory without steady-state
error for a step or a ramp input. There is also no overshoot for a step input.
The aircraft reaches the reference altitude quickly.
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The overall performance of the longitudinal motion controllers presented
in this chapter are very satisfactory.

250 T T T

T
Aircraft trajectory

— = = Reference trajectory

Altitude, m

-50 I I I I I I
0 50 100 150 200 250 300 350
Time, s

Fig. 7.34 Performance of the altitude controller (nominal conditions)

Remarks:

e In this chapter, an anti-windup system is implemented for all the control
loops that employ an integrator. Moreover, axis control saturation can be
detected with an analysis of the control inputs and outputs of the control
allocation module. The possible occurrence of an actuator failure should
also be taken into account for anti-windup compensation.

e The paper by Schierman et al. [22] contains a very interesting scheme
for the longitudinal control of the Boeing X-40A reusable launch vehicle.
The inner-control loops for attitude utilize a model-following and dynamic
inversion approach. The architecture contains five control loops for the
control of altitude, altitude rate, flight path angle, angle of attack and
pitch rate, respectively. Each loop employs a model-following scheme, the
bandwidth of which is adjusted in a backstepping manner to maintain ro-
bustness stability margins in the presence of actuator saturation or failure.



7.10 Airspeed Controller 167

7.10 Airspeed Controller

7.10.1 Content of this Section

This section presents a new nonlinear airspeed controller for a UAV [23]. The
thrust force of the UAV is generated by a propeller. The nonlinear dynamics
of the airspeed are appropriately expressed as a function of the thrust force,
which is a nonlinear function of the engine speed. The latter variable is the
only physical control input of the system. The airspeed control system is
constituted of a linear controller responsible for the generation of the desired
airspeed dynamics, which are successively converted into a desired thrust
command and an engine speed command through two consecutive nonlinear
transformations. The proposed architecture is modular, easy to implement,
and computationally efficient. Nonlinear simulation results demonstrate the
effectiveness of the method.

7.10.2 Motivation

An essential variable involved in the flight dynamics of an aircraft is the
airspeed or the speed of the airframe relative to the surrounding air. The
airspeed Vr is indeed part of all of the aerodynamic equations of forces and
moments acting on the airplane through the dynamic pressure g [24, 25].
Human pilots also know well that the airspeed is a critical flight parameter.
It is to be carefully monitored in order to avoid any undesired stall of the
airplane. In [26], it is explained that “precise airspeed control” is required in
order to achieve “precise altitude and heading for longer and longer periods
in straight and level flight.” Precise airspeed control is also necessary during
climbs or descents at specified rates, or during the safety critical maneuvers
at low airspeed such as the glide and flare paths before landing.

Human pilots are usually taught that the airspeed is to be adjusted by
acting on the aircraft’s propulsion power, and that altitude is to be controlled
by modifying the pitch attitude of the aircraft. However, there are situations
in which the role of pitch and power are reversed, i.e., the pitch attitude
is used to control the speed and the power to control the altitude. This is
the case, for example, during take off, landing, and any maneuver to reach a
certain gliding slope.

In this work, the first method is employed, i.e., the airspeed is adjusted
by the propulsion power, and the altitude of the aircraft is controlled by the
pitch attitude at any given airspeed.

Figure 7.35 shows the speed autopilot found in [20], which assumes that
the transfer function from the throttle command ¢, com to the aircraft’s air-
speed Vp is of the form Vi (s)/dih,com(s) = kv/s(s + ay), where the constant
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Aircraft VT

Dynamics

Fig. 7.35 Airspeed controller [20]

term k,/a, is the amount of steady-state longitudinal acceleration per unit
of throttle command and 1/a, is the time constant of the engine thrust re-
sponse. The gains gr v, g1,v, gp,v and grec are used as feedforward, integral,
proportional, and total energy compensation gains, respectively [20, 27].
Although the controller shown in Fig. 7.35 provides satisfactory results
over a limited altitude range as found in [20], this type of modeling does
not take into account that the airspeed response due to throttle commands
also depends on the flight conditions, such as altitude and current flying
speed. Indeed, the aerodynamic forces acting on the airframe and the thrust
produced by the engine are strongly dependent on the air density p, which
varies nonlinearly with the altitude h and with the airspeed V. Therefore,
the dynamics of the airspeed are a nonlinear function of the airspeed, the
altitude, the air density, the engine speed, and the throttle command as
follows: .
VT = f(VvT7 h, P, N, 6th) . (782)

Some papers suggest the design of robust nonlinear airspeed controllers
using a combination of Hy, control and feedback linearization [10, 11]. How-
ever, in [11] for example, the thrust is linearly modeled in terms of a throttle
setting and the control design does not take into account detailed nonlinear
dynamics of the thrust generated by the engine through the propeller.

In this section, a nonlinear airspeed controller is designed taking into ac-
count a nonlinear modeling of the thrust force generation. This airspeed con-
troller is to adapt itself over the flight envelope and be of low computational
load.

This section starts with a quick review of the engine and thrust models.
Second, the nonlinear transformations between the desired dynamics of the
airspeed and the engine speed are established. Third, a linear controller is
designed to shape the dynamics of the desired airspeed signal. Finally, the
section includes simulation results that demonstrate the effectiveness of the
airspeed control system [23].
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7.10.3 Engine Speed

The dynamics of the engine speed n are modeled by a first-order linear system
with the time constant 7,, and the engine speed reference signal n, as follows:

1 1
n=—_ n+ nc. (7.83)

Tn Tn

7.10.4 Thrust Force

The thrust force Fr generated by a propeller with the diameter D, and an
engine speed n is modeled as follows [10, 28]:

Fr = pn*D*Cp,(J) , (7.84)
where the dimensionless thrust coefficient Cp,. (J) is defined as
Cp, (J) =Cpry +CprpyJ + CFT3J2 R (785)

with the advanced ratio J being

Vr
J = 7.86
Dn’ (7.86)
and the constant coefficients Cp,.,, Cry,, and Cg,, as defined in Appendix
F.

7.10.5 Nonlinear Transformations

The nonlinear differential equation of the aircraft’s forward velocity v about
the z-axis in the aircraft’s body frame is found for example in Chap. 3 as
follows:

1
i = —gsinf + (FT rCh XY oy Zw]T)
m w(l,:)
1
= —gsinf+  (Fr+cosacos X" —cosacos Y™ —sinaZ"V) .
m

(7.87)
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The aerodynamic forces X™, Y, and Z% are defined as follows:

X" =S (Cx1+4 Cxaa + Cxa20® + Cxp23°) ,
Y'Y = gSCygf,
Z" =qS(Cz1 + Czaq) . (7.88)

For values of a in the range of [0, ..., 0.2 rad] and 3 close to zero, and taking
u as an approximation of Vp, Eqs. 7.87 and 7.88 are simplified as follows:

. 1
Vr~—gsinfd+ (Fr+XY-Y"+az%),
m
, 1 _ qs
~ —gsinf + m [FT + @S (Cx1 + 021)] + m (Cxa + Cza) . (7.89)
The airspeed controller has to track the reference airspeed signal Vr com.
Therefore, the first stage of the controller is designed to shape the desired
dynamics of the airspeed as follows:

VT,des = KV(VT,coma VT) P (790)

where the symbol Ky designates a stabilizing control law for the desired
airspeed dynamics as a function of the commanded and measured airspeed.

The desired dynamics for the airspeed VT,des are converted into a thrust
command Fr com as follows:

Fr.com = m[VT,des + gsind] — Ffem’z , (7.91)
where the aerodynamic force F, ,fem,x is expressed as
b as
Faer07I= m [CXl +Cz1+(CXa+Cza)a] . (7.92)

The thrust command Frr com is to be converted into a command for the engine
speed Ncom- Equations 7.84 — 7.86 are rearranged in order to solve for ncom
in the following equation:

V; V2
n2om (Crr pD*) +10com (CFT2pD3 WT) +CppypD? ﬂg —Frcom =0. (7.93)

In order to solve the above equation at each time step, the airspeed is
assumed to be constant over the sampling time yielding

AV AV2 + AFr com
Ncom = T \/ 2AT o " 3 (794)
4

with
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_ D3
Al — CFsz ,
T
Ay — (C%Tg - 4CFTICFT3) pDG
2 — 71'2 9
Az = 4Cp,, pD*
Ay =20, pD* . (7.95)

The architecture of the nonlinear airspeed controller is shown in Fig. 7.36.

VI com VP des Fr com Neom
— | Desired airspeed . AWV A,Vp? ]
. . b + V2 4 AgE:
v T From = m{Vides + g5in0] = Flupu W 0, = —1L 2L 3 Tcom Ly, I Aircraft
T dynamics A, K
A A A
m,a, 0,V Vi, p -
Anti windup loop

Fig. 7.36 Nonlinear airspeed controller

7.10.6 Controller of the Desired Airspeed Dynamics

The controller for the desired airspeed dynamics is the same as in Fig. 6.13
with the following gains f. = 1, f; = 0.25 and Kj, = 3[s71].

In order to avoid conflicts between the airspeed controller and the angle-of-
attack controller which cause undesired pitch oscillations, the bandwidth of
the airspeed controller is chosen to be smaller than that of the angle-of-attack
controller.

7.10.7 Simulation Results

Figure 7.37 shows the airspeed and the angle of attack during the aggressive
vertical maneuvers of Fig. 7.34. The airspeed reference signal is 30 m/s and
must remain constant despite aggressive altitude changes. Figure 7.37 shows
the good performance of the airspeed controller and of the angle-of-attack
controller. Moreover, they do not conflict with each other, since there is no
mutual oscillatory influence from one to the other.
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Chapter 8
Autopilot for the Lateral Motion

This chapter is dedicated to the analysis and control of the lateral motion of
the aircraft and presents an architecture for the lateral-directional controllers
which use robust NDI in all of the control loops. This chapter brings an
innovative and practical approach for stability and robustness analyses of the
plant undergoing the dynamic inversion process. Finally, this chapter provides
practical suggestions for the selection of the uncertain model parameters
involved in the controllers.

8.1 Equations for Lateral Motion Analysis

A linear model of the longitudinal motion of the aircraft is constructed as

follows: .
Axiar = Ajat ATiat + Biar Augat (8.1)

where the state vector is defined as jqt = [p 7 3 ¢]|7 and the control
input vector is wiat = [Oaiteron Orudder]’ as shown in Fig. 8.1.

Aéailemn E— AP
Lateral —> Ar

AS plant > A8
rudder Ad)

Fig. 8.1 Linear model of the aircraft lateral-directional motion

In order to build the linear longitudinal model and therefore obtain the
matrices Ajqt, Biat, Clat, and D¢, a nonlinear differential equation must
first be formulated for each of the state variables as follows:

175
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p—fp( z,u),
= fr(®,u),
= fa(z,u),

¢ fo(z, ),

where the state vector of the aircraft is , and the control vector is wu.

8.1.1 D:afferential Equation for the Roll Rate p

The nonlinear differential equation for the roll rate is found from (3.44) as
p=155 L = T)) + 17 (N* = T7) (8.2)
where
T]f = Loqp+ L.qr — I,qr, (8.3)
T = Lyyap = Lewqp — Luzqr

and where the roll torque L® and the yaw torque N° are expressed as a linear
combination of the control surface deflections, the sideslip angle 3, and the
dimensionless roll rate p = bp/2Vr or the dimensionless yaw rate 7 = br/2Vr,
respectively, as follows:

Lb - quCL(5al76@2766176627ﬁ7ﬁ7 F) ) (85)
N = gSbCyn (6, B, 7) . (8.6)

Chapter 3 provides definition of the other variables.

8.1.2 D:ifferential Equation for the Yaw Rate r

The nonlinear differential equation for the yaw rate is found from (3.44) as

r=1,

b
e (LY =TP) + 1

(3, 3)(Nb - Tf) : (8-7)

8.1.3 Differential Equation for the Sideslip Angle (3

The nonlinear differential equation of the aircraft’s sideslip angle ( is derived
in Appendix A and is formulated as follows:
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Y® — Frcosasinf3 + mg,’

3w , 8.8
B=-r+ Ve (8.8)
where
rv = wa(3 N [p ¢ 77 =—psina+rcosa,
Y = qSCyi183,

g, = g(cosasinFsinf + cos Bcossing —sinasin Fcosfcosg) . (8.9)

8.1.4 D:ifferential Equation for the Roll Angle ¢

The differential equation for the roll angle is obtained as follows:

é=p+qgsingtand + rcosptan . (8.10)

8.1.5 Matrices for the Lateral Mode

The linear model for the lateral motion is obtained around the following
nominal conditions Prnom = Gnom = Tnom = 0, Hnom = Qnom; ﬁnom =
0, ¢nom =0:

Ar Ar Abail
N — AL t + BL t aieron 8_11
Aﬁ * AB @ Aarudder ( )
Ap A¢
where the dynamic matrix is
of
ALat = (a
z Lnom
GgSv I..CL; GSb> (I.. Coi—Io. COn7)  @Sb(I.zCrp—Is=Cng) 0
2Vr Dy 2Vr Dy Dy
—§SbIo2CLs  GSb? (Inw Oni—Ip: Cri) @Sb(Ise Cng—IezCLg) 0
— 2Vr Dy 2Vr Dy Dy
. o gSCyi1—Frcosa gcosf
SN &« COS mVp Vi
1 tan 6 0 0
Lnom
(8.12)

and the control input matrix is
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I.pV2SbCra L.z pV7SbCOny,
2D1 2Dl
of _I..pV7SbCLa Iw pVE SbChny,
Brat = = 2D, 2D, )
ou/
nom 0 0
0 0
Lnom
(8.13)
with
2
Dy =11l —1I2,. (8.14)

The numerical values of Apq: and Bpq¢ are listed in Appendix E.

8.2 Dynamic Modes of the Lateral Plant

The eigenvalues of the dynamic matrix Apq¢ are shown in Fig. 8.2.

Lateral mode eigenvalues

Wautch roll,l = 717 67 + ]447 =
4t ! ! |
3r dutch roll mode .
2+ : i
spiral mode
T Agpirar = 0.006 rad /s
or + + |
1r roll subsidence mode i
Ao = —11,15 rad /s
2k ; , |
3 [ -
4+ : i
Wtch roll,2 = 71, 67 — ]447 +
5 L L L I i i
12 10 8 6 4 2 0 9

Fig. 8.2 Aircraft lateral motion eigenvalues
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8.2.1 Dutch Roll Mode

Figure 8.2 shows the existence of an oscillatory mode defined by the pair
of complex eigenvalues wpytch,rotr = —1.67 £ j4.47. This mode is called the
Dutch roll mode and has a frequency around w = 4.95rad/s and a damping
factor of ¢ = 0.353. In this oscillatory mode, all of the state variables of the
lateral motion are involved, and the behavior of the aircraft at this mode is
a combination of roll and yawing motion with some sideslipping [1, 2]. This
mode can be excited by pulses on the rudder, which cause the aircraft to roll
and yaw at the same time. This mode is to be carefully controlled especially
during the landing phase in windy conditions.

8.2.2 Roll Subsidence Mode

This mode describes the response of the roll angle to some lateral control
inputs. It is a stable exponential mode which gives an idea of how fast the
aircraft will start to roll [1, 2]. This mode gets faster as the speed increases.
Figure 8.2 shows that the frequency of this mode is w;.,; = 11.37 rad/s, and
therefore the aircraft has a quick roll response, which is to be expected since
the model corresponds to an aerobatic aircraft.

8.2.3 Spiral Mode

The spiral mode can be stable or unstable. In the case shown in Fig. 8.2,
the mode is unstable with a very low frequency wspirqs = 0.034 rad/s. For
instance, if the aircraft is given a small initial roll angle on the right, a sideslip
to the right is produced, which produces a yawing moment to the right. The
aircraft keeps turning while the roll angle keeps increasing. This causes the
aircraft to fly a steeper and steeper spiral.

8.3 Validation of the Linear Lateral Model

In order to validate the analytical terms found for Ajq¢ in (8.12) and Bigt
in (8.13), the linear lateral model is simulated for some input perturbations
and compared with a nonlinear simulation for the input perturbations.
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8.3.1 Perturbation on the Aileron Command

8 Autopilot for the Lateral Motion

The top plot in Fig. 8.3 shows a perturbation on the aileron of about 10 %
of the maximum aileron command. The other plots in Fig. 8.3 show that
the nonlinear and linear simulations are in good agreement for the roll rate
response p. For the other state variables, namely r, 3, and ¢, the linear and
the nonlinear simulations start to slowly separate after 4s. However, this is
sufficient to validate the linear model response to an aileron perturbation.
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Time [s]

Fig. 8.3 Validation of the lateral plant with a perturbation on the aileron
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8.3.2 Perturbation on the Rudder Command

The top plot in Fig. 8.4 shows a perturbation of about 40 % of the maximum
rudder deflection. This is a significantly strong perturbation, and yet the
deviations of the state variables between the linear and nonlinear simulations
are rather small. This validates the behavior of the linear lateral model after
a rudder perturbation.

0.3 - rudder [rad] |
02 B
0.1F B

| | | | | | |
0 1 2 3 4 5 6 7 8
Time [s]

0.4 T T T T T T T
p [rad/s]

0.2 R

0.5k rlradls] i

= = = Nonlinear Model
Linear Model
T

05 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8

0.2| beta [rad] i
0.1 B

0 =
01} .
02} .

0.6 [ phi [rad] =
0.4 R

0.2 .

Time [s]

Fig. 8.4 Validation of the lateral plant with a perturbation on the rudder
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8.3.3 Linearization at Different Operating Points

Figure 8.5 shows how the eigenvalues of the lateral motion evolve for different
airspeeds. All the modes become faster as the airspeed increases, except for
the spiral mode. Consequently, the corner frequency of the lateral-directional
controller has to become larger as the airspeed increases and be at least larger
than the frequency of the Dutch roll mode.

T T T
)
Dutch roll Mode
6|_ -
b)
4l Short period Mode i
C
b) 2
- Phugoid Mode
_ . -
b) Aroll f
c) a)
0 |
a)
b) Spirall Mode
-2 |- a) -
)
-4 |- Short period Mode b) .
6 |- Dutch roll Mode 8
X Eigenvalues Lateral Mode ( a)15m/s, b) 30m/s,  c)45m/s ©
O  Eigenvalues Longitudinal Mode | | J

Fig

16

4

2

0

4

Real Axis

. 8.5 Eigenvalues of the plant for different aircraft speeds
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8.4 Stability Analysis of the Uncertain Dynamic
Inversion

In order to control the lateral-directional motion of the aircraft, the con-
trollers must deal with the roll and yaw axes simultaneously. Because the
plant dynamics are not perfectly known and the measurements are noisy,
perfect cancelation of the nonlinearities in the plant dynamics cannot be
achieved by NDI.

The contributions of this section to the analyses of stability and robustness
of the plant together with dynamic inversion for the lateral motion are:

e To show that transfer functions can be derived from the plant inputs to
the plant outputs, which include the dynamic inversion process and all the
relevant model parameter uncertainties and measurement uncertainties.

e To validate the control design and assess the stability and robustness prop-
erties using the notion of phase and gain margins from classical control
theory.

e To provide a procedure for the selection of uncertain model parameters
involved in the dynamic inversion paths.

8.4.1 Uncertain Model Parameters and Measurement
Data

The uncertain model parameters involved in the lateral motion are Cr,,,,
CL“» CLeU CL627 CLB, CLp'» CLf‘a Iwma Imz» Izm» Izza CNéra CNBa CNF and
the measurement of p, r, 3, Vpr.! The uncertainty levels of these parameters
are summarized in Table 8.1.

Furthermore, it is assumed that there is no uncertainty on the aircraft
mass m, the wing surface S, the wingspan b, and the air density p.

8.4.2 Modeling of the Uncertain Dynamic Inversion

Figure 8.6 shows the NDI process involved in the innermost control loops of
the lateral-directional motion, namely the roll and yaw rate control loops.
If dynamic inversion operates perfectly, the channels pges to p and 7g4es to r
are totally independent. Perfect dynamic inversion cancels the cross-coupling
between the roll and yaw axes, and each channel behaves as a pure integrator.
However, as soon as some uncertainty is introduced in the inversion
process, these pure integrators transform into either stable or unstable first-

1 Please refer to Chap. 3 or the Nomenclature for the definition of these parameters.
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Table 8.1 Summary of the parameter and measurement uncertainties for the lateral-

directional controllers

Parameter| Nominal value| Level of uncertainty| Unit

—3.395 x 102
3.395 x 102
—0.485 x 102
0.485 x 10~2
—1.30 x 10—2
5.34 x 102
8.67 x 102
—2.14 x 10~ 1
2.56
0.5
11.3
0
0
0
30

+10%
+10%
+10%
+10%
+30%
+10%
+10%
+10%
+5%
+5%
+5%
+5%
+5%
+5%
+5%

rad/s

rad/s
rad
m/s

Lateral/

DPdes
>

directional

Tdes
»

controllers

Y

Anti windup

> Aircraft

Control Allocation —¢

Ymeas
>

Fig. 8.6 NDI for lateral-directional motion control

A

order systems depending on the uncertainty. The rest of the chapter shows
that when the dynamic inversion path is not perfect anymore due to model
uncertainties and measurement errors, cross-couplings appear again between
the roll and yaw axes, and the transfer function of each channel is no longer
a pure integrator. Under certain uncertainty configuration, the dynamic in-
version process destabilizes the plant, which is manifest by the appearance of
unstable poles in the transfer functions. The following section is dedicated to
the analysis of the influence of the parameter and measurement uncertainties
on the stability of the plant after dynamic inversion.
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8.4.3 Linear Representation of the Lateral-directional
Motion

The plant and the dynamic inversion processes shown in Fig. 8.6 are linearized
and written in a state space representation as follows:

Az = [A- B(CB*)"'A“C"| Az + B(CB")™'Au,

= Apr Ax + Bpy Au , (815)
where the state vector is @ = [p = 3]7, and the control input vector is
U = [Pges Tdes)! as shown in Fig. 8.7. The superscript u is used to indicate

an uncertain matrix.

Ap Ap Ap meas
Az =|Ar Az =|Ar Aymm = Armeas
Apd“ A/@ AB Aﬁmeus
Ay, | Bor > f I
ADI <

Fig. 8.7 Linear representation of the lateral-directional plant and the uncertain dy-
namic inversion process

8.4.4 Definition of the Matrices Apr, Bpr, and Cpy
for the Lateral Mode

Since the only relevant state variables of the lateral-directional motion that
are involved in the dynamic inversion process are p, r, and 3, the aircraft
lateral-directional linear model is simplified as follows:

Ap a1 a2 a3 Ap (D11 bio AS
Ar | = a1 a2 a3 Ar | 4+ | b ba [Aéa} ,
| AB ] as1  aszz asz| [ AP | b31  bs2 "
[ 4p] Ap AS, ]
Ar | = Apr,@ Ar —I—Bp,,,g ° (816)
N s Ty Ty A(ST
| AB ] Ap -
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The matrices Apr, Bpr, and Cpr found in (8.15) are obtained as follows:

—1
Apr=Aprpg— [waﬁ(ml:z) (B;:,r,ﬁ) A;,nﬁ(m,;)cu € R
01x3
(8.17)
The reduced and uncertain dynamic matrix A7, g (1:2.9) used in (8.17) is
defined as ,
a, a, a,
Av — | %2 93| g pexs
p/"’ﬁ(l:Q,:) |:a21 a22 a23 ’
_ |+t Aay; a2+ Aarz a1z + Aags (8.18)
a1 + Aagr  age + Aazy a3 + Aagz |’ '
with the terms a11, @12, ..., agg defined in (8.16). The reduced control input
matrix Bp,r,g(m 12) is defined as follows:
bir b2 2%2
Bp,r,ﬁ(1;2,1:2) = [b21 bos SH (8.19)

with the terms b11, b12, ..., bao defined in (8.16). Uncertain terms are added
to the reduced control input matrix B;" 3 35 follows:

1 ’ ’ —1
- [f ] ew
21 22

| bir + Abir big + Abia

~1
B [b21 + Abar bz + Abzz} ’ (8:20)

The control input matrix of the system of (8.15) is expressed as follows:
-1
Bpr = [BP,T9B(1:2,1:2) (Bpmﬁ) ] c R3*2 (8.21)
O1x2

The uncertain output or measurement matrix of the system in Fig. 8.7 is

’

c, 0 0
Cpr=C%=|0 C. 0] erR®¥3, (8.22)
0 0 C

with C;) =1+ App, C; =1+ ATT, and Clﬁ =1+ Aﬁﬁ. A graphical representation
of the dynamic inversion process in the linear case and applied to the lateral-
directional axes is shown in Fig. 8.8.
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; ; ;
Ay Gy Gy

a;l 0;2 a;:s
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Apge,  — A6 Ag=|AF| Az =|Ar
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Fig. 8.8 Linear representation of dynamic inversion applied to the lateral-directional
axes

The explicit transfer functions can be obtained using the following formula

Cpr adj(sI — Apr)B
G(s)=Cpi(sI — Apr)'Bpr= "' i or)Bpr (8.23)
|SI — ADI|

It is known that for multi-input and multi-output (MIMO) systems, checking
stability margins “one-loop-at-a-time” is inappropriate and that the robust
stability can be assessed by analyzing the shape of the singular value (SV)
& [3]. However, the stability of each separate channel pges — p and 7ges —
r will be still qualitatively discussed in the next two sections. They give
practical insight on how the uncertain dynamic inversion affects stability
of each channel and give suggestions on how to choose the values of the
model coefficients involved in the dynamic inversion paths. Robust stability
and robust performance of the lateral-directional control system is discussed
later in this chapter.

8.4.5 Stability of the Channel pges t0 Pmeas

In this section, the stability of the plant channel from pges t0 Pmeas is analyzed
when the most relevant model parameters are uncertain.

If the dynamic inversion and the measurement of p are perfect, the trans-
fer function pieqs/Pdes is one of a pure integrator. However, when the model
parameters used in the inversion process contain uncertainties, the pure in-
tegrator transforms into a system whose transfer function contains poles and
zeros. The explicit transfer function ppeas/Pdes containing the uncertain pa-
rameters is obtained with (8.23).
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Simulation results show that this transfer function is most sensitive to the
variations of the model parameters a1 = 9p/dp and b11 = 9p/dd, as defined
in (8.16).

Figure 8.10 shows that some unstable poles appear as soon as Abyy /b1 <
0. Uncertainties on the parameter a;2 = dp/dr do not affect the stability of
the channel (see numerical values of the lateral-directional matrix in Appen-
dix E). The third most influential parameter is a13 = 9p/93. The effects of
the uncertainties on a3 are shown in Fig. 8.9.

Aayy
a1
A
Aagy -
>0
a3 -7 (1)
Unstable poles o
/,’ Aayg <0
- a3 Al
-0 g b
A _od 11
ol £ >0 -
s o Stable poles
0 Aayg <0
00 (3) g (2)

Fig. 8.9 Chart of stable and unstable poles appearing in the transfer function p/pges
due to uncertainties on the parameters ai1, b11 and a3

The light gray area in Fig. 8.9 indicates the combination in the parameter
uncertainties which results in stable poles only. Therefore, during the design
of the roll rate controller, we suggest taking as plant parameters running on
the onboard computer the following coefficients:

6;[7 ( Aany )
a1 = = @11,n0m | 1 — ,
Op a11
a3 = op =a 1— Aag
13 — 6/8 — (13,nom a3 )
ap Ab1q
b1 = =b11nom | 1 . 8.24
11 a6, 11, ( + ‘ by > ( )

Another parameter whose uncertainty has a significant influence on the sta-
bility of the channel from pges to p is the measurement data of the roll rate.
Simulation results show that any uncertainty in the roll rate measurement
such that Ap/p > 0 causes the appearance of large unstable poles in the
regions (1) and (3) in Fig. 8.9, and a small right half-plane pole also appears
in region (2).
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Fig. 8.10 Influence of the uncertainties Aaq1/a11 and Abi1/b11 on the stability of

the channel pges t0 Pmeas. Bode plots on the left, root locus plots on the right
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Therefore, the roll rate measurement data used for the dynamic inversion
process should be selected as follows:

A
P = Pmeas <1 - ‘ pp‘> . (825)

Other parameters such as Ar/r, AB/3, b1z and bas have almost no influ-
ence on the stability of the channel pges — Pmeas. Additional simulations
show that it is best for stability to select the parameters as follows:

or ( Aagl )
ag1 = = a21nom | 1 — ,
Op a21
or Aasgo
a2 = 9 = a22,nom 1-— )
T a2
or Aass
= = nom | 1 — . 8.26
a23 a3 a23, < a3 ) ( )

This choice for the selection of the parameters used in the dynamic inversion
path will be confirmed in the next section when the stability of the channel
T'des 1O Tmeas 18 discussed.

8.4.6 Stability of the Channel 73cs 10 Theas

For the analysis of the stability of the channel 74,5 to T/meqs, all of the terms
discussed in the previous section are selected according to (8.24) and (8.25).
For all other coefficients involved in dynamic inversion, extensive simulations
show that it is best to choose

8r Aa21 Ap
a21 = 9 = a21,nom 1- 3 P = Pmeas 1- )
a1 p
or Aagg Ar
a22 = = a22nom | 1 — ; T = Tmeas | 1 — )
ar ’ a2 r
Qa = a23 nom 1-— 3 = Mmeas 1- )
1= oy = o (1] 42 b= ;
or Abagy
b - =b nom 1- ’
21 a6, 21,n0 ( ’ by >
or Abago
boo = D22 nom | 1 . 8.27
29 95, 22,10 ( + ‘ b > ( )
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Simulation results show that the stability of the channel 7ges t0 Tmeqs 1S
influenced mostly by the terms bo1, Ar/r, and AG/S3. A heuristic rule that
seems to work remarkably well is to select uncertainty levels in order to:

e Estimate the measurement data intentionally too low
o Estimate negative model parameters intentionally too low
e Estimate positive model parameters intentionally too high.

Based on this statement and on the parameter selections of (8.24) to (8.27),
the channel 7 4.5 t0 7meqs Only contains stable poles and zeros as shown in Fig.
8.11. Almost any other configuration of uncertain parameters yields unstable
poles.
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Fig. 8.11 Bode plot and root locus of the channel 74es t0 rmeqas With uncertainty
levels indicated in (8.24) to (8.27)

8.5 Roll and Yaw Rate Controllers

Figure 8.13 shows the SVs of the plant G represented in Fig. 8.12. Clearly,
the loop gain has no integrator behavior, and the SVs of G are small at 0 Hz.
Therefore, in order to avoid a large steady-state error in the closed loop,
the roll and yaw rate controllers shown in Fig. 8.14 are designed with an
integrator behavior.

The SVs o(G) and 7(G) are also largely separated, they are said to be
unbalanced. Therefore, the controller K is designed to balance the SVs as
much as possible, i.e., in order that the SVs 0(GK) and 6(GK) are close to
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the same values. This ensures that the speed of the responses will be nearly
the same in all channels of the system.

. Pmmmm i m oo mmm e Pmeas
pd‘es§> B 1 C i rmeas’
"%_» br ; 13 ! ot : ﬂmf’as

rdes} : —»
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Fig. 8.12 The lateral/directional plant after uncertain dynamic inversion
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Frequency (rad/s)
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Fig. 8.13 SVs of the plant shown in Fig. 8.12 after uncertain dynamic inversion with
30 % uncertainty on the plant parameters selected according to (8.27)
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8.5.1 Architecture of the Controllers

Figure 8.14 shows the complete architecture of the roll and yaw rate controller
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Fig. 8.14 Complete architecture of the roll and yaw rate controllers

8.5.2 Open-loop Analysis of the Roll and Yaw Rate
Controllers

For the analysis of the loop gain (roll, yaw rate controllers and plant), Fig.
8.14 is modified as shown in Fig. 8.15, where the inner-rate feedback of the
turn rates ppeqs and rpeqs are included as part of the new plant G1. The
state space representation of the plant G is obtained as follows:

. Ky o 0 0
T = |:ADI_BDI[ b(’) i K, 0:| CDI:| T
yaw
Kb,roll 0 Up
+ Bpr { 0 Kb,yaw] (Ur , (8.28)

Ymeas = CDI(l:Z,:) Z . (829)
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Fig. 8.15 Open-loop analysis of the roll and yaw rate controllers
The controller K3 is a block diagonal controller as follows:
fi Ko, roul 0
K, = 6 fi Kyyaw | - (8.30)
S

The controller gains are kp on=22[s7!] and K} 0 =23 [s7!], and in both
controllers the integrator coefficient is f; = 0.25.

Figure 8.16 shows that the SVs of the open-loop gain G1K; have been
balanced such that they have approximately the same gain at low frequencies.
Therefore, there is about the same control bandwidth for all the channels of
the system. At low frequencies, the SVs have a slope of —20dB/decade with
a large gain in order to avoid steady-state error in tracking the commanded
signal Peom and 7com.

Figure 8.17 shows the SVs of the open-loop gain G1 K7, where the plant
G is obtained with the parameter selection indicated in (8.24) to (8.27) with
30 % uncertainty on all the dynamic and control input matrix terms and 30 %
uncertainty on all the measurement data.

8.5.3 Frequency-domain Stability and Robustness
Bounds

8.5.3.1 Low Frequencies

The robust performance bounds are specified in Figs. 8.16 and 8.17. They
are given in terms of the minimum SV ¢(G1 K1) being sufficiently large at
low frequencies.

To ensure that external disturbances such as wind or wind gusts are at-
tenuated by at least a factor of 0.1 up to the frequency w = 0.5rad/s (see
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Fig. 8.16 SVs of the loop gain G1 K7, with perfect dynamic inversion of the plant.
kb,,,,o”:22 [S_l] and Kb,yaw:23 [S_l]

Military Specifications 1797, [1]), o(G1K1) should be larger than 20dB up
to the frequency w = 0.5rad/s.

Moreover, the corner frequency w, of the loop gain should be larger than
the frequency of the oscillatory Dutch roll mode wpyich rou = 4.95rad/s. The
results shown in Fig. 8.16 satisfy all of the low-frequencies requirements.

The results of Fig. 8.17 are obtained with uncertainties in the dynamic
inversion. The controlled system slightly violates the robust performance
bounds at low frequencies, but this is not critical. The bandwidth is slightly
too low, and the controller gains Ky rou and Kjp 4. should be slightly in-
creased.

8.5.3.2 High Frequencies

At high frequencies, the maximal SVs 5(G1K7) are to be upper-bounded to
guarantee stability robustness of the closed-loop system against uncertainties
due to actuator modeling inaccuracies, neglected aircraft flexible modes, high-
frequency unmodeled dynamics, plant parameter variations, and sensor noise
and errors.
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Fig. 8.17 SVs of the loop gain G171 K7, with uncertain dynamic inversion of the
plant by 30% uncertainty level on each variable according to (8.24) to (8.27).
kb, roni=22[s7] and Kp yau=23[s"1]

The uncertainty model m(w) is inspired by [1] and modified to assume
that the rigid-body model of the aircraft is accurate to within 30 % up to
a frequency of 3rad/s, after which the uncertainty grows at the rate of
20 dB/decade. This uncertainty model has a transfer function as follows:

0 (8.31)

jw—+ 3
m(w) = ‘]w ’ .
In order to guarantee stability robustness against modeling errors, the con-
dition in (8.32) must be satisfied at the frequencies where plant uncertainties
become significant, i.e., m(w) > 1 or 1/m(w) < 1 (w > 7 rad/s). This bound

is shown in Figs. 8.16 and 8.17.

7 (G1K1(jw)) <

1 10
- ‘ ‘ . (5.32)

m(w)  [jw+3
In the case of perfect dynamic inversion (Fig. 8.16) or imperfect dynamic

inversion with 30 % uncertainty on all the plant coefficients (Fig. 8.17), the
high-frequencies requirements are well satisfied.
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8.6 Coordinated-turn Controllers

The lateral-directional control system is designed such that the aircraft makes
coordinated turns by having the bank angle ¢(¢t) follow some desired com-
mand ¢.(t) and maintaining at the same time the sideslip angle 5(¢) at zero.

8.6.1 Sideslip Angle Controllers

The nonlinear differential equation of the sideslip angle is derived in Appendix
D and is rewritten in a more convenient form in (8.33).

. 1
8= v [gsin¢pcosd + ay] + psina — rcosa . (8.33)
T
By inverting (8.33), the commanded yaw rate is expressed as a nonlinear
function of the desired rate of change of the sideslip angle as follows:

ﬁdes +

Tcom = —
cosa Vrcosa

[gsingpcosd + a,] + ptanc . (8.34)

The complete architecture of the lateral-directional controller is shown in Fig.
8.18.

Bank angle Pdes Peom émus
- - » »
desired dynamics Rolland Yawrate [ = ©
controllers ﬁ,,mw
18 . + >
. . des P com amic i i
Sideslip angle | Bies 1 . Dynamic inversion
desired dynamics > T, = —@ + Vo oosa [_q sin ¢ cosf + (L!/] + ptana

? a,,9,0,Vp,a

Fig. 8.18 Complete lateral-directional controller

8.6.2 Desired Dynamics of the Bank Angle

The controller for the desired dynamics of the bank angle ¢ is shown in
Fig. 8.19. The controller gains are Kycfy = 2.7[s7Y, Kfp = 1, fep = 1,
fi@ =0.25, and Kb@ =3 [Sil].
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Fig. 8.19 Controller of the desired dynamics for the bank angle

8.6.3 Desired Dynamics of the Sideslip Angle

The controller for the desired dynamics of the sideslip angle 3 is shown in
Fig. 8.20. The controller gains are f. 5 = 0.5, f; 3 = 0.25, and Kj 5 =5 [s71].

> e

ﬁdes
s>

B —»( ifipKs
ﬁme(ls T_

Fig. 8.20 Controller of the desired dynamics for the sideslip angle

8.6.4 Sitmulation Results

Figure 8.21 shows the results of a nonlinear simulation for aggressive lateral
commands. The simulation also includes actuator dynamics and saturations.
The top plot in Fig. 8.21 shows the reference signal of the roll angle. The
aircraft is capable of tracking a step roll angle input with no overshoot with
zero steady-state error and very good time response. There is a systematic
small tracking error when the reference roll angle signal is a ramp, but this
is acceptable. The tracking of the roll and yaw rates commands are accurate
and very fast, with no tracking error for a step input or a ramp, which is
very satisfactory. The controller for the sideslip angle has good performance
as shown in the bottom plot of Fig. 8.21. The overall control performance of
the lateral-directional motion is very satisfactory.
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Chapter 9
Reconfigurable Guidance System

This chapter presents a guidance algorithm for a UAV. It combines a nonlin-
ear lateral guidance control law, originally designed for UAVs tracking circles
for mid-air rendezvous, with a new simple adaptive path-planning algorithm.
Preflight path planning consists only of storing a few waypoints guiding the
aircraft to its targets. The chapter presents an efficient way to model no-fly
zones (NFZ), to generate a path in real time to avoid known or “pop-up”
obstacles, and to reconfigure the flight path in the event of reduced aircraft
performance. Simulation results show the good performance of this recon-
figurable guidance system which, moreover, is computationally efficient [1,
2].

9.1 Introduction

Over the last two decades, many path-planning algorithms have been inves-
tigated, especially for ground robots, for a single UAV, and more recently
for a formation of UAVs. Among the methods used in path planning, we can
mention the PRM method [3], which explores all the possible paths within
the space surrounding the vehicle and finally selects the lowest cost route.
However, the computational load makes the PRM method impractical for
real-time path planning in small UAVs. An extension to the PRM method has
recently been presented in [4]. It is called modified rapidly-exploring random
trees, which is capable of efficiently searching for feasible paths in the space
while taking into account constraints from the vehicle performance. However,
efforts are still going on to implement an on-the-fly path-replanning system
as pop-up obstacles are discovered or when the performance of the vehicle
degrades.

There are other methods based on potential field functions. However, the
primitive forms of potential field functions present some difficulties when
choosing an appropriate potential function, and the algorithm may be stuck

201
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at some local minimum [5]. Since then, a whole family of potential field
methods with superior performance has been developed. They are known
as navigation functions [6, 7]. Other path-planning techniques are based on
optimization methods, such as mized integer linear programming or MPC
techniques [8], which still involve intensive computations.

In this chapter, we present a reconfigurable guidance algorithm for a UAV.
It newly combines the lateral guidance control law from [9] and [10], originally
designed for UAVs tracking circles for mid-air rendezvous, with a new, sim-
ple adaptive path-planning algorithm, which takes advantage of the curve
path-following property of the above-mentioned lateral guidance law. This
path-planning method generates on-line a flight path based on predefined
waypoints, takes into account the aircraft performance, avoids known or ap-
pearing obstacles, is simple to implement, and requires low computational
power.

INsTE, LD ¢C
—
Vi, Ve, Vp _ ,
Waypoints list G ul d ance c
No-Fly Zone SySte m v
zone | f
(/)mm:.lcﬂ / right
—>

Fig. 9.1 Guidance system inputs and outputs

As shown in Fig. 9.1, the guidance system needs six inputs. The first input
concerns the aircraft’s current ground position (zy, zg, zp). The second
input is the aircraft’s ground velocity (Vy, Vg, Vp). The mission of the
aircraft is defined by a list of waypoints through which the aircraft is to fly.
Furthermore, if in the area of the flight operation some obstacles or NFZ are
known in advance or appear during the flight, their location and dimensions
can be specified to the guidance system via the fourth input. A constraint
on the maximum bank angle @p,qz,icft/right 15 given to the guidance system.
Finally, the parameter 7,.,;; is provided as an estimate of the maximum time
needed to bank the aircraft to ¢mq.. Note that the last four inputs can
be changed dynamically, and the first two inputs are obviously constantly
updated.

The outputs of the guidance system are the commanded bank angle ¢,
whose value is computed by the lateral guidance system detailed in Sects. 9.2
and 9.3. The altitude command signal h. is computed by the altitude guidance
system described in Sect. 9.4. Finally, the commanded aircraft velocity V. can
be adaptively controlled by the guidance system in order to efficiently avoid
obstacles and reach the goals of the mission optimally. Note, however, that
in this chapter the velocity command V. is kept to a constant value.
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9.2 Lateral Guidance System

9.2.1 Lateral Guidance Control Law for Trajectory
Tracking

Consider Fig. 9.2, where an aircraft has to be guided to track the desired
path. From the current location of the aircraft O, we can draw a circular
arc that intersects the desired path at a “reference point” P, where R is the
radius of the circle-arc OP, Ly is the segment that joins the center of the
aircraft O to the reference point P, and n is the angle between the aircraft’s
velocity vector and the line L.

. ~2 )
~
N Desired path

Reference point

C

Fig. 9.2 Guidance law geometry

The lateral acceleration required to bring the aircraft to the reference point
following the arc of a circle is

V2

w= 7, (9.1)

where the ground speed of the aircraft (taken in the local navigation frame) is
vV, = \/ V2 + V3. Let us express R in terms of the distance L; and the angle
1. The triangle (OCP) is isosceles in C, therefore, we have L1 = 2Rsin 8, or
also L1 = 2Rcos~y. Moreover, the angle v = 7 — 7, and consequently, the
length L can be expressed in terms of the angle n as follows:

Ly = 2Rsiny (9.2)
L
<~ R= 2sing (9.3)

The lateral acceleration in (9.1) can now be written as
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2
n

I sinn . (9.4)

a; =
In turn, the lateral acceleration a; is converted to a bank angle command,
Geom = ay/g (see Appendix D.2).

9.2.2 Advantages and Properties of the Method

9.2.2.1 Remarkable Performance for Curve Path Following

This control law is remarkable in the sense that it is particularly suited to fly
circles. Indeed, if the aircraft is following a desired circular path, then the ac-
celeration command a; generated by the guidance system is exactly the same
as the associated centripetal acceleration. In other words, the guidance logic
chooses a reference point on the desired path at a distance L; ahead of the
aircraft, and generates the acceleration command that would lead the vehicle
to hit the point after flying a circular arc, thus leading to zero steady-state
error for a circular path. As shown in Chap. 3 of [9], the performance of such
a lateral guidance law for circle following in the presence of wind is superior
to that obtained with PD or PID controllers. With the nonlinear guidance

2
law a; = 22/1 ™ sin 7, the vehicle ground speed V,, is used to generate the accel-
eration command, which intrinsically takes into account the inertial velocity

changes due to the wind effects, and adapts to the situation accordingly.

9.2.2.2 Properties Associated with the Angle n

Equation 9.4 shows that the direction of the acceleration a; depends on the
sign of n. For example, if the reference point is on the right side of the
direction of the aircraft velocity vector, then the aircraft will be commanded
to accelerate to the right, and finally the aircraft will tend to align its velocity
vector with the direction of Ly.

In practice the distance L, is fixed to a certain value, and two cases arise:

e If the aircraft is far away from the desired path, then the direction of L4
makes a large angle with the desired path. Therefore, the guidance law
chooses the reference point on the desired trajectory in such a way that
the aircraft rotates its velocity direction to approach the desired path at
a large angle.

e If the aircraft is close to the desired path, then the direction of L; makes a
small angle with the desired path. Therefore, the guidance law chooses the
reference point on the desired trajectory in such a way that the aircraft
rotates its velocity direction to approach the desired path at a small angle.
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Since the angle i contains the information about the upcoming path, this
geometric factor has the effect of a feedforward control.

9.2.3 Drawback of the Method

A drawback of the control law in (9.4) is that it does not contain any element
of an integral control. Therefore, the lateral guidance law requires to be pro-
vided with an unbiased lateral acceleration measurement, and a non-biased
bank angle estimate.

9.2.4 Selection of L,

The design parameter in the lateral guidance logic is the distance L between
the vehicle and the reference point as shown in Fig. 9.3. It is explained in [9]
that for a small magnitude of 7, the guidance formula can be approximated
in terms of the cross-track error y as follows:

212 Va Vi
= "y ~ 2 ] . 9.5
a= " "sinn~2 <y+ Lly) (9.5)
y
~~_ P Desired path

Reference point

Fig. 9.3 Guidance law geometry

Equation 9.5 shows that the guidance law is equivalent to a PD controller,
in which the ratio between the vehicle speed V,, and the distance L; is an
important factor that behaves as the gain of the controller. A small value of
L leads to a high control gain and vice versa. The control gain is limited by
the inner loop bank control bandwidth (2—3 rad/s). With a nominal flight
velocity of around 25 m/s, the distance L, has been chosen to be L1 = 150 m.
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9.2.5 Path-planning Objective

The main objective of this chapter is to generate on-line an appropriate ref-
erence path from which the reference point P can be selected and used by
the lateral guidance control law.

9.3 Regular Waypoint Tracking

The regular waypoint tracking algorithm guides the aircraft through the pre-
defined waypoints. An imaginary segment joins two consecutive points, and
we define the segment k to be the segment that joins the waypoints W Py
and W Pj41. The reference point, P, from the guidance law presented above,
lies on this segment and is Ly distant from the center of the aircraft; see Fig.
9.4.

9.3.1 Computation of the Reference Point P

The angle of the segment k with respect to North is defined as follows:

W P, - WP
k+1,E k. E >E [—; 7]

9.6
WPepin — WPy N (9:6)

wseg(k) = tan~! (

The coordinates of the current location of the center of the aircraft are in
the North—East plane (Xy, Xg). The angles x and A, and the distance d
as shown in Fig. 9.4 can be computed as follows:

1 (Xg—WPyE
— tan~! , .
=t (ET U Y e ol

A= [Pseqm] = IxI,
dy = \/(Xe ~ WP, p)? + (Xn — WPiy)? . (0.7)

The distance between W P}, and the reference point P is given by
WPy, P| = WPy, H| + [H,P] = dycos A + \/L% —dy%sin? \ . (9.8)
Finally, the coordinates of the reference point P can be computed with

PN = WPk,N + [WPIW P] Cos ¢seg(k) )
Pp =WDP;, g+ [W P, P| Sin¢s€g(k) . (9.9)
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Fig. 9.4 Regular waypoint tracking

9.3.2 Logic for Segment Switching

As the aircraft flies, the reference point P also moves along the desired tra-
jectory, which consists of consecutive segments. Therefore, the guidance al-
gorithm has to select properly the current segment on which the reference
point P is to be selected.

Equation 9.10 gives the two conditions that are continuously checked:

do > Ll, dy cos\ < HWPk; WPk+1|| . (910)

If one of the two conditions is not satisfied anymore, the guidance system
has to select a reference point P on the next segment [W Pyy1, W Pi42]. On
the other hand, if the two conditions are still satisfied, the guidance system
computes a reference point P on the segment [W Py, W Pgy1]. In that case,
the path-planning system has to further check the lateral distance between
the aircraft and the segment followed in order to make sure that it selects a
point on the current segment that is L; distant from the aircraft.
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Two subcases can be distinguished:

o If [A\| > 7/2, the aircraft is somewhere behind the first point of the current
segment. In that case, the distance L; is selected as L1 = max(Lq,dy).

o If |\ < /2, the guidance algorithm proceeds in checking the lateral dis-
tance [C, H] = dy sin \. If [C, H] > Ly, then the distance L; is assigned a
new value with L; = 1.1 x [C, H].

In this way, we always ensure that the arm L, is long enough to intersect the
desired trajectory, so that a reference point P always exists.

9.3.3 Computation of the Roll Angle Command ¢.om
The direction of the aircraft’s ground speed is computed with

¢ = tan~! (“ﬁi) €[-mn]. (9.11)

The lateral guidance control law needs the angle n, which is computed as
follows (see Fig. 9.6):

77:9_¢7

Pr—X
2 =tan™? (Pf[ - Xi) € [-mm]. (9.12)

In practice, we want the angle n to be in the range [—m; 7], therefore the
following code implementation is used

while (n > ) n=n-27,
while (n < —7) n=n+ 27 . (9.13)

Once the angle n is in the range [—m; 7], the angle 7 is further limited
(saturated if needed) to be in the range [—m/2; 7/2]. The reason for this is that
when the angle 1 becomes large and approaches m/2 (or —m/2, respectively)
we want the aircraft to bank to the right (or to the left, respectively) as
much as is possible to quickly come closer again to the reference trajectory.
Indeed, since the angle n is used in the roll angle command with ¢com =
2V2sinn/(L1g), if n exceeded /2 (—m/2) in the range [r/2; 7] ([—7/2; —7])
the term sin n would decrease in amplitude, which means that the commanded
roll angle also decreases, and the aircraft would come back more slowly to
the reference trajectory, which is not desired. Finally, the control signal for
the roll angle ¢opm, is saturated within the range [—@maz; Pmaz]-
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Fig. 9.5 Regular waypoint tracking
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Comments:

rfdone 0, if no reference
WP has been chosen yet.

rfdone 1, if the reference
point has been chosen by
the regular WP tracking
algorithm.

rfdone 2, if the reference
point has been chosen by
the circle tracking
algorithm.

mode 0, normal mode

mode 1, evasion maneuver

mode 2, circle tracking

curr_seg is the name of
the current segment of
the flight.

fixes, is a matrix
containing the North
and East coordinates
of the mission's

waypoints.
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Fig. 9.6 Determination of the angle n
9.4 Altitude Guidance Law
The altitude control signal is h. and is computed as follows:
he =WPg p + vdycos A, (9.14)
with the desired flight path angle defined as follows:
W P, - WP
v = tan™* MLD P , (9.15)

\/(ka+1,N ~WPuN)’ + (WPyy1 5 — WP )’

with A and dy defined in (9.7).

Figure 9.7 shows the aircraft flying from waypoint WP, to W P,,1. The
desired altitude is h, computed as a function of the aircraft’s ground position.
The aircraft’s current altitude is Xp, which is obviously too high compared
with h. in Fig. 9.7, and the altitude controller of Section 7.5 must correct
this altitude error.

Remarks:

e Equations 9.14 and 9.15 are used to generate the altitude reference signal
in the normal waypoint tracking mode.

e In the modes evasion maneuver (mode 1) or circle tracking (mode 2), the
altitude reference signal is kept at the value where it was before the guid-
ance system entered one of these modes. Indeed, in mode 1 or 2 the aircraft
takes a path that is not known in advance and for which no altitude may
be specified. Once the guidance system switches back to normal waypoint
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Fig. 9.7 Altitude tracking geometry

tracking mode (mode 0), the altitude control signal is again constantly
recomputed.

9.5 NFZ and Obstacles

Before the flight, the location of any known NFZ are stored in the memory of
the autopilot. If the UAV is equipped with scanning sensors that can detect
pop-up obstacles, our path-planning system will recompute on the fly a new
trajectory. It determines whether an NFZ or an obstacle interferes with the
planned path by using an imaginary “detection line” of length Ry 4 in front
of the aircraft, as shown in Fig. 9.8. The distance Ry, 4 defines the so-called
“look-ahead distance”. If any part of this detection line penetrates an NFZ
or an obstacle, avoidance action (mode 1) is immediately taken as described
in the next section.

9.5.1 Definition of an NFZ

An NFZ is any airspace in which an aircraft is not permitted to fly. This
airspace can be of any arbitrary shape. However, in order to simplify the
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No-Fly Zone

Fig. 9.8 NFZ and look-ahead distance Rr 4

guidance algorithm, two conditions are imposed on how the NFZ is repre-
sented.

First, the vertical limits of the NFZ are not considered such that the
NFZ is essentially a 2D surface. The aircraft is not allowed to pass over the
NFZ. Second, the shape of the NFZ is chosen to be a circle. In this way, the
avoidance maneuver can be an arc of a circle in order to benefit from the
guidance control law especially suited to track circles, which are described by
only two parameters, namely their center and their radius.

Although this chapter discusses the avoidance of one circular NFZ only, the
algorithm can be extended to multiple NFZs with some simple modifications.
Also, a complex NFZ shape can be represented by multiple circles.

9.5.2 Choice of an Appropriate Look-ahead Distance
Rpa

The distance Ry 4 defines the so-called “look-ahead distance”. If any part
of this detection line penetrates an NFZ or an obstacle, avoidance action is
immediately taken as described in the next section.

The look-ahead distance Ry 4 is chosen such that the aircraft will fly an
arc that stays just outside the NFZ and start the evasion maneuver as late
as possible. The value of Ry 4 depends on the radius Rypgyz of the NFZ,
the ground speed of the aircraft V,,, and the maximum bank angle of the
aircraft ¢p,q.. Given these parameters, and assuming a coordinated turn, the
minimum turn radius that the aircraft can fly is given by

2
Rmin = Vn 5
gtan(dmaz)
Vo= V2 +VE. (9.16)

The subscript n attached to the ground speed of the aircraft V,, indicates
that the speed is taken in the local navigation frame.



9.5 NFZ and Obstacles 213

In the case of an NFZ with infinite radius, the aircraft would have to make
a 90° turn, in which case Rr A min = Rmin. For any NFZ with a finite radius,
the aircraft has to turn less than 90° to avoid it. Figure 9.9 shows the situation
where the aircraft is at the point where it begins its turn and is guided so
that its path becomes tangent to the edge of the NFZ. A triangle can be set
up with vertices at the center of the NFZ, at the center of the aircraft, and
at a point R,,;, off the right wing-tip. The minimum look-ahead distance
R1,A min is constructed using the Pythagorean theorem

(RpAmin + BNrz)? + R2,, = (Rmin + Rnrz)? . (9.17)

By expanding both sides and regrouping the terms, we obtain the following
equation, where the distance Rp A min is the unknown variable

R%A,min + 2R AminBNFz — 2RminRNFz = 0. (9.18)

Equation 9.18 admits two real solutions of which we only keep the positive
one

R A min = \/RNFZ \/RNFZ +2Rpin — RnFz - (9.19)

Fig. 9.9 Approaching an NFZ or an obstacle. Definition of the look-ahead distance
Rra

To obtain the final value for Ry 4, compensation must be made for the
delay needed to initiate the turn and to bank to ¢,,q;. The assumption is
made that while the aircraft is initiating the turn, it continues to fly level,
and then as soon as it reaches ¢p,q, it takes a minimum radius turn. The
characteristic time 7.,y to roll to ¢ma can be multiplied by the aircraft’s
speed to obtain the distance the aircraft will travel during this delay, which
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is added to Rr A min. The resulting look-ahead distance is

RLA = RLA,min + Vn Troll - (920)

9.6 Detection of the NFZ

As mentioned before, the algorithm monitors an “imaginary” line of length
Ry, ahead of the aircraft, and checks if it penetrates any NFZ or obsta-
cle. First, the distance Dypz from the aircraft to the center of the NFZ is
calculated; see Fig. 9.10:

Dyrz =\/(NFZy — Xn)2 + (NFZg — Xg)? . (9.21)

North
NEZ s ...
Rypz + Bpa
Xy mmeeerereemnenennnnene )
| i » East
NFZ; Xp

Fig. 9.10 Geometry of the NFZ approach

If the condition
Dyrz < Bnrz +Rpa (9.22)

is satisfied, where the length Ry is the radius of the NFZ, then the aircraft
is considered to be within range of the NFZ, which means that the aircraft
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is in the light-gray area in Fig. 9.10. In this case, a further check is made to
see if a part of the detection line is touching the NFZ.

There are two possible cases shown in Figs. 9.11 and 9.12 depending on
the orientation of the aircraft. The distances Dy gz and Ry 4 are known. We
also define the angle ¥ rz between the North direction at the center of the
aircraft and the segment of length Dy rz as follows:

(9.23)

Ynpz = tan~! (NFZE XE>

NFZy — XN

A pair of triangles is created as shown in Fig. 9.11. The length of the edges
y and a can easily be calculated, using

A= Ynrz — |, €[-mm7],
y=Dnrz-sinA,
a= DnFz-cosA. (9.24)

Fig. 9.11 Diagram of NFZ detection algorithm, Case 1 (detected)

Case l:a < Rpa

Case 1 applies if a < Rp 4. The limiting case occurs when edge a is tangent
to the NFZ. Therefore, y will have a length equal to Rygz. Thus, the NFZ
touches the detection line if y < Rypyz.
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Fig. 9.12 Diagram of NFZ detection algorithm, Case 2 (not detected)

Case 2: a > Rpa

Case 2 applies if a > Rpa. The limiting case occurs when the end of the
detection line is on the edge of the NFZ. This can be checked by comparing
the length of edge x with the radius of the NFZ, so that the NFZ touches
the detection line if x < Rypz, where x = \/y2 +(a— Rpa)?

The check for Case 1 or Case 2 is only done if A is less than or equal
to 90°. If A is greater than 90°, then the center of the NFZ lies behind the
aircraft and no action is taken. Figure 9.13 shows the diagram of the NFZ
detection algorithm.

9.7 NFZ Avoidance Algorithm

The NFZ avoidance algorithm guides the aircraft around any NFZ that the
aircraft encounters. The avoidance method is designed to be simple to imple-
ment while allowing the aircraft to reach waypoints close to the edge of the
NFZ.
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Fig. 9.13 Diagram of NFZ detection algorithm
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9.7.1 On-line Selection of an Avoidance Path Template

One key feature of this avoidance method is the on-line generation of a cir-
cular arc around the NFZ as a reference path, drawn as a dashed line in Fig.
9.14. Such a path minimizes the distance the aircraft flies to avoid the NFZ.
Moreover, we saw at the beginning of this chapter that the lateral guidance
control law is particularly efficient in tracking circles.

Furthermore, choosing the reference path to be circular allows the template
path to be easily defined in relationship to the NFZ dimensions. It is indeed
defined by the center of the NFZ and a path radius, R, which is simply the
NFZ radius plus a safety margin. The aircraft follows this path until it is able
to continue towards the next waypoint in a straight line and without passing
through the NFZ.

North

East

Fig. 9.14 Circular template path, waypoint tracking and reconfiguration
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9.7.2 Entering the Circular Path Template

As soon as the obstacle is detected to be an immediate threat to the aircraft at
point 77, the guidance system begins an evasion maneuver with the minimum
turn radius possible to reach tangentially the template path at point 7'2; see
Fig. 9.14.

9.7.3 Choice of the Avoidance Side

Whether the guidance algorithm chooses to go left or right around the NFZ
is determined by which side of the NFZ center the aircraft is already flying
towards. If the aircraft’s velocity vector is pointing to the right of the NFZ
center, then the aircraft will fly around the NFZ on the right-hand side. If the
velocity vector is pointing to the left-hand side, then the aircraft flies around
the NFZ on the left-hand side. A circular NFZ makes this decision easy.

In practice, we compute A = ¢Ynrz —¢ (€ [-m;7]), and if A > 0 then
the aircraft flies on the left-hand side of the NFZ, otherwise it evades on the
right-hand side; see Fig. 9.15.

North

NFZy meeeeeeeeeieecen

Rypz + Rpa

A<O0

D ¢V PUUUSURI N NSRRI

i » East
NFZy Xg

Fig. 9.15 NFZ evasion side
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9.7.4 Generating the Template Path

Once the evasion maneuver is complete, the extremity of the monitoring line
lies outside the NFZ. If the next waypoint to reach is obstructed by the NFZ,
the guidance system guides the aircraft around the NFZ until there is a clear
line of sight to the next valid waypoint. In this case, the guidance system has

North
A
On-line generated circle
PN —
New next waypoint
X 7\ (Orientation of the aircraft
' after the evasion maneuver)
East

Fig. 9.16 Circular template path generation

to guide the aircraft to a point P that is on the circle R; and at a distance
L; ahead of the aircraft. Using the law of cosines, the angle § (Fig. 9.16)
between the segment that joins the center of the aircraft to the center of the
NFZ and the segment from the center of the aircraft to the new reference
point P is expressed as

Dnrz*+ Li? —R12> (9.25)

(8 = arccos (
2DNFz In
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In order to make sure that the generated circle to avoid the NFZ is a feasible
path for the aircraft, the radius R; is selected as

Ry = max (Rmin, Rnrz + safety value) . (9.26)

The coordinates of the reference point P can then be computed as follows:

e If the NFZ is to be avoided on the right-hand side, we compute Yyy0iq =
YNFz + B

e If the NFZ is to be avoided on the left-hand side, we compute ¥,y0iq =
YNFz — B

and finally

PN = XN + Ll COS(LT/avoid) )
Pp = Xg + L1 sin(Wavoid) - (9.27)

9.7.5 Leaving the Circular Path Template

The aircraft follows the circular path until it is able to continue towards the
next waypoint in a straight line and without passing through the NFZ. The
point at which the guidance algorithm transitions back to normal guidance
(mode 0) towards the next waypoint is T5 in Fig. 9.14, and it occurs when
there is a clear line of sight from the aircraft’s current position to the next
waypoint.

The next waypoint has to be reachable, which means that it should lie
outside a no-fly area. Therefore, while initiating the evasion maneuver, the
guidance system analyzes the waypoint list and checks if the waypoint W Py
that was tracked before the evasion maneuver is still a reachable point. The
following condition must hold:

dnrzwee, =\ (NFZy = WP )2 + (NFZg — WPy £)? > Ry |
(9.28)
If it turns out that this waypoint is not reachable, the guidance system
selects the next waypoint in the list, and so on. Figure 9.14 illustrates the
waypoint reconfiguration. The aircraft makes a left turn at waypoint WP2
in the direction of WP3. Then the NFZ is detected and the guidance system
guides the aircraft around the obstacle. The unreachable waypoint WP3 is
discarded and instead WP4 becomes the next target.
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the regular WP tracking algorithm.

rfdone = 2, if the reference point has been chosen by
the circle tracking algorithm.
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mode = 1, evasion maneuver mode
mode = 2, circle tracking mode

In evasion mode (mode 1):
evade = —2, maximum left bank
evade = +1, maximum right bank
evade = —1, circle tracking left
evade = +2, circle tracking right

Fig. 9.17 Template path generation diagram
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When should the guidance transition 75 shown in Fig. 9.14 occur? A sim-
ple criterion is to monitor the angle A as shown in Fig. 9.14, which is the
angle between the segment made by the aircraft’s center and the next valid
waypoint, and the segment made by the aircraft’s center and the center of
the NFZ. As soon as |A| > 7/2, then there is a clear line of sight to the next
valid waypoint. The angle A can be expressed simply as follows:

A=60,—-0, € [—71';71'] s (929)
with

s (e 0
WPeiin—Xn)

(9.30)

NFZg — X
02 = Ynpz = tan~! < b E)

NFZn — XN

The decision steps for the next valid waypoint are summarized in Fig. 9.18.

9.7.6 Properties of the Guidance Schedule

The guidance schedule presented here has several desirable properties. It
attempts to minimize the number of waypoints that are unreachable by ini-
tiating the avoidance maneuver as late as possible. It does not require any
complex logic to decide how to avoid the NFZ. Finally, it minimizes the dis-
tance and time needed to return to the original flight path. It does this by
flying directly to the next waypoint as soon as is safely possible.

9.8 Simulation

9.8.1 Simulation Set-up

Simulations were done using the nonlinear six degree-of-freedom computer
model of a radio controlled aerobatic aircraft described in Chap. 3. The flight
controllers used are described in Chaps. 7 and 8. The airspeed, the altitude,
and the sideslip angle are kept constant.

Three similar scenarios were simulated, with the results presented below.
In all scenarios, the aircraft is following a desired path that passes through an
NFZ. The simulation was done with a maximum bank angle of ¢4, = 30°.
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Fig. 9.18 Next valid point and clear line-of-sight determination
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9.8.2 Simulation Results

9.8.2.1 No Wind

This first scenario, shown in Fig. 9.19, highlights the basic response of the
aircraft to an NFZ blocking its path. The aircraft begins South of the NFZ
and flies North along the desired path defined by the waypoints 1 to 5 and
returns back to the runway. The desired path passes through an NFZ, but
the aircraft deviates around it before returning to the desired path. The
simulation was run at three different flight speeds, 15, 30, and 45m/s. It can
be seen that the aircraft begins its turn much later when flying at 15m/s
than when flying at 45m/s. The airplane stays outside the NFZ at all three
speeds.

9.8.2.2 With Wind

This second scenario, shown in Fig. 9.20, highlights the response of the air-
craft in wind conditions. The desired path remains the same as in the first
scenario. The path taken by the aircraft without wind and with wind are
shown for comparison. The aircraft is flying at a nominal airspeed of 30 m/s.

A first flight is made with a 6 m/s crosswind blowing from West to East.
In this case, the path followed by the aircraft is almost identical to the one
without wind.

Another flight simulation is made with wind blowing from South to North
with a speed of 6 m/s. The trajectory in the latter windy condition differs
from the the nominal track (without wind) in the two turns that avoid the
obstacle, where there is a maximum difference of 20 m. This is due to the fact
that the wind speed adds to the airspeed resulting in a higher ground speed
V., than the one obtained with no wind. Thus, the evasion maneuver starts
earlier when the aircraft first encounters the obstacle in between points 1 and
2. In between points 4 and 5, the wind is facing the aircraft, and therefore,
the ground speed is lower than the one obtained with no wind. This explains
why the evasion maneuver starts later.

In both cases, the NFZ is avoided. After the obstacle has been avoided,
the guidance system resumes normal waypoint tracking. As expected from
the lateral guidance law described in Sect. 9.2 there is no steady-state error
when flying the circular arc around the NFZ as shown in Fig. 9.20.
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Fig. 9.19 Obstacle avoidance in no-wind condition at different speeds
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Fig. 9.20 Obstacle avoidance in wind conditions, Vr=30m/s
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9.9 Conclusions

This chapter presented a guidance algorithm that combines simplicity of im-
plementation and ability to avoid an NFZ. The algorithm successfully demon-
strated in simulation its ability to guide the aircraft around the NFZ and then
to resume flying along the desired path. The guidance system intrinsically
takes into account the wind condition via the ground speed of the aircraft.
Finally, the method is computationally efficient.
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Chapter 10

Evaluation of the Reduction in the
Performance of a UAV

After an actuator failure, the performance of the aircraft is degraded. If an
FDI system is available in the flight control system, the knowledge of the
failure can be used to evaluate the new aircraft performance. Based thereon,
a supervision system decides whether the mission can still be continued or
if it should be aborted and have the aircraft redirected to the base station.
In both cases, the aircraft should still be guided along a trajectory that
is compatible with the new flying properties of the airplane. This chapter
focuses on an aileron failure and shows how the degraded flying performance
can be evaluated and used to reconfigure the guidance system. Simulation
results show that, if the reduced performance due to the actuator failure is
taken into account, the safety of the mission is improved [1].

10.1 Introduction

In this chapter, results from an on-line FDI system are used to estimate the
reduction in performance of a UAV after an actuator failure. It is assumed
that an FDI system is capable of estimating or measuring the position of
the failed control surface. Based thereon, two simple criteria are developed
in order to quantify the reduction of the flight performance of the aircraft.
These two criteria are ¢,q., the maximum bank angle allowed, and 7.,
the time the aircraft needs to roll to ¢pmq.. A guidance algorithm has been
proposed in the previous chapter, which takes into account these two criteria
in order to redefine on-line the flight path and to avoid an NFZ even after
degraded flight performance.

This chapter focuses on an aileron that gets stuck and therefore alters
the ability of the aircraft to roll. The supervision module is designed to
make proper decisions on how to avoid an NFZ and on how to reach the
next waypoint of the predefined trajectory. Simplicity and low computational
power are among the requirements for this system, since it is intended to

229
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operate in a small UAV with limited processing power. Finally, simulation
results show that the system presented increases flight safety and enables the
aircraft to complete its mission [1].

10.2 FDI System

The FDI system is designed to monitor the proper functioning of actuators.
The FDI system detects the occurrence of an actuator fault, isolates the failed
actuator, and finally estimates or measures the deflection of the failed control
surface.

10.2.1 FDI with Control Surface Deflection Sensor

One simple method to detect that an actuator has failed consists of adding
a sensor on the control surface to measure its deflection. If the result of this
measurement is in accordance with the control signal issued by the controller,
then the actuator is assumed to work properly, otherwise the actuator is
considered to be faulty. If the monitored actuator turns out to have failed,
its corresponding sensor will measure the deflection of the control surface, as
shown by the dashed line in Fig. 10.1.

10.2.2 FDI Without Control Surface Deflection Sensor

If no sensor is used to measure the control surface deflection, then the FDI
system has to be designed to detect which actuator has failed and to estimate
at which deflection the control surface is stuck or floating. Such an FDI system
is detailed in Chap. 4. It is based on the EMMAE method.

10.3 Degraded Turn Performance Evaluation

As Fig. 10.1 shows, the FDI system indicates to a supervision module which
actuator has failed and at which deflection. The task of the supervision mod-
ule is to determine the new flying performance of the aircraft by computing
two parameters. They are the maximum bank angle ¢,,4, that the guidance
algorithm is allowed to command, and 7, the time needed for the aircraft
to bank to ¢maq-
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Fig. 10.1 Reconfigurable guidance and control system (* “Measured Deflection”
signal is not necessary with the EMMAE-FDI system)

In normal operation, when the aircraft is flying turns, the flight controller
makes sure that the roll angle does not exceed a maximum value ¢paz, nom
(£30° in our case).

Let us consider the case where the left aileron gets stuck as shown in
Fig. 10.2. This causes the roll performance to differ between a left bank and
a right bank maneuver.

6al,max = Ouil left,max 6a2,1nax = Oail right,max
6111 = 6ail left,stuck e e =
1 1
6(12T ] '
2 1 ]
6al,min = Ouil left,min 6112,min = Oqil right,min

Fig. 10.2 Rear view of the aircraft with its left aileron stuck

The contribution of the ailerons for roll torque generation is expressed as
follows:
Lyiterons = quCLa((Sal - 5&2) ) (101)

where 41 (042, respectively) represents the deflection of the left (right, re-
spectively) aileron, the dynamic pressure is § = pVi? /2, with the air density
p, the airspeed Vp, the wing total surface S, the wing span b, and the dimen-
sionless roll torque effectiveness of the ailerons Cp,.

The relative deflection between the two ailerons is defined as follows:

A(Sail = 5(11 - 5(12 . (102)
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During straight and level flight, in order to compensate for the failure of
the left aileron, the controller has to deflect the right aileron to the same
position, such that Ady;; = 0, as is depicted in Fig. 10.2.

Therefore, if the aircraft is to bank to the right, the maximum roll torque
on the right that can be generated occurs when d,2 = 642, maz, and, con-
versely, the maximum roll torque on the left occurs when 042 = 042, min. Let
us define the relative deflection of the ailerons in the faulty case, for maximum
right and left torque generation:

(A(Sail7 right bank)maz = 5a1,stuck - 6a2,mam P

(A(Sail, left bank)maw = aal,stuck - 6@2,min . (103)

10.3.1 Determination of the Maximum Bank Angle for
Left/Right Turn

According to the scenario depicted in Fig. 10.2, the relative deflection of the
ailerons is as follows:

’(A(Sail,right bank)mag:’ < ’(A(Sail,left bank)mag:’ . (104)

Consequently, it will take longer for the aircraft to reach a desired right bank
angle than a left bank angle, since the maximum rate of turn |p right maz| <
D teft maw|- After a time interval At, the maximum bank angles that can be
reached are

d)left = - |P left maw| At P
¢right = |p right maﬂ?l At . (105)

In order to preserve the stability of the aircraft, we limit the left bank
angle to a smaller value so that it takes the same time for the aircraft to
come back from ¢icft maz as from @right maz to ¢ = 0°, which means that
the following condition should hold

¢left maxr ¢right max ) (106)
|p left maa:| |p right maml

We are now interested in finding an explicit linear relationship between
the roll rate p and the relative aileron deflection Ady;;. We thus recall that
the dynamic equation for the angular rates is

&= (Ib)il ([L7M7 NT — w x Ibw) 7 (10.7)
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with w = [p,q,7]T. The variables p, ¢, and r are the roll, pitch, and yaw
rates, and the aircraft body axes inertia matrix is I b The variables L, M,
and N stand for the roll, pitch, and yaw moments acting on the aircraft,
respectively. They are the sum of the moments due to aerodynamic effects
of the airframe (af) itself (fuselage and wing) and the total moment vector
produced by the control actuators (9):

[LaMaN]T:[LaMaN]Zf—i_[LaMaN]? (108)
For our experimental small UAV, the roll moment L is modeled as follows:
L =gSh (CLGA(SM-[ +CL;513+CL,:7:+CL[35) , (10.9)

where [ is the sideslip angle of the aircraft. The inertia matrix is of the form

r'=1{o Iy 0| . (10.10)
I$Z O IZZ

With the assumption that I, < Iz, Iyy, I.. , we can formulate a linearized
dynamic equation for the roll rate as

Vrl..Sh?Crj; VI, SbCr,
_ PVr oy P B A (10.11)
which can also be written as
p=—Vrb, p+Vr’0u Aba, (10.12)
with 6, and 6, being positive constants:
_ pIzsz2CL;3
P 4(Ixxlzz - IIZQ) ’
1..50C 1,
Ouis = " L (10.13)

2(Ixxlzz - Ixz2) ’
If the aircraft airspeed Vi is almost constant, we can integrate (10.12) and
obtain a first-order response of the roll rate after a step input in Ady:

oai _
p=Vr S Abuy (1—e Vrort) (10.14)

Op

We can conclude from (10.14) that the ratio #,,,,, of the maximum roll rates
in each direction is proportional to the ratio of the relative deflection of the
ailerons for maximum right and left torque generation as follows:
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|p left mag;l o |(A6ail, left bank)maz| - R

_ (10.15)
|p right ma:c| ’(A(Sail, right bank)max‘

P maxz *

We can now select the maximum bank angles that we allow in each direction
by choosing

¢Tight max — ¢maz,nom = +30° )
¢left maxr — *Qbright mam/éﬁpmaz : (1016)

10.3.2 Determination of the Minimum Radius of
Right/Left Turns

By intentionally reducing the bank angle of the aircraft in one direction (in
our example to the left), we are increasing the minimum radius of the left
turn that the aircraft can fly according to the following expression

V.2
R eft,min — )
et g tan(d)left maa:)
V2
Rright, min — (1017)

g tan(ql)right maac) '

10.3.3 Determination of the Maximum Roll Rates

From (10.14), we see that the steady-state value for the roll rate is p, =
Vr 05“ Adgir, which gives us a simple value for the maximum turn rate achiev-
P

able in each direction:

Oail

DPs leftmax = VT ;; (A(Sail, left bank)maw ;
< — vt (g 10.18

Ps right maxz = VT 0 ( ail, right bank)maw . ( . )

p

These maximum roll rates will be used to compute the maximum time to roll
t0 ¢maz in each direction, as shown in the next paragraph.
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10.3.4 Determination of the Maximum Time 7., to
Roll to ¢max

The variable 7,.,;; represents the maximum time needed to bank from ¢ = 0
to the maximum left roll angle @icft mas or right roll angle ¢right max

Troll = MAX(Troll—rigni mass Troll—uess mas) - (10.19)

In order to get an explicit value of 7,.,;; for the on-line reconfiguration of
the guidance system, we neglect the transients in the roll rate (see (10.14)),
and we integrate (10.18) with respect to time:

d)left max — Ps, left maz * Trollﬁqblef,, max ?

¢right maz = Ps, right maz * Troll—¢right mas * (1020)

Finally, the characteristic time to roll to ¢.,,q, is computed as

¢left mazx ¢Tight mazx )

)
Ps, leftmaz Ps, right maz

Troll = Max ( (10.21)

10.4 Interface with the Guidance System

The guidance system developed in the previous chapter can dynamically re-
configure the trajectory flown by the aircraft in the case of an aileron failure.
For this, the variables ¢c ¢ /right, max and .oy are to be given to the guidance
system.

Troll
(b Actuator Failure
right,max s n >
SUpCerSlOl’l Module Deflection of Failed Actuator FDIsystem «----- H
¢leﬂ,‘ma < 4—‘ '
i
Pre-Flight Measured Deflection * |
WStorgd N h ¢ ¢ 5zulemn, left i
aypoints . Ll
& NFZ = <P —> baileron, right "
» Guidance | ¢, " e
\—P System » Setevat . . L e p
’—V V. Controller »  Actuators |———— —»  Aircraft
| | N
In—Flight rudder : >
Detected Xp, o, Vp,x Throttle -
NFZ »
Xy X, Xp, Vs VsV

Fig. 10.3 Guidance system inputs and outputs (* “Measured Deflection” signal is
not necessary with the EMMAE-FDI system)
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10.5 Stability Discussion

The main goals of the algorithm presented in this chapter are to limit how far
the aircraft is allowed to roll with the parameter ¢,,4., and to help adapt the
guidance system of the aircraft, but not the low-level controllers. This adap-
tation is done through a linear estimation of the lateral performance of the
aircraft. This adaptation helps prevent the guidance system from command-
ing an infeasible path that may violate an NFZ or collide with an obstacle.
The guidance algorithm assumes the availability of a bank-angle controller,
whose responsibility is to ensure the stability of the aircraft. In order to pre-
vent commanded paths that would be too aggressive for the aircraft, the
guidance algorithm includes logic that smooths the commanded path and
avoids large steps in the bank angle control signal.

At the end of 2007, an interesting paper was written by Park et al. [2]
on the performance and Lyapunov stability of the nonlinear path following
guidance method described in [3, 4] and utilized in Chap. 9. The adaptive
nature of the guidance method makes its stability independent of the vehicle
velocity. Robust stability of the guidance law is shown in [2] in the presence
of saturated lateral acceleration, which is a limitation for every aircraft and
in particular in the context of actuator fault or failure.

10.6 Simulation Results

Simulations were done using the nonlinear six degree-of-freedom computer
model of a radio controlled aerobatic aircraft described in Chap. 3. The flight
controllers used are described in Chaps. 7 and 8. The NFZ is located in front
of the aircraft 1000 m North, 0 m East, and has a radius of 500 m. The aircraft
is commanded to fly to a desired waypoint at 1800 m North, 200 m East, at
an airspeed of Vp = 30m/s.

10.6.1 No Failure

This first scenario, shown in Fig. 10.4, highlights the basic response of the air-
craft to an NFZ blocking its path. The aircraft begins South of the NFZ and
flies North along the desired path. The desired path then continues through
the NFZ, but the aircraft autonomously deviates around it to the right before
returning to the desired path North and East of the NFZ.
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10.6.2 With Failure but No Reconfiguration

The left aileron is now stuck at mid-motion range. In this scenario the guid-
ance system is not reconfigured. We can see in Fig. 10.5 that the aircraft
initiates its evasion procedure at the same time as in the no-failure case.
However, due to the degraded performance, the aircraft is not able to turn
right as fast as before. Therefore, the aircraft penetrates the NFZ or collides
with the obstacle.

10.6.3 With Failure and With Reconfiguration

The left aileron is still stuck at mid-motion range. Now, the guidance system
is reconfigured based on the knowledge of the fault and the new parameters
for ¢rmaw,teft/right and Trop. As aresult, the look-ahead distance Ry, is longer,
causing the aircraft to start its evasion maneuver earlier than in the previous
cases. Also, the turn’s radius is larger, which makes the aircraft circumvent
the obstacle from a larger distance without penetrating it.

Although in this chapter the case where the left aileron fails was studied,
the same methodology applies if it is the right aileron that fails.
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10.7 Performance Degradation Around the Pitch and
Yaw Axes

10.7.1 Pitch Axis

The ability of the aircraft to rotate around its pitch axis is essentially due to
the elevators. For small private aircraft like a propeller Cessna, there is only
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one elevator on the tail fin for pitch rate control. If this actuator unfortunately
fails or breaks there is no other means to control the aircraft around the pitch
axis. If the deflection of the failed elevator is luckily close to the trim position,
then the altitude can still be maintained and adjusted by appropriate throttle
commands. However, any landing attempt without a working elevator would
be a highly risky exercise.

The small UAV that we consider in this book has two independent hori-
zontal control surfaces on the tail fin as shown in Fig. 3.1. They are controlled
by the control allocation module described in Chap. 5, which explains how
control commands are reallocated among actuators in order to efficiently
compensate for the failure of one of the two elevators.

Therefore, in this chapter, no special guidance reconfiguration is developed
in the event of an elevator failure. It is enough for the safety of the mission if
the altitude at least can be maintained constant despite the failure. This is
guaranteed as long as the elevator does not lock at its maximum deflection.
An elevator failure at a large deflection will generate significant drag, all the
more that the failure is compensated by having the other elevator deflect
the same but opposite deflection. This may generate significant drag, thus
slowing down the aircraft, which will loose altitude unless the airspeed is
maintained. This is the responsibility of the airspeed controller.

10.7.2 Yaw Axis

If the rudder fails and, for example, locks at a non-zero deflection angle, then
some inevitable sideslip angle will build up. In order to maintain the flight
path along the desired trajectory, the guidance system generates a bank angle
command ¢, that counteracts the lateral undesired acceleration caused by the
failed rudder. A rudder failure is less critical than an elevator failure and can
usually be compensated by a combined deflection of ailerons and elevators.
This is automatically done by the flight control system.

10.8 Conclusion

This chapter presents a simple method to evaluate the performance of a UAV
after an aileron failure. Since the method is intended to be implemented on a
small UAV control unit with limited processing power, simplicity is required.
The key to simplicity is to interpret any reduction in the aircraft perfor-
mance about the roll axis as a limitation on the bank angle, ¢az,icrt/rights
and as longer time to reach the maximum bank angle, 7;.,;;. These two criteria
are passed to a guidance algorithm that is simple and adaptable to the air-
craft’s performance reduction described by the two criteria mentioned. The
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algorithm demonstrated in simulation its ability to autonomously guide the
aircraft around the NFZ and then resume flying along the desired path. In the
event of a failed actuator, simulations have shown the benefits of reconfigur-
ing the guidance system to take into account the degraded flight performance
of the airplane in order to redefine on-line a feasible flight path that avoids
the obstacle.
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Chapter 11
Conclusions and Outlook

11.1 Future Work

11.1.1 FDI System

The FDI system developed in this book runs n (number of actuators)+ 1
EKFs in parallel. Current and future research work of the author focuses on
a technique to reduce the computational complexity needed to achieve fault
diagnoses with at least the same level of reliability and performance.

11.1.2 Reconfigurable Guidance System

The reconfigurable guidance system presented in Chaps. 9 and 10 adapts the
trajectory of the aircraft based on modifying the minimum radius of turn
R,in that the aircraft can fly. In both chapters, the airspeed was regulated
to be constant around Vr = 30m/s. However, the guidance system can be
reconfigured by also adapting the airspeed. Indeed, if the speed is lowered,
the aircraft can make a coordinated turn with a smaller turn radius, which
should help avoid more easily some obstacles or threats.

After an actuator fault or damage, the flying performance of the aircraft
inevitably degrades. This performance reduction requires more energy to
achieve the mission. Indeed, since the trajectories are reconfigured, the length
of the new flight path may be significantly extended. Therefore, the post-fault
mission is also to be redesigned based on the amount of energy that is still
available aboard the UAV. This is a topic for future research.

Chapter 9 presented an efficient method to avoid a known NFZ or a pop-
up obstacle. The system was demonstrated in the event of a single NFZ
blocking the aircraft’s path from one waypoint to the next. The method can
be extended to cope with multiple NFZs or obstacles.

241
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11.2 The Future of Fault-tolerant Flight Control
Systems for UAVs

Many fault-tolerant control systems have already been developed for UAVs,
and a few have been successfully demonstrated during real flight tests. In
the near future, more fault-tolerant flight control and guidance algorithms
will be tested in real UAVs. A reconfigurable flight system will be successful
in practice for UAV applications, if it combines reliability, reasonable com-
plexity, and computation efficiency. This is even more true if a fault-tolerant
flight control system is to be designed for a formation of UAVs, which is a
new and appealing research area.

11.3 General Conclusion

In this book, new approaches for fault-tolerant flight control systems are in-
vestigated. The complete fault-tolerant guidance and control system is shown
in Fig. 11.1.

The core of these fault-tolerant systems is the EMMAE-FDI algorithm.
An efficient and nonlinear FDI system is developed for actuators and sen-
sors over the entire operating envelope of an aircraft. Locked-in-place and
floating actuator faults can be handled. The EMMAE-FDI system is also ca-
pable of handling two simultaneous actuator failures with no increase of the
computational load and with no additional actuator position sensor.

The robustness of the FDI system is enhanced by the use of auxiliary exci-
tation signals in order to check systematically any suspicious behavior of the
aircraft. The robustness of the EMMAE-FDI system has been successfully
demonstrated in simulation with a nonlinear model of a model aircraft flying
a realistic flight scenario under severe wind conditions. The EMMAE-FDI
algorithm, combined with an active supervision module, offers fast and ac-

Troll
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max,rig upervision
P et Module | Deflection of Failed Actuator FDIsystem
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Pre Flight Stored Ly h ¢ l \ 4 \ 4 Suiteron left
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> V. Controller 3> Aclﬁync[;i)olr > Aircraft >
ld (Smulrlm -
In Flight . >
Detected NFZ Xp, ¢, Vr,® Throttle >
Xy, X, Xp, Vi, Vie. Vo

Fig. 11.1 Complete fault-tolerant guidance and control system
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curate FDI. When a fault is clearly isolated, the faulty actuator deflection
that is estimated by the FDI module can be used advantageously to modify
on-line the settings of a control allocator.

The control allocation module presented in this book uses explicit laws for
fast operation and low computational load, such that this algorithm can run
in a small processor or microcontroller with limited floating-point operation
capability. The control allocation method is designed to be reconfigurable
based on the results obtained from the EMMAE-FDI system. Depending on
the fault configuration, a supervision module has to select the appropriate
law to distribute the commands and compensate for actuator faults. There
is no need to redesign the flight controllers when such faults occur, since the
control allocator compensates for the fault.

Simulation results show that this method yields satisfactory results, pro-
vides optimal solutions in some cases, and is much simpler and faster than
conventional methods based on optimization algorithms. Indeed, no opti-
mization solver has to be run on-line, and no pseudoinverse matrix has to
be computed. This method also requires very few floating-point operations
and is deterministic. The technique is therefore suitable to be implemented
in a small processor or a microcontroller, where the computational power is
rather limited and where the program has to run in a real-time environment.

In the flight control system described in this book, robust nonlinear con-
trollers suitable for a wide range of operating conditions have been designed,
thus removing the need for designing several linear controllers and gain-
scheduling them. The controllers are based on a combination of explicit model
following, NDI, and nonlinear transformations of selected longitudinal state
variables. This book explains a practical approach for stability and robustness
analyses of the plant undergoing the dynamic inversion process and provides
a systematic procedure for the selection of uncertain model parameters in-
volved in the controllers.

As part of the reconfigurable flight control system, a novel approach for
adaptive guidance is presented. It combines a nonlinear lateral guidance con-
trol law, originally designed for UAVs tracking circles for mid-air rendezvous,
with a new simple adaptive path-planning algorithm. Preflight path planning
consists only of storing a few waypoints guiding the aircraft to its targets.
Moreover, this guidance system integrates an efficient way to model NFZ,
to generate a path in real time to avoid known or “pop-up” obstacles, and
to reconfigure the flight path in the event of reduced aircraft performance.
Simulation results show the good performance of this reconfigurable guidance
system, which is also computationally efficient.

Since after an actuator failure the performance of the aircraft inevitably
degrades, the knowledge of the failure is used to evaluate the new aircraft
performance. Based thereon, a supervision system decides whether the mis-
sion can still be continued or if it should be aborted, in which case the aircraft
is redirected to the base station. In both cases, the aircraft should still be
guided along a trajectory that is compatible with the new flying properties
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of the airplane. An example dealing with an aileron failure shows how the
degraded flying performance can be evaluated and used to reconfigure the
guidance system. Simulation results show that, if the reduced performance
due to the actuator failure is taken into account, the safety of the mission is
considerably improved.



Appendix A
Vr, a, and @ Differential Equations

Chapter 3 establishes the equations for the aircraft motion. Equation 3.13 is
recalled below for convenience

;Fj - [jt (muﬂn, (A1)

_ [d(m'v)

gt L + Wp/m X (Mo) . (A.2)

Equation A.1 corresponds to the law of Newton, where the subscript n
denotes the navigation frame. In (A.2), the time derivation is computed in

the aircraft body-fixed frame (b). Time derivation can also be done in the
wind frame (w) as follows:

1 dv dv
m ;Fj = [dt}b—l—wb/n X v = {dt:|'w + Wb XV +wpm Xv. (A3)
All of the terms in (A.3) are projected in the wind frame, yielding
m;Fj :{ dt}erww/b X v+ wpm" X v (A4)

The forces due to the engine, aerodynamics, and gravity are inserted in
(A.4) as follows:

dv“’}

(mgw Fen inew Faerow) Wy bw x v" — wWh nw x v =
g / / dt
(A.5)

with
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0 9z
~cpot|o| = ||
g 9z
sin v cos B cos 0 cos ¢ + sin B cos 0 sin ¢ — cos a cos 3 sin 0
=g | cosasin Bsind + cos S cosfsin ¢ — sinasin Bcosfcosd | , (A.6)

sin asin 6 4 cos a cos 6 cos ¢

and
Fr xXv Vr
Fenginew = C;,u 0 s Faerow =|Y" 3 v = 0 ) (A7)
0 zZv 0
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Equation A.5 is computed using the terms in (A.6)— ) as follows:
gy 1 cos v cos 3 pv Vr
gy | + Fr | —sinfcosa | + g’ | x| 0
o m .
gs —sina rt 0
—dasin 8 Vo
— | —GcosfB | x O =101]. (A9
8 0 0
Computing the two cross-products of (A.9) yields
gy 1 [ cosacosf xXw
gy + Fr | —sinfcosa | + | YV
m . w
gy | —sina Z
0 ] 0 Vr
— r? VT - ﬁVT = 0 . (A 10)
—q“Vr | G cos BVr 0

Finally, the nonlinear differential equations for the airspeed V7, the sideslip
angle §, and the angle of attack « are obtained as follows:

. 1
Vr= (XY + Frcosacosf+mgy) ,
m

1

ﬂ:*T’ +mVT

(Y“’ — Frcosasin( + mg;“) ,

1 1
Y = w ZY — Frsi ) . A1l
G = o (1 oy (28 = Frsinatmg?)) . (a)



Appendix B

Discretization of Linear State Space
Models

B.1 Continuous Model

Consider the following continuous state space model:
z(t) = Az(t) + Bu(t) + w(t) , (B.1)

where A and B are the dynamics and input matrices, and where w(t) repre-
sents continuous process noise with a covariance matrix @ = E{ww’}. The
time derivative of the exponential matrix is

d(eAt)

P AeAt = A4 (B.2)

Multiplying (B.1) on the left-hand side by the term e~4? yields

e Mi(t) = e M Ax(t) + e M Bu(t) + e Mw(t) ,
= e Ag(t) — e A Ax(t) = e A Bu(t) + e Aw(t) . (B.3)

The left-hand side of (B.3) is equal to d(eiAtm(t)), therefore (B.3) is rewritten

dt
d(e= A a(t))

dt

Integrating the above equation on the time interval [0, ] yields

= e A'Bu(t) + e~ Alw(t) . (B.4)
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t —A t t
dle T x(r
/ ( ( ))dT :/ e_AUBu(J)d0+/ e~ Aw(v)dy ,
0 0 0

e Ay - = te A9 Bu(o)do + tef“”w v)dv
(t) (0) /0 ( ) /o ( ) s
R =x + e~ Bu(o)do + e A w(v)dy

a(t) = eM2(0) + / A Bu(o)do + / A g )
i i (B.5)

The continuous transition matrix is defined as follows:
b(t) = el (B.6)

and finally the continuous solution for x(t) is written as

z(t) = () (0) + /0 &(t — o) Bu(o)do + /O B(t — vyw(v)dv. (B.7)

B.2 Discrete Model

The discrete fundamental or transition matrix can be found by evaluating
the continuous transition matrix at the sampling time T or @ = P(Ts). As
demonstrated in several practical examples in the book by Zarchan and Mu-
soff!, the transition matrix can be approximated by taking only the first two
elements of the Taylor series. Adding higher-order terms does not bring sig-
nificant improvements in the performance of the filter. Therefore, the discrete
transition matrix is computed as follows:

&), ~ I+ AT, , (B.8)

where the system dynamics matrix A can be obtained by linearizing the
nonlinear equations and is successively (after every sampling time step Ty)
evaluated at the latest available state estimate &(k|k) of the EKF according
to
A Of@) . (B.9)
Ox z=3a(k|k)

Let us define the discrete value taken by the state vector after the k** time
sample with x[k] = x(kTs) .

1 P. Zarchan and H. Musoff. Fundamentals of Kalman Filtering: A Practical Ap-
proach, Second Edition. Volume 208, Progress in Astronautics and Aeronautics, ATAA
Inc., Reston, VA, 2005.
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We can therefore rewrite the solution for x(¢) obtained in (B.5) at ¢ =
(k+ 1)Ts as

(k+1)Ts
zlk + 1] = eAFHDTg(0) + / AR+ DT=9) By () do
0
(k+1)Ts
+/ eAEFVT =) 4y (0)do
0

(k4+1)Ts (k4+1)Ts
:/ eA((kH)TS*U)Bu(J)dJJr/ eAEHEDT =) g (0) dor
kT's kT's

kT, kT,
+ AT leAkTsm(O)Jr/ eA(kTS—a)Bu(J)dJJr/ eA(kT;a)w(g)dg
0 0
(B.10)
The bracketed term in (B.10) is actually x[k] = x(kTs), and the second

and third terms can be simplified by using the substitution 7 = (k+1)Ts — o
as follows:

(k+1)Ts 0
/ eAEHDT =) By (o) do = f/ eA™ Bu(r)dr ,
kTs T,

= /TS eAT Bu(7)dr . (B.11)
0

Assuming also that the input w is constant over the integration interval (zero-
order hold) yields

2lk+1] = AT k] + ( / " eATdT> Bulk] + ( / " eATw(T)dT> ,
0 0
= &pxlk] + (/O S@(T)ch) Bulk] + (/O S@(T)w(T)dT> ,

= Slik:r:[k] + Bku[kz] + wg . (B.12)

B.2.1 Derivation of the Discrete Process-noise
Covariance Matrix Q)

The discrete process-noise covariance matrix Qg is defined as
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Qr = E{wpwi"}

T, T, T
=F l/o qﬁ(T)w(T)dT] l/o (b(l/)'w(y)dl/] ,

_ /O " /O " oE Lw(ryw()T} ¢(v) drdy

Qr = /O " (r)Qa(r)Tdr (B.13)

B.2.2 Transition Matrix for KFs

Let us consider the following linear and continuous state space model:
z(t) = Fz(t) + Gu(t) + w(t) , (B.14)

where F' and G are the time-invariant dynamics and input matrices, and
where w(t) represents continuous process noise with a covariance matrix
Q = E{ww'}.

Equation B.14 can be integrated as follows (also see Appendix B.1):

z(t) = ®(t)x(0) +/0 &(t — o)Bu(o)do +/0 bt —v)w(v)dv, (B.15)

where the continuous transition matrix is @(¢) = ef*. A Taylor series expan-
sion is used to approximate @(t), yielding

(P2, (FO"

— oFt _
Pt)y=e"=I+Ft+ 91 nl

(B.16)
The discrete fundamental or transition matrix can be found by evaluating
the continuous fundamental matrix at the sampling time Ts: @ = D(T).
As demonstrated in several practical examples in the book by Zarchan and
Musoff!, the transition matrix can be approximated by taking only the first
two elements of the Taylor series; adding higher-order terms does not bring
any significant improvements in the performance of the filter. Therefore, in
this work the discrete transition matrix is computed as

&, ~1+FT, . (B.17)

1 P. Zarchan and H. Musoff. Fundamentals of Kalman Filtering: A Practical Ap-
proach, Second Edition. Volume 208, Progress in Astronautics and Aeronautics, ATAA
Inc., Reston, VA, 2005.



Appendix C
Nonlinear Transformations Used in the
Longitudinal Controllers

C.1 Nonlinear Transformation Tlu Between Second
Time Derivative of Altitude h and the Aircraft
Normal Acceleration a,,

The altitude h corresponds to the down position of the center of gravity of
the aircraft zp in the inertial navigation frame (n). Newton’s law states that

d Xn
ZF]- = [ (mv)} =m| Xg |, (C.1)
. dt n :
j Xp
i.€.,
0 Fthrust Xb xN
0 |+cy 0 + | Y? =m| ip |, (C.2)
mg 0 Zb aero j}D
with
cosfcosty sinfsingcosy —cos¢psiny  sin 6 cos ¢ cosp + sin psiny
Cpt = | cosfsiny sinfsin¢siniy + cos¢siny sinfcos¢psiny —sinpcosyp | .
—sin@ sin ¢ cos 6 cos ¢ cos 0
(C.3)
Equation C.2 may be rewritten as
0 [z N
0o |+crm|f, | =m|ip), (C.4)
mg fz jD

where fz, fy, f. represent the accelerometer measurement data. Since the
vertical acceleration Zp is of interest, the corresponding equation in (C.2) is
expanded as follows:
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252 C Nonlinear Transformations Used in the Longitudinal Controllers
Zp =g —sind f, +singcos f, + cospcosb f, . (C.5)

Considering that the roll angle ¢ and the sideslip angle are small and close
to zero yields Y ~ 0. Therefore the term sin ¢ cosf Y°/m is neglected and
(C.5) becomes

Ip=yg 1—];Esin9+f;cos¢0059 . (C.6)

For moderate values of the pitch angle 6, the term —siné f,/g is much
smaller than 1 and is therefore neglected. The specific normal acceleration
is an, = f,/g. Finally, the nonlinear transformation 71 between the second
time derivative of the altitude A and the aircraft’s normal acceleration a, is
expressed as follows:

ip=h=g[l+cospcoslay,] . (C.7)
C.2 Nonlinear Transformation 72 Between the Angle of
Attack o and the Aircraft Normal Acceleration a,,

In Chap. 3, the relationship between the aircraft-body accelerations and the
forces acting on the aircraft is established and recalled here for convenience:

—gsinf 1 Finrust Xv qw — 1V U
gsingcos | + 0 +ct | yw —lru—pw | =170 |,
g cos ¢ cos b m 0 zZv PU — qu w
(
with
cos a.cos 3 —cosasin 8 —sina
ch = sin 3 cos 8 0 . (C.9)
sin « cos 8 —sinasin cos

The last row of (C.8) is written as follows:

1
w=gcospcosf+ [X¥sinacosf—Y"sinasinfB+ Z* cosal — pv + qu .
m

(C.10)
Therefore, the z-body axis aerodynamic force is

1
Zb = " [X%sinacos B — Y"sinasinf + Z% cosal . (C.11)
m
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The aircraft’s normal and specific acceleration! measured by the z-accelerometer
is

an = ! [XYsinacos 8 —Y¥sinasin 8+ Z% cosal (C.12)
mg
with
X" = ¢S [Cx1+ Cxae + Oxa20® + Cxp287] (C.13)
Y =gSCy1 and Z" =qS[Cz + Czaq] . (C.14)

Considering « to be small (in practice limited to 0 and 0.21 rad) yields
a? < « and thus only the first-order term in « is considered in (C.13). Under
normal flight conditions the sideslip angle (3 is also close to zero, which leads
to the following simplified version for the normal specific acceleration a,:

Q

Qn

1
mg [Oz(jS(C)ﬂ + Cxoa) + QS(CZl + Czaa)] ,

qS
12 ([Cx1 + Cral a4+ Cry) (C.15)
mg

%

Simulation results show that a,, is almost perfectly estimated using (C.15).
The acceleration a,, is of the form a, =~ ({1 + &), where & and & are
constant values and g = pVZ#/2.

C.3 Nonlinear Transformation T'3 Between & and the
Pitch Rate q

The angle of attack « is related to the aircraft-body velocities v and w by

tan(a) = v (C.16)

u

Differentiating (C.16) with respect to time yields
=1 tano +u (14 tan® o) & . (C.17)
Given the assumption that o and @ are small, (C.17) can be simplified to
W= ud . (C.18)

The last row of (C.8) provides a relationship between the pitch rate ¢ and
the z-body axis velocity w as follows:

! Measured in multiples of g.
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gcospeos® + Z°/m —pv+ qu = w
= ud . (C.19)

The x-body axis velocity u can be approximated by the total airspeed Vr,
yielding
geospcosd + Z°/m — pv+ ¢V = Vré . (C.20)

The nonlinear transformation 7'3 aims at establishing a relationship between
& and the pitch rate g. Therefore, (C.20) is rewritten as

b

a=q+ ‘fT (cosqbcos@—i— WZW) - ‘ZZ , (C.21)
where the term Z°/mg corresponds to the normal acceleration a,, measured
at the aircraft center of gravity by the accelerometer in the z-body direction,
and where the term pv/Vr is usually very close to zero during normal flight
condition with small side-slipping. Finally, the expression for the nonlinear
transformation 7'3 is obtained as follows:

& =q+ ‘fT (cospcosf+ay) . (C.22)



Appendix D

Nonlinear Transformation Used in the
Lateral-directional Controller

D.1 Dynamics of the Sideslip Angle

This section establishes the relationship between the dynamics of the sideslip
angle # and the roll and yaw rates, p and r, respectively.
By definition the sideslip angle § is obtained as follows:

3 = sin! (‘2) , (D.1)

where the aircraft’s y-body axis velocity is v, and the aircraft’s airspeed is
Vr.

Equation D.1 is rearranged as Vp sinf3 = v, and is differentiated with
respect to time, yielding

Vi sin 8+ VpfBcosB=1. (D.2)

Based on the assumptions that the sideslip angle remains small and close
to zero and that the airspeed Vp is almost constant, (D.2) is simplified as
follows: .
. 0
~ . D.3
iy (3)
An expression for the dynamics of the side velocity v is found in (C.8) and
is recalled here for convenience:

1
v=gsingcosf+ (X¥sinf+Y"cosf)+pw—ru. (D.4)

m
Using the facts that u ~ Vr cosa, w = Vrsina, 8 = 0, Y = ma,, where
ay is the accelerometer y-axis measurement, yields the simplified expression

for o,
¥ & gsin¢gcosl + a, + pVrsina — rVrcosa . (D.5)
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256 D Nonlinear Transformation Used in the Lateral-directional Controller

The final expression for 3 is obtained by combining (D.3) and (D.5) yielding

: 1
B:V [gsingpcosh + ay] + psina — rcosa . (D.6)
T

D.2 Roll Angle Command Signal and Equation
Governing a Coordinated Turn

Let us assume that the aircraft is flying straight, level, and at constant alti-
tude. In such a case, the lift force ZP generated by the wings compensates
the weight mg of the aircraft. When flying a turn, the aircraft banks by a roll
angle ¢, and the lift force provides a lateral component that accelerates the
aircraft as shown in Fig. D.1. This lateral force Fj is computed as follows:

Fy=Z%sin¢ . (D.7)
The lateral acceleration is obtained as

Zbsing

. (D.8)

a; =
If the magnitude of Z? is replaced by mg, the lateral acceleration is simplified

to
ap=gsing . (D.9)

Conversely, in order to produce the lateral acceleration a;, the aircraft has to
bank to a roll angle ¢ equal to

a
.

o= sinfl((;l) ~ (D.10)

Fig. D.1 Lateral acceler-
ation in a turn
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D.3 Law of Cosines

Fig. D.2 Triangle pa-
rameters for the law of
cosines

The law of cosines gives any edge of a triangle as a function of the two
adjacent edges and the opposite angle with

a? =b%+c* —2bccos A,
b2 =a®+ % —2accos B,
¢ =a®+b* —2abcosC . (D.11)



Appendix E

Linearization of the Aircraft Model at
30m/s

The aircraft is linearized around the operating point corresponding to a
straight and level flight at a constant altitude of 500 m above sea level and
at a constant speed of 30 m/s.

E.1 Longitudinal Linear Model

—4.7796 0 —4.5420 O

4 B 0  —0.0830 —0.8660 —9.81
Long = 1 —0.0215 -3.6573 0 ’
1 0 0 0
27.4128 0
0 -—1.1-107%
BLong — 0 0 5
0 0
1000 (E-1)
0100
CLong =1 gp10 |
0001
0
0
DLong - 0
0
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E.2 Lateral Linear Model

—11.4540 2.7185 —19.4399 O

A _ | 05068 —29875 233434 0
Lat =1 0.0922 —0.9957 —0.4680 0.3256 | °
1 0.0926 0 0
78.4002 —2.7282
—3.4690 13.9685
BLat - 0 0 B
0 0
1000 (E-2)
0100
Crat=1 4010 |
0001
0
0
Dra: = 0
0




Appendix F

Nomenclature
Symbol Definition
a temperature gradient
@ angle of attack
b wing span
(b) body-fixed frame
(b) body-fixed coordinate system

ol ™
2200
Q
7

Cy1
Cz1, Cza
c?

a

>SS0

S

Ot
T

&

Q@

sideslip angle

mean aerodynamic chord

thrust force derivatives

roll torque derivatives

pitch torque derivatives

yaw torque derivatives

drag force derivatives

side force derivative

lift force derivatives

direction cosine matrix, transformation from (a) to (b)
virtual control command, input of the control allocator
propeller diameter

aileron deflection

elevator deflection

rudder deflection

throttle position

component of Fr in x; direction
component of g in z,, direction
earth gravity vector

altitude above sea level

pitch angle
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262 F Nomenclature

Symbol Definition

I’ airplane inertia matrix in the body-fixed frame
J thrust advance ratio

Lt roll torque, x; direction

m airplane mass

Mb pitch torque, vy, direction

M external torque vector affecting the rigid body

local navigation frame

o~
S
~ ~—

n local navigation coordinate system
n engine speed
Ne commanded engine rotational speed
N? yaw torque, z; direction
p roll rate, a; direction
P dimensionless roll rate, x; direction
p inertial position vector of the rigid body
q dynamic pressure
q pitch rate, y, direction
q dimensionless pitch rate, y, direction
Qo 1st element of the quaternion q"
Q 2nd element of the quaternion g"
Q2 3rd element of the quaternion g™
qs3 4th element of the quaternion q"
q" quaternion that describes the rotation from (n) to (b)
T yaw rate, z; direction
T dimensionless yaw rate, z; direction
R air gas constant
p air density
S wing surface
T ambient temperature
To ambient temperature at mean sea level
Tn time constant of the engine turn rate
U inertial velocity component, x; direction
up airspeed component, x; direction
v inertial velocity component, y, direction
v airspeed component, ¥y, direction
UN component of v in «,, direction
Vg component of v in y,, direction
Up component of v in z,, direction
Vr airspeed component, x,, direction
v inertial velocity vector of the rigid body

Vor airspeed vector




F Nomenclature

Symbol Definition

10 roll angle

w inertial velocity component, z; direction

wr airspeed component, z; direction

W component of W in «,, direction

Wg component of W' in y,, direction

Wp component of W in z,, direction

w wind velocity vector

TN component of p in «,, direction

TE component of p in y,, direction

Tp component of p in z,, direction

xv drag force, x,, direction

Yyw side force, vy,, direction

P heading angle

Xxv lift force, z,, direction

Wh/a rotational velocity vector of (b) with respect to (a)
y flight path angle

U model-based estimate of the measurement data
y(t) measurement data

Table F.1 Guidance system variables

Symbol Definition

a; lateral acceleration

Dnpz  distance between the aircraft’s center of gravity and the
NFZ center

Ly distance between the aircraft’s center of gravity and the
guidance reference point P

P guidance reference point

Pg East position of the reference point P

Py North position of the reference point P

Omaz maximum roll angle allowed

Rra look-ahead distance

Rnyrz radius of the circle defining the NFZ

Rin minimum turn radius

Troll time to roll to ez

W Py waypoint number k

XE East position of the aircraft’s center of gravity

XN North position of the aircraft’s center of gravity

Y cross-track error distance
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Table F.2 Aircraft model parameters

F Nomenclature

Parameter Value Unit Definition
m 28 [kg] airplane mass
256 0 0.5
I’ I’ = [ 0 109 0 [kg:m?] airplane inertia matrix
05 0 11.3
S 1.80 [m?] wing surface
_ mean aerodynamic
c 0.58 [m] chord
b 3.1 [m] wing span
D 0.79 [m] propeller diameter
Crry 8.42 x 1072 -] thrust derivative
Chrs —1.36 x 1071 -] thrust derivative
Crrs -9.28 x 1071 [—] thrust derivative
Cn 1.29 x 1072 (-] lift derivative
Cza —3.25 -] lift derivative
Cx1 —2.12 x 1072 -] drag derivative
Cxa —2.66 x 1072 -] drag derivative
Cxa2 —1.55 -] drag derivative
Cxp2 —4.01 x 1071 [—] drag derivative
Cy1 —3.79 x 1071 -] side force derivative
Cra 6.79 x 1072 -] roll derivative
Cr,=-Cr,, —3.395 x 1072 (-] roll derivative
Cr., =—-CrL., —0.485 x 1072 (-] roll derivative
Crgs —1.30 x 1072 -] roll derivative
Crp —1.92 x 1071 -] roll derivative
Cr 3.61 x 1072 [—] roll derivative
Chn 2.08 x 1072 (-] pitch derivative
Chre 5.45 x 1071 (-] pitch derivative
Cwu., = Ch,s 2.725 x 1071 -] pitch derivative
Cwu,y = Cuy 0.389 x 101 -] pitch derivative
Cha —9.03 x 102 (-] pitch derivative
Chng —9.83 -] pitch derivative
Cn, 5.34 x 1072 -] yaw derivative
Cnp 8.67 x 1072 -] yaw derivative
Cni —2.14x 1071 (-] yaw derivative
- 04 5] time constant of

the engine
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acceleration
aircraft-body, 252
lateral, 203, 205
longitudinal, 168
normal, 145, 252-254
vertical, 145, 251
actuator
floating, 58
lock-in-place, 58
additive inverse, 109, 130
adverse yaw, 93, 96, 98
aerodynamic
derivatives, 50, 93
forces, 168, 170
moments, 50, 89, 92
air density, 33, 50, 93, 168, 183, 231
airspeed vector, 31, 32
angle of attack, 31, 50
anti-windup, 118, 162
artificial excitation, 74, 86
artificial neural network, 16
avoidance algorithm, 216

Bayes classifier, 61
Bode plots, 115, 151, 153, 162, 189

closed-loop, 16, 195
command
tracking, 112, 116
virtual, 14, 84, 91, 101
computational load, 13, 43, 45, 49, 90,
168
control
allocation, 14, 84, 89
closed-loop, 100, 111, 144
feedforward, 112
PI controller, 111

control surfaces, 39, 49, 90, 239
coordinated turn, 197, 212

desired dynamics, 108, 144, 170, 197
direction cosine matrix, 29, 30
dynamic pressure, 33

eigenstructure assignment, 16
eigenvalues, 109, 124, 178
engine speed, 37, 167, 170, 262
error

cross-track, 205

state, 53

steady-state, 165, 191, 194, 204, 225

tracking, 198
Euler

angles, 28

integration, 52, 54
explicit model following, 117

failure
definition, 4
simultaneous, 99
fault
configuration, 97
definition, 3
flight path angle, 158, 210, 263
floating-point, 100, 243
force
aerodynamic, 31, 33
drag, 39, 95, 122, 239
lateral, 38
lift, 38
thrust, 38, 169
frame
body, 27
inertial, 27
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navigation, 27
time derivation, 34
wind, 31

gain

closed-loop, 164

open-loop, 113, 117, 145, 146, 194
Gaussian function, 61
guidance

altitude, 202, 210

control law, 201

lateral, 203, 205, 218, 225

hypothesis testing, 59

inertia matrix, 51, 93, 264
inertial velocity, 32
international standard atmosphere, 33

Kalman
extended Kalman filter, 45, 47, 51, 54
Kalman filter, 13, 43, 51, 72
Kalman gain, 53, 54
linearized Kalman filter, 54

longitudinal mode, 121, 123
low-cost sensors, 64

MATLAB®, 64, 100, 101, 134, 135
mode
Dutch roll mode, 179
phugoid mode, 125
short-period mode, 124
spiral mode, 179
model predictive control, 16
model reference, 117
MRAC, 15
multiple model
EMMAE, 47
MMAE, 13, 43, 45, 47
MMST, 12
multiplicative inverse, 109, 130

Nichols chart, 146, 153
no-fly zone, 202, 211, 229, 263
noise

measurement, 52

process, 52, 54, 64

Index

sensor, 64
nonlinear dynamic inversion, 107, 128
Nyquist plot, 146, 148, 149

path planning, 17, 201, 207, 211
potential field functions, 201
probability
computation, 49
conditional, 44, 59
problems
control allocation, 99
estimation, 45

quaternion, 30

rate
altitude, 144, 158, 160, 162
of climb, 118, 158
residuals, 49, 54, 74
robust
control, 128
performance, 194
stability, 187, 195
robustness, 46, 129
root locus (see also stability), 191

sideslip angle, 31, 50
Simulink®, 64, 100, 101, 134
singular values, 191, 194, 195
sliding mode control, 16
stability

robustness, 195, 196

root locus, 146, 148
standard deviation, 61, 64
supervision module, 76, 85, 90, 230

time-scale separation, 143
torque
dimensionless, 93
pitch, 40
roll, 39
yaw, 40
transition matrix, 52, 56

waypoint tracking, 206
wind
disturbances, 32, 76
gusts, 67, 70, 76, 194
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