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Abstract 

Aircraft modelling based on Research Civil Aircraft Model (RCAM) is first introduced 

in this work. The actuator fault isolation problem for the aircraft is then investigated. 

An adaptive observers (AO) and a sliding mode observers (SMO), were chosen for 

fault diagnosis purposes. An adaptive scheme based on a bank of AOs is designed to 

detect and isolate constant actuator faults. Theoretical results are obtained to ensure 

that the proposed schemes can work well for actuator fault diagnosis under certain 

assumptions. Simulation results on RCAM show that the adaptive observer based 

technique can detect and isolate constant actuator faults successfully. However, the 

adaptive scheme can not deal with non-constant actuator faults (which may also occur 

in civil aircrafts). It also can not estimate the actuator faults which may be crucial 

for fault accommodation purpose.As an addictive, in order to deal with non-constant 

actuator faults and to estimate the faults, an SMO based scheme is proposed for fault 

detection, isolation and estimation. This method can be used for any types of faults. 

Under certain assumptions, it is proved the SMO based scheme can detect, isolate, 

and estimate various actuator faults. A number of simulations studies are performed 

on RCAM model for various abrupt and incipient actuator faults. The results show 

that both abrupt and incipient faults can be detected and isolated successfully, which 

is consistent with the analysis. Moreover, both abrupt and incipient faults can be 

estimated very accurately. Although fault accommodation is not addressed in this 

work, it is important to note that accurate estimation of faults can lead to a more solid 

fault diagnosis decisions and can provide useful information for fault accommodation 

purpose. 
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Chapter 1 

Introduction 

Fatal airplane crashes cause tragic loss of life and are accompanied by colossal ex- 

penses associated with destruction of property, cost of investigation, and reduced 

public confidence. Over the last three decades, the growing demand for reliability, 

maintainability, and survivability in technical systems has drawn significant research 

in Fault Detection and Isolation(FD1). Faults can occur in both hardware and software 

used in an airplane systems. This thesis focuses on hardware faults. A fault that tends 

to degrade the overall system performance, represents an undesired change, whereas 

a failure denotes a complete breakdown of a component or function. In this thesis, 

fault rather than failure is used to indicate a tolerable malfunction, rather than a 

catastrophe. 

Several regularities and investigative agencies are advocating the use of technolo- 

gies that will further reduce fatal accidents. Which are presently less than one per 

million departures, not including sabotage, terrorism and military action, making air 

travel the safest mode of transport. 2004 was the safest in aviation history compared 

with 2003 [2], and aviation remains the safest form of transport. Fatalities were down 

to 428, a reduction of more than 35 % compared with 2003, and the accident rate 
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1996 1998 2000 2002 2004 2006 

Figure 1.1: Hull Losses per Million Sectors 

dropped 10 %, to 0.78 for western-built jet hull losses1 per million sectors. But there 

is still work to be done [3]. In 2004, the industry set a target for 25 % reduction in 

the accident rate by year-end 2006 (Figure 1.1). In many cases, human errors and 

deficient airport facilities are cited as causes by the investigative agencies for these 

accidents [3]. Present challenges are not easily overcome. However, numerous aircraft 

accidents in the recent years have been caused when components in the control loop 

malfunctioned. Failed sensors or actuators, such as faulty gyros, stuck horizontal 

stabilizers or other control surfaces failures have led to catastrophic consequences. 

Lock-in-place and hard-over faults of safety-critical effectors present an important 

practical problem. In the Lock-in-place case, the effector locks ( "  freezes ") in a fixed 

lNationa1 Transportation Safety Board (NTSB) and International Civil Aviation Organization 
(ICAO) definition of Hull loss: Airplane damage that is substantial and is beyond economic repair. 
Hull loss also includes events in which: airplane is missing or search for wreckage has been terminated 
without it being located or the airplane is substantially damaged and inaccessible. 
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position, which can occur, for example, due to a jammed electro-mechanical actuator. 

In the hard-over case, the control surfaces actuated by an electro-hydraulic actuator, 

locks in its extreme position due to a failure of hydraulic system components. In 

general, feedback control algorithms designed to handle small system perturbations 

that arise under normal operating conditions, are not useful [4]. There is need to 

design fault detection and identification schemes which actively address failures in the 

control loop. Automated maintenance for early detection of malfunctioned equipment 

is a crucial problem in many applications. To satisfy the needs for safety, reliability, 

and performance in the aviation industry, it is important to detect system component 

faults, actuator faults, and sensor faults, and to accurately diagnose the source and 

severity of each malfunction so that corrective actions can be taken. 

The nominal controller performs inadequately because of the changes in the system 

dynamics following a failure. Fault accommodation schemes need to be considered 

after a failure in the aircraft system. A possible approach for fault accommodation is 

to predesign various observers, anticipating component failures and then accommo- 

dating the fault when the component failure is detected. The key to design a bank of 

observers is to expedite the redundancy in the aircraft sensing and actuation. Modern 

aircraft are instrumented with redundant sensors and have many control surfaces that 

may be used even with some failures. Once these observers are designed, they can be 

implemented in the on-board computer. A supervisory accommodation scheme can 

be designed based on the failure detection and identification mechanism. 

In this thesis, the design of observers for detecting and accommodating actuator 

faults is considered. The ability to design observers for actuator failure is linked to the 

property of the system, which allows the design of stable observers for the purpose of 

reconstructing the states for using state feedback. However, actuator failures are not 
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only related to the stabilizability or controllability of the system. When actuators fail 

they not only reduce control authority, but also may present persistent disturbances. 

For which the functional actuators must compensate. It is shown that the problem of 

predesigning a controller for lock-in-place and hard-over actuators can be reduced to 

design a regulator with internal stability. 

The utility of observer design techniques is illustrated using flight control examples. 

In the next section, the organization of the thesis is described. 

1 .  Motivation 

In 1959, which was the first full year of commercial jet operations, the world's air carri- 

ers averaged 100,000 jet-flying hour per hull loss. In 1999, they average nearly 800,000 

flying hours per hull loss [5]. The record varies globally; even so, air transportation 

is the safest of all major modes of transportation. However, the current accident 

rate, which is under one per million departures, will be soon become unacceptable be- 

cause of the predicted increase in the commercial air traffic, that is expected to triple 

from 1998 to 2018 [6]. Several agencies including the regulatory authority Federal 

Aviation Authority (FAA), National Aeronautics and Space Administration (NASA), 

International Civil Aviation Organization (IC AO) , and nonprofit organizations like 

the Flight Safety Foundation and Aviation Safety Network are advocating for a sig- 

nificant reduction in airplane accidents [7, 81. For example, in November 1999, NASA 

Langley Research Center announced to "Reduce the aircraft accident rate by a factor 

of 5 within 10 years, and by a factor of 10 within 25 years" [9]. 

A modern aircraft has a few million parts, e.g. a Boeing 767 has approximately 

3,140,000 parts. Although, each of these parts are tested, the likelihood of a part 

malfunction is large. Many accidents can be directly linked to the failures of control 
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system components. 

Months of investigation by authorities are needed to determine the exact sequence 

of events that lead to a fatal air crash. Sometimes these investigations are inconclusive 

and it is left to the imagination as to what may have gone wrong with the airplane. 

Some recent examples of fatal accidents that may have been caused by failures in the 

control loop components are as follows [lo]. 

1. The Alaska Airline Flight 261, January 2000: On January 31, McDonnell Dou- 

glas MD-83 crashed off the coast of California about 4:20 p.m. (PST) en route 

from Puerto Vallarta, Mexico, to San Francisco, killing all of its 83 passengers 

and 5 members of the crew. 

The investigation shows clearly from the flight data recorder that the crew was 

unable to maintain vertical control due to a dysfunctional stabilizer. The Flight 

Data Recorder shows that the stabilizer trim changed to a full-nose down trim 

and remained jammed there until the crash. During the last 12 minutes before 

the crash the crew attempted to diagnose and troubleshoot their stabilizer trim 

problems in vain and the MD-83 finished just off Point Mugu, CA, 650 ft deep 

in water. The failure of the actuation assembly during the final minutes of 

flight was confirmed when the navy recovered the parts from the sea. It can be 

hypothesized that mechanical failure of the actuation assembly of the horizontal 

stabilizer was the primary cause of the tragic accident. 

2. Air Midwest Flight 5481 of January 2003: On January 8, about 08:47:28 East- 

ern Standard Time, a Raytheon (Beechcraft) 1900D crashed shortly after take- 

off from runway 18R at Charlotte-Douglas Airport, Charlotte, North Carolina. 

Two flight crew members and nineteen passengers were killed, one person on 
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the ground received minor injuries, and the aircraft was destroyed by impact 

forces and a post crash fire. 

The National Transportation Safety Board determined that the probable cause 

of this accident was loss of pitch control during takeoff, resulting from the in- 

correct rigging of the elevator control system compounded by the aft center of 

gravity, which was substantially moving backward of the certified limit. 

3. American Airlines Flight 587 of November 2001: On November 12, 2001, about 

09:16:15 Eastern Standard Time, an Airbus Industrie A300-605R crashed into 

a residential area of Belle Harbor, New York, shortly after takeoff from John I?. 

Kennedy International Airport. Flight 587 was a regularly scheduled passenger 

flight to Las Americas International Airport, Santo Domingo, Dominican Re- 

public. All 260 passengers and five people on the ground were killed, and the 

aircraft was destroyed by impact forces and a post crash fire. 

The National Transportation Safety Board determined that the probable cause 

of this accident was in-flight separation of the vertical stabilizer as a result of 

loads beyond acceptable limits that were created by unnecessary and excessive 

rudder pedal inputs by the pilots. Contributing to these rudder pedal inputs 

were characteristics of the Airbus A300-600 rudder system and elements of the 

American Airlines Advanced Aircraft Maneuvering Program. The safety is- 

sues focued on characteristics of the A300-600 rudder control system design, 

A300-600 rudder pedal inputs at high airspeeds, aircraft-pilot coupling, flight 

operations at or below design maneuvering speed, and upset recovery training 

programs. 
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This list is not exhaustive but only representative of fatal, commercial jet acci- 

dents. It is evident that these problems are not restricted to any particular man- 

ufacturer, carrier, make, or region of the world. They also demonstrate a need for 

designing fault detection, identification and Control schemes that actively address 

faults. These capabilities are important for safety of the passengers and crew. 

1.2 Background and literature review 

A fault diagnosis sys tem detects faults, their locations and significance in a system 

of interest [ l l ] .  It normally consists of three tasks: fault detection, fault isolation, 

and fault identification. A fault in a dynamic system can take on many forms, such 

as actuator faults, sensor faults, unexpected abrupt changes of some parameters, or 

even unexpected structural changes [44]. 

The purpose of fault detection is to generate an alarm which informs the operations 

that there is at least one fault in the system. This can be achieved by either direct 

observation of system inputs and outputs or the use of certain types of redundant 

relations (i.e., analytical redundancy methods). Fault isolation determines the loca- 

tions of faults, e.g., which sensor or actuator are faulty. Identification, a more difficult 

task, requires an estimation of the location, size, and nature of the fault [12, 441. The 

detection, isolation, and identification tasks are referred to as fault diagnosis. Most 

practical systems contain only fault detection and isolation (FDI) . 

A traditional approach for fault diagnosis is a hardware-based method in which a 

particular variable is measured using multiple sensors. Several problems that hard- 

ware redundancy based fault diagnosis encounters are the extra equipment, cost, and 

additional space required to accommodate the redundant equipment [14]. Analytical 

redundancy is a different approach comparing with the hardware redundancy [16]. A 



CHAPTER 1. INTRODUCTION 

wide range of analytical redundancy fault diagnosis approaches can be broadly di- 

vided into model-based techniques, knowledge-based methodologies, and signal-based 

techniques [17]. 

1.2.1 Model-Based Fault Diagnosis 

In modern fly-by-wire aircraft, hardware redundancy is widely used, where measure- 

ments from redundant redundant sensors are compared to each other for fault diagno- 

sis. On the other hand, the sensory measurements in model-based FDI are compared 

with analytically computed values of the respective variables. The resulting differ- 

ences, called residuals, are indications of the presence of faults. Parity space [42], 

parameter estimation and observer-based approach are commonly used methods for 

model-based residual generation [37]. 

In recent years, a great deal of methods for robust fault diagnosis have been 

developed, such as observer-based robust FDI [18, 15, 441, unknown input observers 

[19, 20, 211, and eigenstructure assignment [23, 241. 

The most widely considered method for residual generation are observers. The 

basic idea is to estimate system's output from the measurements using an observer, 

and then construct residuals by properly weighted output's estimation errors. When 

the systems are subject to unknown disturbances and uncertainties, their effect has 

to be decoupled from the residual signals to avoid false alarms. This problem is well 

known in the field of FDI as robust fault diagnosis. 

Yang and Saif [26] considered a class of special nonlinear systems for FDI purposes. 

The nonlinear system under consideration can be transformed into two different sub- 

systems. One subsystem uses the adaptive observer canonical form on which an 

adaptive observer design is based. The other subsystem is affected only by actuator 



CHAPTER 1. INTRODUCTION 

faults. With the aid of the estimates of states as well as uncertain parameters, the 

faults are approximated using discretization technique. The approximated faults can 

be used for fault detection and isolation. 

In recent years, a sliding mode observer-based FDI strategy that originated from 

sliding mode control has been developed [25, 22, 231. The main point of the SMO 

is that, despite disturbances and uncertainties, the output estimation errors between 

the system and the SMO can be forced to and maintained at zero while the system 

is in sliding regime. Once a fault occurs, sliding will cease to exist, based on this, a 

failure alarm signal can be generated. Therefore, SMOs are useful for robust FDI. 

1.3 Organization of the thesis 

The rest of the thesis is organized as follows. In Chapter 2, the dynamics of aircraft 

motion is investigated. A set of generalized nonlinear aircraft equation of motions is 

given. In Chapter 3, the design of Adaptive Observers (AO) in the case of actuator 

faults is considered. It is shown that the actuator faults can be adequately addressed 

by designing appropriate adaptive observers. The design strategy is demonstrated 

using a model of the Research Civil Aircraft Model Automatic Landing System taken 

from the literature. In Chapter 4, we consider the design of Sliding Mode Observers 

(SMOs) for faulty actuators with linear system models. It is shown that the faulty 

actuators can be rapidly detected and isolated. The details of design are presented in 

Chapter 4. The necessary and sufficient conditions lead to a novel way to assess the 

redundancy in systems with regard to actuator faults. Chapter 5 summarizes the work 

and presents directions for further research. Throughout the thesis, computations are 

emphasized. Definitions, theorems, and their proofs are relegated to enhance the 

readability. 



Chapter 2 

The Dynamics of Aircraft Motion 

The equation of motion of a rigid body aircraft, moving over the rotating and oblate 

earth, can be used to delineate the motion of any aerospace vehicle, including satellite 

and aircraft. For low-speed flight of aircraft flying over a small region of the earth, 

when there is no requirement for precise simulation of position, it is usual to assume 

the earth is a flat, inertial frame. 

2.1 Introduction 

The term rigid body is an idealistically solid body with finite size in which deformation 

is neglected. In other words, the distance between any two given points of a rigid body 

remains constant regardless of external forces exerted on it. The dynamic behavior of 

the rigid body vehicle can be represented by the force and moment equations as well 

as the kinematic equations. It is shown that the aerodynamic forces and moments 

depend on velocity relative to the air mass, with only a weak dependence on altitude 

[I]. In most cases, this assumption is reasonable for flight simulation and flight- 

control-system design when it is not necessary to accommodate loads on the aircraft 
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structure. 

The equations of motion will be organized as a set of simultaneous first-order def- 

erential equations with n-dimensional variables xi, and m-dimensional control input 

ui. The general form can be expressed as: 

where fi is a nonlinear and continuous single-valued function, ui is the control input, 

and xi's is the state vector. Eq. (2.1) can be written: 

where the state vector X is an n x 1 vector, the input vector U is an m x 1 column 

vector. The nonlinear equations of motion (2.1) or a subset usually have one or 

more equilibrium point(s). For small perturbations from equilibrium, the Eq. (2.1) 

are often approximately linear and can be written in matrix form as linear state 

equations: 

where x and u are the state and control input vectors, A is an n x n matrix, and B 

is a n x m matrix. 

2.2 Aircraft Coordination System 

2.2.1 Aircraft Body Axes 

When modeling the aircraft or studying aircraft control, it is common to assume that 

a civil aircraft can be represented as a rigid body, which is defined by a set of body-axis 
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Vertical Axis 

I 

Figure 2.1: Aircraft Rotations - Body Axes 

coordinates as shown in Figure 2.1. [27, 28, 291 During filght, it is necessary to control 

the attitude or orientation of the aircraft in three dimensions, and the aircraft will 

rotate about its center of gravity(CoG). A three dimensional orthogonal coordinate 

system is defined through the COG. Then the orientation of the aircraft is defined by 

the rotation of the aircraft along its principal axes. 

Yaw The yaw axis is perpendicular to the plane of the wings with its origin at 

the COG and directed towards the bottom of the aircraft. A yaw motion is a 

movement of the nose of the aircraft from side to side. 

Pitch The pitch axis is perpendicular to the yaw axis and is parallel to the plane of 

the wings with its origin at the center of gravity and directed towards the right 

wing tip. A pitch motion is an up or down movement of the nose of the aircraft. 

Roll The roll axis is perpendicular to the other two axes with its origin at the COG, 

and is directed towards the nose of the aircraft. A rolling motion is an up and 



CHAPTER 2. THE DYNAMICS OF AIRCRAFT MOTION 

down movement of the wing tips of the aircraft. 

During flight, the control surfaces of an aircraft produce aerodynamic forces. These 

forces are applied to  the center of pressure of the control surfaces, which are some 

distance from the COG. Accordingly, torques (or moments) about the principal axes 

cause the aircraft to rotate. The elevators produce pitch moments, the rudder pro- 

duces yaw moments, and the ailerons produce roll moments. The amount of the forces 

and moments allows the pilot to maneuver or to trim the aircraft. The first aircraft to 

demonstrate active control about all three axes was the Wright Brothers' 1902 glider. 

PI 
The aircraft-body-axis system has its origin at the COG and orthogonal axes 

(XB, y ~ ,  zB) along the aircraft longitudinal, lateral, and vertical directions respec- 

tively, where x is positive forward, y is positive starboard, and z is positive downward. 

Aircraft body velocities UB, VB, WB are measured along these axes. Variables in the 

aircraft body axes are denoted by the subscript B. 

2.2.2 Earth Axis System 

The earth axis system has its origin at  the COG of aircraft. The zE-axis points 

vertically downwards; the XE - axis is always parallel to the earth and points north, 

and the y~ - axis points east. This coordinate system is usually called North-East- 

Down (NED) system. Variables in the earth axes system are given the subscript E. 

To transform variables from earth axis to body axis, they are first rotated in roll by 

an angle 4 (roll angle), in pitch by an angle 6 (pitch angle), and in heading by an 

angle i$ (heading angle). The relationship between the earth and body axis systems 

are depicted in Fig. 2.2. 
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Figure 2.2: Aircraft and Earth Axis System 

Figure 2.3: Aircraft and Wind Axis System 
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2.2.3 Wind Axis System 

The origin of the wind axis system is also located at the COG. The vector xw points 

into the direction of the oncoming free-stream velocity vector, zw lies in the plane of 

symmetry of the airplane and is perpendicular to the X-axis and is directed downward, 

and yw is perpendicular to both X and Z axes. 

To transform variables from wind axes to body axes, they are first rotated in roll 

by an angle p (bank angle), in pitch by an angle a, (angle of attack), and in heading 

by the angle ,O (angle of sideslip). The relationship between the wind and body axis 

systems are depicted in Fig. 2.3. 

The transformation of variables between earth axis and wind axis is only required 

in two planes. Variables are first rotated in pitch by y (flight path angle) and then in 

heading by x (lateral track angle). The relationship between the earth and wind axis 

systems are diagrammatically depicted in Fig. 2.4. 

2.2.4 Flight Control System 

The various functions of a generic fly-by-wire flight control computer are shown in 

Figure 2.5. The flight control computer performs a multitude of functions. It is 

responsible to translate the pilot commands from the flight cabin (inputs to the pedals, 

yoke and throttle) to the movement of the control surfaces (ailerons, elevator, flaps, 

rudder and the actuators for engine speed). The onboard Flight Control Computer 

(FCC) augments the stability of the aircraft. At the same time, the FCC presents 

information to the pilot on the various displays, including not only present flight 

data, but also, weather and navigational information. The FCC is also involved in 

controlling the communications equipment. It is useful to characterize the function 

of that the flight control computer into three major categories: safety, performance, 
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E 

Figure 2.4: Wind and Earth Axis System 

Figure 2.5: Schematics of a Fly-by-wire Aircraft 
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and comfort. 

2.3 Forces on An Aircraft 

Weight Weight is a force that is directed toward the center of the earth. The mag- 

nitude of the weight depends on the mass of all the airplane parts, plus the 

amount of fuel, plus the payload on board (people, baggage, freight, etc.). The 

weight is distributed throughout the airplane, but it can be viewed as acting 

through a single point, COG. 

Flying of an aircraft encompasses two major problems: Overcoming the weight 

of an object by some opposing forces, and controlling directions of the object. 

Both problems are related to the object's weight and the location of its COG. 

During flight, the aircraft's weight changes because the aircraft is consuming 

fuel. The distribution of the weight and the COG also change. So, the pilot 

and the control system must constantly adjusts the control inputs to keep the 

aircraft trimmed. 

Lift To overcome the weight force, the aircraft has to generate an opposing force, 

lift. The lift is generated by the motion of the airplane through the air and is 

an aerodynamic force. Lift is directed perpendicular to the flight direction. Its 

magnitude depends on several factors including the shape, size, and velocity of 

the aircraft. Each part of the aircraft contributes to the force of lift, particularly 

by the wings. The lift acts through a single point called the center of pressure. 

The center of pressure is defined using the pressure distribution around the 

body. 
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Figure 2.6: Aerodynamic Force - Lift 

where p is the density of the air, V is the square of the velocity, A the surface 

area over which the air flows, C is a coefficient determined experimentally. In 

general, the dependence on body shape, inclination, air viscosity, and compress- 

ibility is very complex. The distribution of lift around the aircraft is important 

for solving the control problem. Aerodynamic surfaces (ailerons, spoilers, rud- 

der, stabilizers, elevators, flaps and slats) are used to control the aircraft in roll, 

pitch, and yaw. 

Drag As the aircraft moves through the air, there is another aerodynamic force. The 

air resists the motion of the aircraft and this resistance force is called drag. The 

drag is directed along and opposite to the flight direction. Like lift, there are 

many factors that affect the magnitude of the drag, including the shape of the 

aircraft, the "stickiness" of the air, and the velocity of the aircraft. All of the 

individual components' drag force can be combined into a single aircraft drag 

magnitude, acting through the aircraft center of pressure. 

Thrust To overcome drag, aircraft use a propulsion system to generate forces called 

thrust. The direction of the thrust force depends on how the engines are attached 
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to the aircraft. In Figure 2.1, two turbine engines are located under the wings, 

parallel to the body, with thrust acting along the body centerline. On some 

aircraft, such as the Harrier, the thrust directions can be varied to help the 

airplane take off in a very short distance. The magnitude of the thrust depends 

on many factors associated with the propulsion system, including the type of 

engine, the number of engines, and the throttle setting. 

For jet engines, the hot gas goes out to the back, so the thrust pushes towards 

the front. Action reaction is based on by Newton's Third Law of Motion. 

The motion of the airplane through the air depends on the relative strength 

and direction of the forces shown above. If the forces are balanced, the air- 

craft cruises at a constant velocity. If the forces are unbalanced, the aircraft 

accelerates in the direction of the largest force. 

2.4 Aircraft Equation of Motions 

2.4.1 Definition of Parameters 

A six degree of freedom nonlinear model of the Research Civil Aircraft Model (RCAM) 

has been provided by GARTEUR [54]. The dynamic objects of the RCAM model is 

shown in 2.7. The inputs to the model are given in Table 2.1 where FE is the earth- 

fixed reference frame. 

The origin OE is located on the runway longitudinal axis at  the threshold. Frame 

XE is positive pointing towards the north, and we assume that the runway is also 

directed towards the north (runway 00); hence X E  is positive along the runway in the 

landing direction. Furthermore, ZE is positive downward, and y~ is in the appropriate 

direction for a right hand coordinate system (positive east). The reference frame FB 
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Figure 2.7: Dynamic Objects of RCAM Model 

Symbol Alphanumeric Name Unit 
Control inputs 

SA DA u(1) = aileron deflection rad 
ST DT u(2) = t ailplane deflection rad 
6~ DR u(3) = rudder deflection rad 

~ T H I  THROTTLE1 u(4) = throttle position of engine1 rad 
6 ~ ~ 2  THROTTLE2 u(5) = throttle position of engine2 rad 

Wind inputs 
WXE WXE u(6) = wind velocity in the x-axis of FE m/s 
WYE WYE u(7) = wind velocity in the y-axis of FE m/s 
WZE WZE u(8) = wind velocity in the z-axis of FE m/s 
WXB WXB u(9) = wind velocity in the x-axis of FB m/s 
WYB WYB u(10) = wind velocity in the y-axis of FB m/s 
WZB WZB u(l1) = wind velocity in the z-axis of FB m/s 

Table 2.1: Model inputs definitions 
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Symbol Alphanumeric Name Unit 

P P x(1) = roll rate(in FB) radls 
4 Q x(2) = pitch rate(in FB) radls 
r R x(3) = yaw rate(in FB) radls 
4 PHI x(4) = roll angle(Eu1er angle) rad 
0 THETA x(5) = pitch angle(Eu1er angle) rad 
@ PSI x(6) = heading angle(Eu1er angle) rad 

UB UB x(7) = xcomponentofinertialvelocityin FB m / s  
VB VB x(8) = y component of inertial velocity in FB m / s  
WB WB x(9) = z component of inertial velocity in FB m / s  
x X x(10) = x position of aircraft COG in FE m 
Y Y x(l1) = y position of aircraft COG in FE m 
z Z x(12) = z position of aircraft COG in FE m 

Table 2.2: State Variables Definitions 

is body-fixed, defined as bellow. 

The origin, OB, is a t  the COG, XB is positive forward, ZB is positive downward, 

and y~ is positive to the right (starboard side). The three earth-fixed wind inputs, 

u(6), u(8) are intended to be used for constant wind velocity components, e.g., head- 

winds. The body-fixed wind inputs are intended to be used for gusts. 

The state variables of the model are given in Table 2.2. The outputs of the system 

are shown in Table 2.3 where Fv is the vehicle-carried vertical frame, which is parallel 

to the earth-fixed reference frame while moving with the vehicle. The origin, Ov, is 

located on the vehicle's COG, xv is positive pointing towards the north, zv is positive 

downward, and y~ is positive to the east. For the purpose of simulation, the following 

outputs are stated in Table 2.4. The model outputs in Table 2.3 can be assumed to be 

available as inputs to the controller and the observer to be designed. The "simulated 

outputs" in Table 2.4 are intended to be used for the needs of evaluation. Generally, 

the inputs, state and output vectors for the body-axes equations can be described as: 



CHAPTER 2. THE DYNAMICS OF AIRCRAFT MOTION 

Symbol Alphanumeric Name Unit 

Q Q ~ ( 1 )  = pitch rate(in FB) = X(2) radls 
nx NX y(2) = horizontal load factor(in FB) = Fx/mg - 
nz NZ y(3) = horizontal load factor(in FB) = Fz/mg - 
Wv WV y(4) = x component of inertial velocity in Fv m l s  
x Z y(5) = Z position of the vehicle in F' =X(12) m 

VA VA ~ ( 6 )  = airspeed m l s  
V VB ~ ( 7 )  = total inertial airspeed m l s  
P BETA ~ ( 8 )  = sideslip angle rad 
P P ~ ( 9 )  z roll rate(in FB) = X(l) radls 
r R ~ ( 1 0 )  = yaw rate(in FB) = X(3) radls 
# PHI ~ ( 1 1 )  = roll angle(Eu1er angle) = X(4) radls 

Uv WV y(12) = x component of inertial velocity in Fv mls  
Vv WV y(13) = y component of inertial velocity in Fv m 
Y Y ~ ( 1 4 )  = y position of aircraft COG in FE m 
X CHI ~ ( 1 5 )  = inertial track angle rad 

Table 2.3: Model Measured Output Definitions 

1 Symbol Alphanumeric Name Unit 
8 THETA y(16) = pitch angle(Eu1er angle) = X(5) r ad 

$ PSI ~ ( 1 7 )  = heading angle(Eu1er angle) =X (6) r ad 
a ALPHA y(18) = angle of attack (A0 A) r ad 
Y GAMMA y(19) = inertial flight path angle r ad 
x X y(20) = x position of aircraft COG in FE = X(10) m 
ny NY y(21) = lateral load factor(in FB) = Fy/mg - 

Table 2.4: Model Simulation Output Definitions 
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Input 

State 

Output 

Additional inputs can be created when needed for flaps, gear, and spoilers. 

2.4.2 Six-DOF Nonlinear Model 

For the state vector shown in Eq. (2.7), the flat-earth, body-axes 6-degree of freedom 

Equations of Motion has the following form: 

Force Equation 

Where XT, YT, ZT describe the magnitude of the relative wind. go is the stan- 

dard gravity (9.80665 m/s2). m is the mass of the aircraft. 
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Kinematic Equations 

Navigation Equations 

Normally, civil aircraft spend most of their flying time in a wing-level flight condition. 

The model of the 3-DOF motion in an NED vertical plane is much simpler than the 

6-DOF model. So, it is worth investigating the equations of motion in the wings-level 

flight condition. In this case, $ = 0, the gravity terms are greatly reduced. Since the 

angle of side slip is small, the flight path angle is the difference between the aircraft 

pitch angle and angle of attack, and the gravity terms become: 

It can be seen from the kinematic equations in Eq. (2.11), when the roll angle is 

zero, that: 

If the roll and yaw rates (p and r )  are small and the thrust of aircraft is along the 

axis of x, defining Jy as the inertia of the aircraft on y axis, then the pitch moment 

is: q = m/Jy. 

As such, a model for longitudinal motion to the decoupled longitudinal force equa- 

tions can be obtained with the state vector of Xl = [8 q V a]:  
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With the same scenario, a lateral model can be obtained. 

2.4.3 Linear Models and Stability Derivatives 

The coordinates of a singular point of the implicit nonlinear state-equations are given 

by a solution, X = X,, which satisfies, 

f (x,x, U) = 0, with x = 0; U = 0 or constant. (2.15) 

Steady state flight can be defined as a condition that all the forces and moment 

components in the body-fked coordinate system are constant or zero. 

p, q, f ,  and uk, vb, wB = 0 ,  controls fixed (2.16) 

In the sequel, it is assumed that the mass of aircraft is constant, the aerodynamic 

angles and the angular rate components are constant and their derivatives are zero. It 

is also assumed that the flat-earth equations satisfy all system design purposes. The 

definition allows steady wing-level flight and steady turning flight. In addition, if the 

change of air density with altitude is negligible, a wing-level climb and a climbing turn 

can be treated as steady state flight conditions. Therefore, the steady state conditions 

are important for controller and observer design. Then the steady state flight can be 

divided into following: 

Steady wing-level flight 
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Steady turning flight 

4 = 0,0 = 0, $ = turn rate; 

Steady Pull up 

4 = 0 , 4  = 0, $ = 0, 0 = pullup rate; 

Steady Roll 

0 = 0, $ = 0 , 4  = roll rate. 

The steady state condition p, q, +, - 0 is to regulate the angular rates to be constant 

or zero, and hence, the aerodynamic and thrust moments must be zero or constant. 

The conditions of uh, vg, andwB - 0 regulate the airspeed, angle of attack, and 

sideslip to be constant or zero. Therefore, the aerodynamic forces must be zero or 

constant. The steady state pull-up, and steady state roll-condition, can only exist 

shortly. 

Under ideal situations, the forces acting on an aircraft can produce no-net- 

external-force. As such, lift is equal to the weight, and the thrust is equal to the 

drag. A good example of this condition is a cruising airliner. The change of weight 

due to burned fuel is very small relative to the total aircraft weight. The aircraft 

maintains a constant airspeed which is called the cruise velocity. 

Taking into account the relative velocity of the wind, we can determine the ground 

speed of a cruising aircraft, which is equal to the airspeed plus the wind speed, by 

vector addition. The motion of the aircraft is a pure translation. With a constant 

ground speed, it is relatively easy to determine the aircraft range, which is the distance 

that the airplane can fly with a given load of fuel. 
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If the pilot changes the throttle setting, or increases the wing angle of attack, the 

forces become unbalanced. The aircraft will move in the direction of the greater force. 

We can compute acceleration of the aircraft from Newton's second law of motion. 

If the forces of lift and drag are linearized for small perturbations of a specified 

flight condition, a set of linear longitudinal equations can be obtained. 

In general, as a rigid body moving in a three-dimensional space, an aircraft has 

a total of six degrees of freedom described by 12 state variables. These variables are 

divided into four groups: 

1. three position variables (position of the aircraft center of gravity COG), 

2. three linear velocity variables (translational velocity of the aircraft COG), 

3. three attitude (orientation) variables, 

4. three angular velocity variables. 

Aircraft dynamics are normally controlled by four physical inputs: throttle, aileron, 

elevator, and rudder. The throttle controls the thrust to the aircraft, while the aileron, 

elevator, and rudder deflections generate aerodynamic forces. 

2.4.4 Linear RCAM Model 

The RCAM [54] is a 6 degree of freedom nonlinear model of a Medium-sized twin- 

engine aircraft. As shown in Table 2.1, 2.2, 2.3 and 2.4, it combines of 4 inputs, 9 

states, 15 measured and 6 simulation outputs. The nonlinear model can be trimmed 

and linearized at a set of corresponding flight conditions of steady states. 

The flight condition of a wing-level steady state is chosen to be linearized for the 

controller and observer design in the following chapters. 
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Airspeed 80 mls 

Altitude 305 m (1000 feet) 

Aircraft Mass 120 Tonnes 

Flight Path Angle 0" (level) 

Still air (no wind effects) 

Longitudinal Model For longitudinal model, the airspeed VA and altitude z are 

kept at trim condition. The changes in pitch rate q,  vertical acceleration n ~ ,  

and vertical velocity W E  need to be regulated. 

The linear RCAM longitudinal model with two inputs, five outputs, and five 

states, can be in the form of: 

The inputs(u) , st ates(x) , outputs(y) variables of the linear longitudinal model 

are defined in Table 2.1, 2.2, 2.3 and 2.4, where 
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Lateral Model For the lateral model, the heading rate $ and lateral displacement 

ylat needs to be regulated. Side-slip angle P,  roll rate p, yaw rate r, and 

track angle x are chosen as output signals for the purpose of control and fault 

diagnosis during an engine failure. As the regulation of lateral deviation, ylat 

is a necessary part of the controller. 

The linear RCAM lateral model with two inputs, five states and five outputs 

can be shown as the same form of Eq. (3.18), 

The inputs(u) , states(x) , outputs(y) variables of the linear lateral model are 

defined in Table 2.1, 2.2, 2.3 and 2.4, where 



Chapter 3 

Adaptive Observer For Actuator 

FDI 

This chapter is concerned with the problem of detecting and isolating the actuator 

faults using an adaptive observer (AO). Two AOs were constructed. One A 0  uses 

system states and inputs, and another one uses only system outputs and inputs for 

diagnosing actuator faults. The construction of this observer is based on the linear 

system. Sufficient conditions for the proposed observer is proved. This makes the 

calculation of the observer gain matrix easier. It is shown that the proposed approach 

is robust in the sense that the residual will only produce an alarm only after a fault 

occurs. 

3. I Introduction 

Many efforts have been made towards observer-based approaches to fault diagnosis. 

[39, 44, 52, 631 For a deterministic system, The basic idea behind this approach is 

to use an observer to estimate system outputs from measurements by employing a 
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Luenberger observer. In this case, output estimation errors can be taken as residuals. 

Once a fault is successfully detected, its location has to be found. This is the 

task of fault isolation and it is very crucial for fault accommodation. More results 

have been reported on fault detection than on fault isolation although fault isolation 

(usually more difficult than fault detection) has not been completely solved refer to 

related references in survey papers by Willsky [36], Iserman [37], Gertler [38], Frank 

[39], Patton [41], and Fank [42] for details. 

To isolate faults, two schemes based on banks of observers have been proposed. 

One is called dedicated observer scheme as proposed by Clark [52]. In this scheme, to 

isolate a fault among N possible faults, N observers generate N residuals and the ith 

residual is only sensitive to the ith fault but decoupled from all other faults. it can 

detect and isolate several faults, robustness against parameter uncertainties but no 

robustness against unknown inputs. The "non-robustness" lies on the fact that only 

one measurement as observer input is used. This scheme can only be used to detect 

and isolate a single fault [13]. 

The other scheme is the generalized observer scheme by Frank [39]. In this latter 

method, N observers generate N residuals. However, the ith residual is sensitive to 

all other faults except the ith fault. Therefore, this scheme provides more freedom in 

the observer design especially to increase the robustness on parameter variations or 

unknown inputs in the system. We have adopted the generalized observer scheme to 

achieve multi faults isolation. 

In observer-based fault detection, a full or reduced order observer is applied for 

the residual generation. Subsequently, fault detection becomes an equivalent state 

space feedback control problem because there are dual relations between the observer 

design and the state feedback control. 



CHAPTER 3. ADAPTIVE OBSERVER FOR ACTUATOR FDI 

Zhang et al. [48] proposed a method which can be used for robust actuator fault 

isolation. To apply this scheme, all states must be available and known. Wang and 

Daley [44] introduced an approach for fault detection and isolation in which faults can 

be represented by the product of an constant unknown parameters matrix and the 

system input. To obtain accurate parameter estimation, the excitation signals may 

be needed. Chen and Saif [43] introduced an adaptive robust actuator fault isolation 

scheme. This scheme can be used either when all states are available or only the 

outputs are available. 

In this chapter, using adaptive observers, constant actuator fault isolation prob- 

lems for a class of linear systems were investigated. Sufficient actuator fault isolation 

conditions are derived for the case that all states are measured and the case that only 

outputs are available. Based on Research Civil Aircraft Model (RCAM), simulation 

examples are given to show the effectiveness of our schemes in aircraft actuator fault 

detection and isolation . 

3.2 Actuator Fault Isolation with Adaptive Ob- 

servers 

In this section, the actuator fault isolation schemes were designed for a class of linear 

systems. Two cases were investigated. One is that all states are available. Another 

case is that only outputs are available. Sufficient conditions for actuator fault isolation 

are given for the two cases. 
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3.2.1 Case I: State Vector is Measurable 

Consider the following linear system, 

where x E Rn is the state vector, u E Rm, the output of actuators, is the input vector. 

The n x m the matrix B is the distribution matrix of the actuators. 

In this chapter, it is assumed that only actuator faults can occur. Define ui( t )  = ui 

for t 2 t j  and lim luj(t) - uil # 0, ui  is a faulty constant output of j th  actuator, 
t-Kn 

where j E 1,2,. . . , m  and uj( t )  is the j th  healthy actuator output. 

Remark 3.2.1 In aircraft control systems, constant actuator faults often occur [47, 

491. 

In this chapter, we consider the following fault detection and isolation problem: 

It is desired to design an observer based scheme to isolate the faulty actuator when 

faults have occurred. 

An adaptive observer based scheme was utilized to isolate the faulty actuator. 

For simplicity, only one single actuator fault at a time is considered. Multiple faulty 

actuators can be treated by extending the proposed method. 

Fault detection can be achieved because all states are available. Fault detection is 

achieved by comparing the actual system state observations to the measured model 

states. If any actual system state is not acting as desired, it can be concluded that 

faults have occurred in the actual system. The remaining question is determine which 

actuator is faulty. 

Since the system (3.1) has m inputs corresponding to m sets of actuators, there 

are m possible fault models for the actuator. Assuming the lth actuator is faulty, the 
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corresponding fault model is: 

where B = (bl 1 . . . I bl 1 . . . I b,) and bl is the column vector of B. 

A bank of observers can be designed for the possible fault models using the fol- 

lowing adaptation techniques, 

where 1 5 i 5 m and eXi = 2i - x, H is a Hurwitz matrix which can be chosen freely, 

and y is a design constant. P is a positive definite matrix which is a solution of the 

following matrix equation: 

where Q is a positive definite matrix. Then, the following results can be found. 

Theorem 2.1: If the lth actuator is faulty, when i = 1 it can be shown: 

lim ex, = 0 
t-+co 

and for i # 1 ,  
- 

f f exi = Hexi + bl(u1 - ul ) - bi(Ui - U i )  

Proof of Theorem 2.1 

For i = 1, from Eqs. (3 .2)  and (3.3): 

f ex, = He,, + blu, 
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Choose a Lyapunov function: 

- ,. 
where u: = u: - ulf. Differentiate Eq. (3.7) with respect to t ,  from Eq. (3.6) 

and (3.3): 

From the above result, it can be shown that 

lim ex, = 0. 
t+m 

For i # 1, the fault model is: 

At this time, the ith observer is: 

Thus, 

exi = f *f Hexi + bl (ul - ul ) - bi (ui - (ui )) 

This completes the proof. * 
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The residuals can be defined as ri(t) = 1 leZi (t)1 l 2  for 1 5 i 5 m. Monitoring all 

residuals, [rl (t), - . . , rl (t), . . , r,(t)], it can be concluded that, if there is a 1, 1 5 1 _< 

m, such that lim rl(t) = 0 with lim ri(t) # 0 for all i # 1, then the lth actuator is 
t+m t+m 

faulty. 

To find when the above condition can be applied, a sufficient condition for the 

actuator isolation is shown as follow: 

Theorem 2.2: If matrix B is of full column rank, fault actuator isolation can be 

achieved by measuring the residuals from Eq. (3.3). 

Proof of Theorem 2.2: From Theorem 2.1, when an actuator fault occurs, the 

residual corresponding to the fault model, rl (t), will go to zero. We need to prove all 

other residual that is i # 1 do not tend to zero. 

For any i # 1, bi and bl are independent because B is of full column rank, which 

'-f is bi (ul - uf ) - bi (tii - ui ) is nonzero for d l  t if UI - uf # 0. Together with 

lim lul - uf 1 # 0, we conclude that 
t+m 

A 

f f lim b1(ul - u ~ )  - b i ( ~ i  - u i )  
t+m 

where i # 1. Thus ri(t) will not go to zero for any i # 1. This completes the 

proof. * 
Remark 3.2.2 Theorem 2.2 presents a sufficient condition for fault isolation. If the 

distribution matrix of the actuators B does not have full column rank, we cannot 

conclude that the fault cannot be isolated. Although the fault may not be isolated 

using this approach, other methods could be used. 

3.2.2 Case 11: Only the Output Vector is Measurable 

Consider the linear system, 
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where x E Rn is the state vector, u E Rm is the input vector, and y E RQ is the 

outputs. In most practical applications, only the output y is available. The methods 

discussed in section 3.2.1 cannot be used because ex is no longer available. 

To design a fault isolation observer, the following assumption is needed, which is 

the same as the assumption for the sliding mode observer utilized in Chapter 4. 

Assumption Al: There exist positive definite matrices P, Q and matrices L, F 

such that 

(A - L C ) ~  P + P(A - LC) = -Q 

PB = C ~ F ~  (3.13) 

To find P, Q, L and D, the algorithm of references [59, ?] can be used. 

In Section 3.2.1, a fault actuator model is given. For the system represented by 

Eq. (3.12), if the lth actuator is faulty, the corresponding fault model is: 

A bank of observers can be designed for the fault models as follows: 

where 1 5 i 5 m, yi = C& and ey, = yi - y = Ce,,, y is a design constant, and P, 

Q, L and F~ = ( f i , . . .  , fm) satisfy Eq. (3.13). 

Theorem 2.3: If the lth actuator is faulty, when i = 1, 

lim ex, = lim ex, = 0. 
t-+w t+w 
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and for all i # 1, 

From the dedicated observer scheme, the residual is defined as ri(t) = 1 leVi(t)1 l 2  
where 1 5 i 5 m. Monitoring all residuals, [rl (t), . . . , rl (t), . . . , r,(t)], it can be 

concluded that, if there exist a 1 (1 5 1 5 m), when the system satisfies lim rl(t) = 0 
t+co 

while lim ri(t) # 0 for all i # 1, the lth actuator is faulty. This completes the fault 
t+co 

isolation of the lth actuator. 

According to the above criterion, a sufficient condition for actuator isolation is 

given bellow: 

Theorem 2.4: If the matrix C B  has full column rank, the fault actuator isolation 

can be achieved by measuring the residuals from the observer described by Eq. (3.15) 

based on Assumption Al. 

Proof of Theorem 2.4: When a fault occurs, we know that ex, will tend to zero. 

The residual corresponding to the fault model, rl(t),  will go to zero too. Define 

T,(s) = C[sI-(A-LC)]-'bi, 1 5 i 5 1. For any i # j ,  T,(s) andTj(s) are independent 

3 because Cbi and Cbj are independent. Then ri(t) = Gl (s)(ul - u:) - Gi(s)(ui - ui ) 

will not tend to zero because ul - Al will not tend to zero. Thus, for all i # 1, ri(t) 

does not tend to zero. This completes the proof. * 

Remark 3.2.3 Theorem 2.4 presents a sufficient condition for fault isolation. The 

condition that C B  has full column rank is a natural extension of the preceding condi- 

tion that B has full rank. If C B  does not have full column rank, we cannot conclude 

that the fault cannot be isolated. The fault may not be isolated using this approach, 

however, other methods could be used. 
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3.3 Simulation results 

In this section, applying the longitudinal and lateral RCAM models, we consider the 

two cases of systems to show the effectiveness of the proposed fault isolation schemes. 

In all simulations, we assume that the actuator has a constant fault at time 4.00 sec.. 

The fault isolation observers run simultaneously with the real systems. 

We consider a system of longitudinal and lateral RCAM models as described in 

Chapter. 2. For convenience, we repeat the models as follows: 

x = Ax+Bu 

3.3.1 Longitudinal Model 

with 
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The longitudinal control objective is to design a feedback controller to make the 

state vector x stay at 

b = [ 0 ,  0.0678, 79.98, 0.861, 3051T 

To realize the above control goal, the following feedback controller is designed: 

where K is chosen such that the closed-loop poles are assigned at 

and uc = (0.1865 0.009)T is a solution of Ab + Bu = 0 .  

If there are no faults, this controller can indeed drive the system state vector to 

b asymptotically. Denoting B = [ B l  B 2 ] ,  K = , it can be verified that both 

A - B l K l  and A - B 2 K 2  are Hurwitz matrices. This is necessary for the case when 

the actuator faults might occur. 

It can be shown that lim x(t)  = 0 if the actuators are healthy. Choose L to assign 
t-bm 

the poles of A - LC at 

For the case that the states are available, set P = I and Q = I ,  then Eq. (3.4) is 

satisfied. 

The observers are designed as follows: 
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and 

For the case that only the output is available, set P = 15x5. Then 

The observers are designed as follows 

and 

It can be verified that Eq. (3.13) is satisfied. The fault isolation observers 

can be designed using the approach of Eq. (3.3). Since AL = A - LC is sym- 

metric, eALt is positive definite for any t. Since B and C has full column rank, 

CeALt has full column rank for any t. From the sufficient condition we derived for 

this case, we conclude that constant actuator fault isolation can be accomplished. 

The fault isolation method has been simulated for the longitudinal model with 

x(0) = (0.0000, 0.0400, -8.5844, 2.9688, -1.8231)~ and other initial values 

are all set to zero, and p = 1. From Figs. 3.1-3.4, it can be seen that the faulty 

residual ri(t) goes to zero while the healthy residual rl(t) does not. 
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Figure 3.1: Actuator 1's fault estimation with full state measurable - longitudinal 
model 
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Figure 3.2: Actuator 2's fault estimation with full state measurable - longitudinal 
model 
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Figure 3.3: Actuator 1's fault estimation with only output measurable - longitudinal 
model 
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Figure 3.4: Actuator 2's fault estimation with only output measurable - longitudinal 
model 
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3.3.2 Lateral Model 

with 

The lateral control objective is to design a feedback controller to make the state 

vector x stay at the neutral position which is b = [O, 0, 0, 0, 0, 0, I T .  The feedback 

gain is chosen as Klat = [-I, -2, -1.5 + 0.52, -1.5 - 0.52, -2.5, -31. The 

observer pole are set at  

It can be verified that the Eqs. (3.4) and (3.13) are satisfied. Set P = I S x 5 ,  then 

0 -0.8400 -0.0180 0 
D =  [ O O ] ,  

-2.0380 0.2900 -0.3300 0.0571 2.0380 0 
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For Case I and 11, the observers can be designed similar to  Section 3.3.1. 

In the simulation, x(0) = [-0.0014, 0.0508, 0.4609, -0.0295, 3.4002, 15.4198IT 

while other initial values are set to zero, and p = 2. From the Figs. 3.5-3.8, the faulty 

residual ri(t) goes to zero while the healthy residual rl(t) does not. Therefore, the 

faulty actuators can be isolated. This agrees with the result from the sufficient con- 

dition. 
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Figure 3.5: Actuator 1's fault estimation with full state measurable - Lateral Model 
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Figure 3.6: Actuator 2's fault estimation with full state measurable - Lateral Model 
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Figure 3.7: Actuator 1's fault estimation with only output measurable - Lateral Model 
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Figure 3.8: Actuator 2's fault estimation with only output measurable - Lateral Model 



Chapter 4 

Sliding Mode Observer for 

Actuator FDI 

In the late 60s, the effect of discontinuous control action on dynarnical systems was 

explored. At that time, the concept of sliding mode appeared in the U.S.S.R. Using 

an appropriate control laws, it was found that "the system states can reach and 

subsequently remain on a predefined surface in state space" [40]. When constrained 

to this surface, the inherent motion (Sliding Motion) is insensitive to any external 

disturbance or system uncertainty. Subsequently, this concept was utilized for state 

estimation by an observer. In this Chapter, the actuator fault isolation problem for 

a class of linear systems is investigated. To isolate actuator faults, we develop a fault 

model, then for each fault model, a Sliding Mode Observer (SMO) is designed. For 

the fault model corresponding to faulty actuators, the SMO can ensure that related 

state estimation error and thus the output estimation error can be made to go to zero. 

It is also shown that, for all other possible fault models, none of SMOs can make the 

related output estimation errors to be zero. We define the residual as the square of 

the magnitude of the output estimation error resulting from all possible fault models. 
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If one residual goes to zero, then it corresponds to faulty actuators, and actuator fault 

isolation is obtained. The use of the SMO has the following two advantages: It can 

deal with any type of bounded actuator faults (constant and non-constant faults); 

and it can provide a method to estimate the faults. The actuator fault isolation 

method was tested on a Research Civil Aircraft Model (RCAM), for which simulation 

results show that it effectively isolates various types of actuator faults. Portions of 

this chapter have been published in reference [60]. 

4.1 Introduction 

When actuator faults are considered in a dynamic system, fault-tolerant control can 

be obtained by reconfiguring the controller to accommodate the actuator faults [30, 

45, 46, 49, 511. However, the results reported in the preceding references do not treat 

fault diagnosis. 

Zhang, et al. [48] proposed a robust isolation scheme which can be used for 

actuator-fault isolation. To use the scheme, all states must be available and the 

unknown parameters, are also assumed to be available. Other references [44] and [47] 

proposed a method for the fault diagnosis that can be modeled by the product of an 

const ant unknown parameters matrix and the system input. Excitation signals may 

be required to obtain accurate parameter estimation. 

In Chen and Saif [56], based on a generalized observer, a bank of adaptive observers 

were used to isolate the actuator faults for both linear and nonlinear systems. Suffi- 

cient conditions were derived to ensure act uator-fault isolation. Due to the limitations 

of the adaptation technique, only constant faults were considered. 

In this chapter, actuator-fault isolation for a class of linear systems with non- 

constant actuator faults is investigated. The faults are estimated while isolating the 
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faults. For this purpose, Sliding Mode Observers (SMO) are designed. Sufficient 

conditions for actuator-fault isolation are obtained as well. 

The rest of this chapter is organized as follows. Section 2 formulates the fault 

isolation problem for a class of linear systems. Fault models are defined in Section 3 

and we design SMOs for which some properties are proved. A sufficient condition for 

actuator fault isolation is derived. In Section 4, the actuator fault isolation method is 

applied to a Research Civil Aircraft Model (RCAM). Simulation results are presented 

for isolating various types of actuator faults. 

4.2 System Description and Problem Formulation 

In this section, a linear model is described and the problem of actuator-fault isolation 

is formulated. Additionally, assumptions are made for the SMO design and fault 

isolation. 

Consider the following linear system 

where x E Rn is the state vector, y E RP is the output vector, and u E Rm is the 

input vector (the output of actuators). Matrix B is called the distribution matrix of 

the actuators. 

It is assumed that only actuator faults occur and no sensor faults are possible. 

Without loss of generality, we assume only a single actuator is faulty at a time. 

The actuator fault isolation problem is formulated as follows. Using the available 

output y, design an sliding mode observer based scheme to isolate a faulty actuator 

after the fault has been detected, and estimate the faults. 
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We shall solve the problem using SMO theory. To obtain actuator fault isolation 

and fault estimation properties, the following assumptions are needed. 

Assumption Al:  B has full column rank. 

Assumption A2: When the 1-th actuator is faulty and the actuator's output is 

u{( t ) ,  it is assumed that lu{(t) 1 5 M ,  where M is a constant and /ul ( t )  - 

u:(t) l # 0- 

Assumption A3: There exist a positive definite matrix P and matrices L and F 

such that 

( A  - L C ) ~ P  + P ( A  - LC) 5 0 

T T  P B = C F  (4.2) 

Remark 4.2.1 Assumption 2 describes the type of actuator faults that can be treated. 

Essentially, it allows any type of bounded actuator faults (including constant faults). 

4.3 SMO With Actuator Fault Isolation and Esti- 

mat ion 

In this section, a bank of SMOs is designed, and some properties of the SMOs are 

proved. A sufficient condition for actuator fault isolation is derived, and a method 

for fault estimation method is proposed. 

4.3.1 Fault models 

If an actuator is faulty, the resulting system from Eq. (4.1) is called a fault model. 

Since there are m actuators and only a single fault is considered, there are m possible 
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fault models, which are described for 1 < i 5 m as follows: 

where B = (bl( . . . (b,) and for 1 < j < m, uj is the desired control effort when the 

j t h  actuator is healthy. 

When all actuators are operating normally, the corresponding system is different 

from Eq. (4.3). When the lth actuator is faulty, then the system reduces to the lth 

fault model, which is different from any other fault models. 

Fault detection can be performed by using the observer 

where L is chosen so that A - LC is a Hurwitz matrix. 

2 Based on Eq. (4.4), a residual for fault detection is defined as ri(t) = (Cgi - gi( , 

where 1 < i < m. If one residual goes to zero with all others does not converge to 

zero, then the faulty actuator can be identified as the one corresponding to its residual 

approaching zero. 

4.3.2 SMO for Fault Models and their Properties 

In the last subsection, we defined m possible fault models. If the Ith actuator is faulty, 

the Eq. (4.1) reduces to the lth fault model as follows: 

The measured output is that of the above fault model. 
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By using the SMO design technique, we can design a bank of observers for all 

possible fault models as follows: 

where Fi is the ith row of F, p is chosen such that p > M, and e, is defined as 

In Eq. (4.6), the matrix equation and inequality have to be solved for P, L and 

F in Eq. (4.2). It can be shown that finding P, L and F in Eq. (4.2) is equivalent to 

solve the following LMIs for P, Y and F. 

where L = -P-'Y. From here the solutions can be found using standard LMI 

algorithms [6 11. 

The designed SMO has the following properties. 

Theorem 4.1 With assumptions A1 -- A3, i f  the lth actuator is faulty, then for 

i = 1, 

limt,,ex, = o (4.8) 
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Proof: For i = 1, H = A - LC. It follows from Eqs. (4.5) and (4.6) that 

Choose a Lyapunov function 

v = (ex, ) T ~ e x l  

And define Q = -(A - LC)TP - P(A - LC). Differentiating the Lyapunov function 

with respect to the time, and using Eq. (4.10) and the Eq. (4.6),derived that 

Because P and Q are positive definite, lex, I tends to zero exponentially. The first part 

of the theorem have been proved. 

For i # 1, it follows from Eqs. (4.5) and (4.6) that 

Because limt,, lul(t)l - ~u{(t)l # 0, and bi and bl are independent (assumption A3), 

Together with Eq. (4.13), this implies that limt,,exi # 0. And the proof is complete. 

TI 
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4.3.3 Actuator Fault Isolation and Estimation 

If the residuals are defined as ri ( t )  = 1 1  eyi ( t )  1 1  for 1 5 i 5 m, then, based on Theorem 

4.1, a sufficient condition for actuator fault isolation is obtained as follows. 

Theorem 4.2 With assumptions A1 N A3, zf any two columns of C B  are indepen- 

dent, then fault actuator isolation can be obtained b y  evaluating the residuals resulting 

from Eq. (4.6). 

Proof: Based on Theorem 4.1, if the lth actuator is faulty, rl( t)  = lie, ( t )  ( I 2  = 

1 1  Ce,, ) I 2  tends to zero. 

Because C in nonsingular, from Theorem 4.1 and for any i # I ,  the residual 

ri(t) = /(e,(t) / I 2  = IICeZi ( I 2  does not always go to zero as on any small time intervals. 

Except for some very special cases, we would have that ri(t)  does not tend to zero for 

any i neql. Because the residual corresponding to a faulty actuator goes to zero while 

the others do not, the faulty actuator can be isolated successfully by monitoring ri(t). 

This completes the proof. 7 

The above theorem guarantees that a bank of SMOs can be used for actuator fault 

isolation. The only difficulty is the realization of the SMOs because of chattering. To 

reduce chattering, a modified SMO is proposed as follows: 

where 6 is very small constant. 

For the fault model corresponding to a faulty actuator, and according to Theorem 

4.1, rl ( t )  = 1 1  eyl ( t )  1 1  should be small if 6 is small, while other residuals ri ( t )  = 1 1  e ,  ( t )  1 1  
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for i # 2 are larger. Therefore, by choosing a suitable threshold, actuator faults can 

be isolated using a bank of modified SMOs. 

Once the lth actuator is identified as faulty, \(ex, ( 1  must be small. If we assume 

that Ile,, I( is also small, and based on (4. lo), a method to estimate the actuator fault 

is as follows. 

where 6: is the estimation of the actuator fault u:. 

4.4 Actuator Fault Isolation on a Research Civil 

Aircraft Model 

4.4.1 Research Civil Aircraft Model 

The Research Civil Aircraft has been discussed in Chapter 2. For convenience, the 

models are repeated as follows: 

0 Longitudinal: 

A l o n g  = 
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with 

The longitudinal control objective is to design a feedback controller to make the 

state vector x stay at 

To realize the above control goal, we utilize the following feedback controller: 

where K is chosen such that the closed-loop poles are assigned at Kim, = 

1 2 -0.5, -0.3, -1.51, and u, = [0.1865, 0 . 0 0 9 1 ~  is a solution of 

A b + B u =  0. 

If there are no faults, this controller can indeed drive the system state vector 

asymptotically to b. Denote B = [Bl B 2 ] ,  K = [::I, it can be verified that, 

both A - B l K l  and A - B 2 K 2  are Hunvitz matrices. This is necessary for the 

case that actuator faults occur. 

Lateral: 

A a t  = 

- - 
-1.270 0.550 0 0 -0.024 0 

0.052 -0.502 0 0 0.005 0 

1.000 0.028 0 0 0 0 

0 1.000 0 0 0 0 

2.270 -79.00 9.970 0 -0.170 0 

0 0 0 0 0 1 - - 

, Biat  = 

- - 
-0.840 0.290 

-0.018 -0.330 

0 0 

0 2.038 

0 0 

0 0 - 

' 
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with 

In similar cases, the lateral feedback gain can be chosen to place closed loop 

poles at 

The observer poles are set at 

4.4.2 SMOs design for the actuator fault isolation and esti- 

mation 

There are two possible fault models for two actuators. Based on these fault models 

and Section 3, two SMOs are obtained as follows: 
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and 

where L = (A- H)CF1, P and Q are positive definite matrices such that H T P + p H  = 

-Q, p is chosen such that p 2 F ,  and eyi = Czi - y = Ce,,. 

If the first actuator is faulty, the fault can be estimated by pl.  Otherwise, it can 

be estimated by p2. 

4.4.3 Simulation Results 

For the longitudinal model, we let H = -215x5, Q = 415x5, and hence P = I .  In 

all simulations, the feedback controller described in Chapter 3 was applied. It is 

assumed that the state vector is very close to b at t = 0 and the first actuator has 

been faulty since t = 1s. Thus, the initial conditions are chosen as x(0) = b and 

X?(O) = xif(0) = [ b l ,  0.999b2, bS, 0.999b4, bs]. 

For the lateral model, we let H = -216x6, Q = 416x6, and hence P = I .  The 

lateral control objective is to design a feedback controller to make the state vector x 

stay at the neutral position which is b = [O, 0, 0, 0, 0, 0, IT. The feedback gain was 

chosen as Kist = [-I, -2, -1.5+0.5i, -1.5-0.52, -2.5, -31. Theobserver 

poles were set at 

In the simulations, x(0) = [-0.0014, 0.0508, 0.4609, -0.0295, 3.4002, 15.4198IT 

and other initial values are set to zero. 

Three kinds of faults are considered. The first one is constant, i.e., u[ = 0.4. The 

The last second one is an incipient fault which is assigned as u[ = e-0.05tul (t) + m. 
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one is due to the loss of effectiveness, i.e. u! = 0 . 5 ~ ~  (t).  The corresponding simulation 

results for RCAM longitudinal and lateral models are plotted in Figure 4.1 to Figure 

4.12. In Figures 4.1, 4.3, 4.5 and 4.7, 4.9, 4.11 the residuals corresponding to the first 

actuator and the estimation of the fault are depicted. In Figures 4.2, 4.4, 4.6 and 

4.8, 4.10, 4.12, the residuals corresponding to the second actuator are plotted. In the 

remaining figures, the healthy actuator estimation is plotted twice. One plot has a 

normal scale, the other is a logarithmic scale. From each of figures, we see that one 

residual approaches zero as t increases. However, the other residual remains nonzero 

as t increases. This observation shows that all three faults can be isolated successfully. 

The three actuator faults are estimated accurately within one or two seconds. 
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Figure 4.1: Actuator 1's fault estimation with constant fault - longitudinal model 
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Figure 4.2: Actuator 2's fault estimation with constant fault - longitudinal model 
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Figure 4.3: Actuator 1's fault estimation with incipient fault - longitudinal model 
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Figure 4.4: Actuator 2's fault estimation with incipient fault - longitudinal model 
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Figure 4.5: Actuator 1's fault estimation with loss-of-effectiveness fault - longitudinal 
model 
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Figure 4.6: Actuator 2's fault estimation with loss-of-effectiveness fault - longitudinal 
model 



CHAPTER 4. SLIDING MODE OBSERVER FOR ACTUATOR FDI 

Ti me (s) 

. . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . .  .: . . . . . . .  :. .--- . . 

Figure 4.7: Actuator 1's fault estimation with constant fault - lateral model 
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Figure 4.8: Actuator 2's fault estimation with constant fault - lateral model 
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Figure 4.9: Actuator 1's fault estimation with incipient fault - lateral model 
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Figure 4.10: Actuator 2's fault estimation with incipient fault - lateral model 
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Figure 4.11: Actuator 1's fault estimation with loss-of-effectiveness fault - lateral 
model 
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Figure 4.12: Actuator 2's fault estimation with loss-of-effectiveiiess fault - lateral 
model 



Chapter 5 

Conclusions and Further Work 

5.1 Conclusions 

Adaptive observers and sliding mode observers (SMO) based fault diagnosis schemes 

were designed and tested on Research Civil Aircraft Model for the purpose of fault 

diagnosis. The main contribution of this thesis is the design of the adaptive observers 

and sliding mode observers that have been used to detect, isolate and estimate the 

actuator faults. 

The widely used methods for fault diagnosis are observer based as demonstrated 

in the thesis. The basic idea behind the utilization of observers for fault diagnosis 

is to estimate the system's states and the system's outputs from measurements by 

using observers. Residuals are then constructed by weighted output estimations. The 

residuals are then used for FDI purposes. 

In Chapter 3, actuator fault isolation scheme based on adaptive observers for linear 

systems with measurable all states and with measurable only outputs is considered. 

Sufficient conditions for actuator fault isolation are derived. The adaptive observer 
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constructed according to  the linear system can achieve both fault detection and esti- 

mation. The simulation results verify that the adaptive observer can efficiently detect 

and estimate actuator faults in the aircraft systems. 

the adaptive observer based scheme was proved to work well for constant actuator 

fault detection, isolation and estimation. One disadvantage of adaptive observer based 

scheme is that it can only detect and isolate constant faults. 

In practice, various types of faults may occur. To deal with non constant faults, 

sliding mode observer based schemes were proposed. This approach can detect, isolate, 

and estimate both constant and time-varying faults. 

The SMO, proposed in Chapter 4, is a robust observer that can eliminate the 

effects of disturbances on the estimation error dynamics. That is, it can detect the 

occurrence of a fault by suppressing the disturbance. 

The attractive feature of the SMO is that it can detect relatively small faults, and 

also supply the operation with fault estimations so that we can estimate the size and 

severity of the faults. 

Actuator fault estimation, isolation and identification can provide valuable infor- 

mation to accommodate actuator faults in aircraft system and achieve the goal of 

maintaining the aircraft functioning. 

Suggestions for Further Work 

The main contributions of this work have been demonstrated. Furthermore, there 

are a few future works need to be done. Extensions of the scheme to systems with 

disturbances, and further to nonlinear systems are the future research topics. 

Disturbance The working condition of the aircraft and its actuators are very chal- 

lenging. The temperature varies from -70 degree Celsius to as high as several 
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hundreds degrees inside the engine. The temperature change could generate 

disturbance to the behavior of the actuator. The loading changes and gust 

may introduce other disturbances. To design a robust observer to estimate, 

isolate and identify the fault from the disturbance is a major topic that can be 

investigated. 

Nonlinear system FDI In practice, many systems possesses nonlinear properties. 

To design the FDI system, linearized model method may not give satisfactory 

result due to mismatch between linear model and nonlinear behavior. There- 

fore, future investigations are needed to extended the application to nonlinear 

systems. 
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