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Series Editors’ Foreword

The series Advances in Industrial Control aims to report and encourage technol-
ogy transfer in control engineering. The rapid development of control technology
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 development work resides in in-
dustrial reports, feasibility study papers and the reports of advanced collaborative
projects. The series offers an opportunity for researchers to present an extended ex-
position of such new work in all aspects of industrial control for wider and rapid
dissemination.

In this Advances in Industrial Control monograph the authors, Halim Alwi,
Christopher Edwards and Chee Pin Tan, remark that “In the last five decades, control
system methodologies have evolved. .. into sophisticated and advanced electronic
devices for controlling high performance and highly unstable systems... Some of
these control methodologies. .. have found success in industry with a wide range of
applications. Other control methodologies have not so readily been accepted by in-
dustry.” One such technique that has not been so readily accepted is “sliding mode
control” and it is this method that is at the heart of this new monograph. In fact,
looking back over the Advances in Industrial Control monograph series (a series of
over a hundred volumes from the series inception in 1991), we were surprised to
find that this is the very first monograph on the sliding mode control method in the
series!

In many ways, this monograph demonstrates the true theoretical and applica-
tions depth to which the sliding mode control paradigm has been developed today.
It has three very strong themes: control design, theoretical extensions and indus-
trial applications. For sliding mode control, Chap. 3 carefully builds up the reader’s
understanding of the design method. This is presented in structured steps using a
number of simulation examples, which can easily be replicated and experienced by
the reader. The phenomenon of “chattering” is exhibited and how easy it is to over-
come is demonstrated. Of the extensions, there are many; however, there are two
themes here. One theme is the development of technical tools like a sliding mode
observer and its properties (Chaps. 4 and 5). The second theme is the use of sliding

ix



X Series Editors’ Foreword

mode control in fault-tolerant control (FTC) and fault detection and isolation (FDI).
There is an excellent overview of the FTC and FDI issues in Chap. 2 and then a
number of Chaps. 6, 7, 8, 9, and 10 follow up these issues.

The third strong theme in the monograph is the application of the authors’
schemes to computer simulations, test rigs and ultimately, an advanced flight sim-
ulator. The primary application area pursued in the monograph is the control of
large passenger and cargo aircraft under extreme safety-critical conditions. These
aircraft control problems supply a theme that is threaded through the monograph as
it progresses. Most impressive are the two chapters at the end of the monograph de-
scribing a sliding mode control allocation scheme (Chap. 11) developed for testing
on a high-fidelity 6 DOF research flight simulator, SIMONA (SImulation MOtion
NAvigation) based at Delft University of Technology, The Netherlands, and a sub-
sequent set of simulated recreations (Chap. 12) of the accident that occurred to the
ELAL Flight 1862 known as the Bijlmereer Incident in which a cargo aircraft suf-
fered the catastrophic loss of two engines from the same wing along with additional
wing damage. The objective of the simulations was to demonstrate the potential
of the new sliding mode control algorithm to assist in this type of situation. These
simulation tests included trials using experienced pilots to obtain an independent
assessment of the capabilities of the algorithm. This sort of research demonstrates
industrial control engineering at its very best.

Other examples and demonstrations in the monograph include VTOL aircraft
computer simulations, a laboratory-scale crane system and a d.c. motor system; all
examples that give the monograph a real connection to problems of industrial control
engineering.

As a first monograph on the methods of sliding mode control in the Advances in
Industrial Control series, this is a very substantial and impressive contribution. Its
mixture of the theoretical and the practical should appeal to a wide range of readers,
from both the academic and industrial control engineering communities. The Editors
are very pleased to have this monograph enter the series as it well demonstrates
and offers the real prospects of advances in industrial control using a potentially
undervalued control technique, that of the sliding mode method.

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

2010



Preface

In safety critical systems, there is an inherent requirement that, overall, some level
of possibly degraded performance must be maintained even in the event of serious
faults or failures occurring within the system. The ability to deal with situations
in which faults and failures occur, was originally termed ‘self repairing control’.
However, it is now more commonly referred to by the moniker ‘fault tolerant con-
trol’. The aerospace industry has often been the driver and focus of such research.
As recent crashes in London and in Madrid demonstrate, malfunctions, however
statistically unlikely, still occur in civil aviation contexts, and the prevention of sig-
nificant loss of life depends almost solely on the correct judgement and skill of the
pilot. Generally speaking fault tolerant control (FTC) schemes are classified as ei-
ther passive or active. Passive schemes operate independently of any fault informa-
tion and basically exploit the robustness of the underlying control paradigm. Such
schemes are usually less complex, but are conservative, in order to cope with ‘worst
case’ fault effects. Active fault tolerant controllers react to the occurrence of faults,
typically by using information from a fault detection and isolation (FDI) scheme,
and they invoke some form of reconfiguration. This represents a more flexible ar-
chitecture. Early publications focussed on so-called projection methods whereby, if
a particular fault was detected and identified, a corresponding control law from a
pre-specified and pre-computed set of controllers was selected and switched online.
Subsequent methods have tended to focus on online adaptation or online controller
synthesis. Reconfiguration is usually necessary in the event of severe faults such as
total failures in actuators/sensors. For example, if a sensor or actuator fails totally, no
adaptation within that feedback loop can recover performance without modification
to the choice of actuators and sensors coupled via the controller (i.e., reconfigura-
tion). Fault tolerant control may be considered to be at the intersection of a number
of research fields, and is essentially an open problem. Unsurprisingly many robust
control paradigms have been used as the basis for fault tolerant controllers. The pos-
sibilities of exploiting the inherent robustness properties of sliding modes for fault
tolerance have previously been explored for aerospace applications and the work in
[128] argued that sliding mode control has the potential to become an alternative to
reconfigurable control.

xi
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Observer-based methods are the most popular form of model-based fault detec-
tion filter. Typically (in linear observer schemes) the output estimation error formed
as the difference between the measured plant output and the output of the observer, is
scaled to form a residual. During fault-free operation, this residual should be ‘zero’
but should become ‘large’ and act as an alarm in the presence of a fault. A strand of
work pioneered by the authors has been the development of sliding mode observers
for fault estimation. This is achieved by appropriate scaling and filtering of the so-
called ‘equivalent output error injection’, which represents the average value the
nonlinear output error injection term has to take to maintain a sliding motion. This
is a unique property of sliding mode observers and emanates from the fact that the
introduction of a sliding motion forces the outputs of the observer to exactly track
the plant measurements. Even in the presence of actuator faults, the sliding mode
forces the outputs of the observer to perfectly track the measurements, and accurate
estimation of the states is still possible. The fault reconstruction signal is not com-
puted from a residual calculation based on the output estimation error (which will
be zero during the sliding motion), but from the equivalent output error injection
signal. Consequently accurate state estimation and fault estimation can be, in prin-
ciple, achieved simultaneously from a single (sliding mode) observer. This is quite
different to the situation in the case of traditional linear observer designs for FDI
which require a trade-off between robustness with respect to the state estimation,
and fault sensitivity for detection using output error based residuals. Robust state
estimation, whilst retaining fault sensitivity, is a property unique to sliding mode
observers.

The book will cover the theoretical development and implementation of sliding
mode schemes for fault tolerant control. A key development in this book considers
sliding mode control allocation schemes for fault tolerant control based on integral
action and a model reference framework. Unlike many control allocation schemes
in the literature, one of the main contributions described in this book is the use
of actuator effectiveness levels to redistribute the control signals to the remaining
healthy actuators when faults/failures occur. A rigorous stability analysis and de-
sign procedure is developed from a theoretical perspective for this scheme. A fixed
control allocation structure is also rigorously analyzed in the situation when infor-
mation on actuator effectiveness levels is not available. The proposed scheme shows
that faults and even certain total actuator failures can be handled directly without
reconfiguring the controller. The later chapters of the book present the results ob-
tained from real-time hardware implementations of the controllers on the 6-DOF
SIMONA flight simulator at Delft University as part of the GARTEUR AG16 pro-
gramme.

Chapter 1 gives an overview of the recent developments in the area of fault de-
tection and fault tolerance control. It is intended to provide motivation for the theo-
retical developments which follow in the subsequent chapters.

Chapter 2 begins with the definition of the terms fault and failure and briefly
discusses the different types of faults and failures which can occur in actuators and
sensors—with specific aircraft examples. The chapter introduces the concept of fault
tolerant control and gives a general overview of the different FTC and FDI research
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fields. The main concepts and strategies behind some of the FTC and FDI schemes
in the literature, as well as their advantages and drawbacks, are also discussed.

Chapter 3 gives a brief introduction to the concept of sliding mode control and
examines its properties. This chapter also highlights the benefits of sliding modes
when applied to the fields of FTC and FDI. A simple pendulum example is used
to introduce the concept. The unit-vector approach for multi—input systems, sliding
surface design and tracking requirements (integral action and model reference based
tracking) are also discussed. Chapter 3 ends with some discussions on the benefits
and motivation for sliding mode control in the fields of FTC and FDI.

Chapter 4 considers sliding modes applied to the problem of observer design.
A historical development is outlined leading to the description of a specific class of
sliding mode observer which will be used throughout the book. It will be shown how
the unique properties associated with the so-called equivalent injection signal nec-
essary to maintain sliding can be exploited to reconstruct actuator and sensor faults
modelled as additive perturbations to the inputs and the outputs of the plant. Design
methodologies based on Linear Matrix Inequalities (LMIs) are presented. These ap-
proaches exploit all the available degrees of freedom associated with the choice of
the observer gains. The chapter describes sliding mode observers which can recon-
struct faults and yet be robust to disturbances/uncertainties which may corrupt the
quality of the reconstructions resulting from mismatches between the model about
which the observer is designed and the real system. Initially, the design method is
formulated for the case of actuator faults. A comparison is also made between the
sliding mode observer schemes developed in the chapter and more traditional linear
unknown input observers which are prevalent in the literature.

Chapter 5 examines the assumptions that must be made for the observer schemes
described in Chap. 4 to be applicable. (These amount to relative degree one mini-
mum phase limitations on the transfer function matrices relating the unknown fault
signals to the measurements.) This chapter explores ways of obviating these lim-
itations, at the expense of creating cascaded observer structures. The components
of the cascade will be observer formulations taken from Chap. 4, and explicit con-
structive algorithms will be given to ensure the overall scheme can still accurately
estimate actuator faults in the case where the relative degree between the faults and
the measurements is greater than or equal to two. The advantages these schemes
offer over traditional linear methods (particularly UIOs) will be demonstrated.

Chapter 6 will focus specifically on sensor faults. Different formulations will be
considered in which the measured output signals are filtered to yield ‘fictitious sys-
tems’ in which sensor faults appear as ‘actuator faults’. Consequently, the actuator
fault reconstruction ideas from the previous chapters can then be applied to the fic-
titious system to reconstruct the sensor fault. The results will also be extended to
the case of unstable plants which result in nonminimum phase configurations post-
filtering.

Chapter 7 considers the real-time implementation of the sensor fault reconstruc-
tion schemes (for FDI and FTC) from Chap. 6 on a laboratory crane and a small DC
motor rig. These rigs provide cheap, safe and practical demonstrators for the ideas
presented in Chap. 6. The data collection and (subsequent) controller implemen-
tation has been achieved using MATLAB® and dSPACE®. Estimates of the sensor
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faults, obtained from online sliding mode FDI schemes have been used to correct
the measured outputs from the sensors. The ‘virtual sensors’ have been used in the
control algorithm to form the output tracking error signal which is processed to
generate the fault tolerant control signal.

Chapter 8 presents a new sliding mode scheme for reconfigurable control. The
controller is based on a state-feedback scheme where the nonlinear unit-vector term
is allowed to adaptively increase when the onset of a fault is detected. The scheme
is applied to a benchmark aircraft problem. In comparison to other fault tolerant
controllers which have been previously implemented on this model, the controllers
proposed in this book are simple and yet are shown to work across the entire ‘up
and away’ flight envelope. Excellent rejection of a certain class of actuator faults is
shown. However, the proposed controller cannot directly cope with the total failure
of an actuator. In the second half of the chapter, the use of sensor fault reconstruc-
tion methods to correct faulty measurements prior to the control law calculations,
hence effecting fault tolerant control, is demonstrated. Here, a formal closed-loop
analysis is made of the resulting schemes. An example of such a method applied to
a benchmark aircraft problem is described.

Chapter 9 proposes an online sliding mode control allocation scheme for fault
tolerant control. The effectiveness level of the actuators is used by the control allo-
cation scheme to redistribute the control signals to the remaining actuators when a
fault or failure occurs. The chapter provides an analysis of the sliding mode control
allocation scheme and determines the nonlinear gain required to maintain sliding.
The allocation scheme shows that faults and even certain total actuator failures can
be handled directly without reconfiguring the controller.

Chapter 10 describes an adaptive model reference sliding mode fault tolerant
control scheme with online control allocation. As in Chap. 9, the control allocation
scheme uses the effectiveness level of the actuators to redistribute the control signals
to the remaining actuators when a fault or failure occurs. Meanwhile, the adaptive
nonlinear gain and reference model provide online tuning for the controller. This
chapter provides a rigorous stability analysis for the model reference scheme. The
scheme has been tested on a linearisation of the ADMIRE aircraft model to convey
the ideas associated with the proposed scheme and shows that various faults and
even total actuator failures can be handled.

Chapter 11 describes the implementation of the sliding mode allocation schemes
from Chap. 9 on the 6-DOF research flight simulator SIMONA at Delft University
of Technology, the Netherlands. The controller from Chap. 9 is implemented in ‘C’
and runs on the ‘flight control’ computer associated with SIMONA. Real-time im-
plementation issues are discussed and a range of fault scenarios from the GARTEUR
AG16 benchmark are tested and discussed.

Chapter 12 presents the ELAL flight 1862 (Bijlmermeer incident) scenario—
which is one of the case studies of GARTEUR AG16. The results presented in this
chapter demonstrate the outcome of the ‘flight testing’ campaign and the GAR-
TEUR AG16 final workshop at Delft University of Technology in November 2007.
The results represent the successful real-time implementation of a sliding mode con-
troller on SIMONA with experienced test pilots flying and evaluating the controller.
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Finally, Chap. 13 makes some concluding remarks and offers suggestions for
future work.

Leicester, UK Halim Alwi
Leicester, UK Christopher Edwards
Bandar Sunway, Malaysia Chee Pin Tan
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Chapter 1
Introduction

In the last five decades, control system methodologies have evolved from simple
mechanical feedback structures into sophisticated and advanced electronic devices
for controlling high performance and highly unstable systems which optimise cost
and control effort. Some of these control methodologies, for example the ‘three
term’ PID (Proportion, Integral and Derivative) controller [12] and the Kalman filter
[237, 268], have found success in industry with a wide range of applications. Other
sophisticated control methodologies have not so readily been accepted by industry.

Some of the strategies that have received a good deal of attention in the last
couple of decades are multivariable robust and adaptive control methods (see for
example [175, 216, 228, 297]). This is motivated by the need to optimise the perfor-
mance of safety critical systems such as aircraft, chemical plants and nuclear power
plants, which require the control systems to deal with wide changes in the operating
conditions of the plant. However some unexpected scenarios or unusual events in
the system mean the designed controller is sometimes simply ‘overwhelmed’ and a
loss of performance and stability might occur. Examples of these unexpected sce-
narios are faults, failures or system ‘damage’, which are typically not considered in
the controller design process.

The problem of achieving some level of performance and stability in the case
when these unexpected scenarios occur, especially for safety critical systems (e.g.,
chemical and nuclear power plants) and expensive autonomous systems (e.g., satel-
lites and underwater remote operating vehicles (ROV)) requires a different strategy
rather than just having a robust or adaptive controller (which only guarantees stabil-
ity and performance for perturbations in the nominal plant). An example of a system
which requires such a control strategy is the problem of increasing the survivability
of an aircraft when faults or failures to the actuators/sensors or structural damage
occurs during a flight. In such a situation the aircraft requires some ‘emergency’
strategy to allow the pilot to safely land the aircraft. This challenge has motivated a
strategy widely known in the literature as fault tolerant control (FTC).

Many different control paradigms have been applied to the problem of FTC. Ex-
amples of some of the existing control approaches can be found in Table 1.1, whilst
Table 1.2 shows different systems that FTC has been applied to. In this book, the ad-

H. Alwi et al., Fault Detection and Fault-Tolerant Control Using Sliding Modes, 1
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2 1 Introduction

Table 1.1 An example of existing approaches in FTC (adapted from [294])

Design approaches References

Model-reference adaptive control [142, 143, 230, 292]

Adaptive control [14, 76, 143]

Multiple model switching and tuning [10, 30, 41, 109, 111, 148, 195, 196, 253]
Interactive multiple model [149, 170, 214, 284, 290]

Gain scheduling [165]

Linear parameter varying systems [16, 105, 182, 185, 215, 223, 224, 273]
Model predictive control [176-178, 220]

Pseudo-inverse method [106, 132, 187, 206, 284]

Control allocation [29, 31, 37-39, 63, 89, 122, 127, 222]
Dynamic Inversion [137, 138, 144, 172, 249, 250]

Robust control e.g., Heo [178, 228]

Sliding mode control [85, 127, 256]

Table 1.2 An example of applications of FTC and FDI (adapted from [294])

Applications References

Aircraft [16,40-44, 105, 185, 230, 233, 253]
Spacecraft [68, 108, 137]

Automotive [115, 154]

Engine and propulsion control [40, 155, 202, 253]
Chemical/petrochemical plants [176]

Robots [198]

vantages of FTC will be demonstrated on aircraft systems as an example of a safety
critical plant.

1.1 Motivation for Fault Tolerant Control Systems

The safety of aircraft passengers has been and will continue to be an important issue
in the commercial aviation industry. Figures 1.1 and 1.2 represent some recent civil
aviation safety statistics. Although the number of flights has doubled since 1980, the
number of fatal accidents has been maintained over the years, and in fact decreased
during the period from 1999-2003 [1]. This is contributed to by many factors, such
as the stringent safety measures imposed on the aircraft and the implementation of
important safety technology. Furthermore, all pilots undergo extensive training to
help them to react to unforeseen difficulties which may arise during a flight. Fig-
ure 1.2 shows that ‘controlled flight into terrain’ (CFIT) and ‘loss of control in
flight’ are the two most important occurrences and involve the most fatalities [1].
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collision with aircraft I 37 ¢ 636

other I 2> * 3718

Fig. 1.2 Type of occurrences and fatalities (figure from [1])

Loss of control during flight is one of the motivating factors for fault tolerant con-
trol: the idea is to increase the ‘flyability’ of aircraft in the event of faults, failures
or airframe damage. Learning from previous incidents, where pilots successfully
landed crippled aircraft—such as Flight 232 in Sioux City, Iowa 1989,! the Kalita
Air freighter in Detroit, Michigan, October 2004 (Fig. 1.4)? and the DHL freighter
incident in Baghdad, November 2003 (Fig. 1.3)>—suggests that in many cases, the
damaged aircraft is still ‘flyable’, with sufficient functionality to allow the pilot to
safely land the aircraft.

It has been argued that with pilot skill and a fault tolerant control system, several
accidents could have been avoided. For example, a recent report [40, 253] described
a NASA experiment in which, by clever manipulation of thrust (in the event of to-
tal hydraulic loss), it was possible to land the ‘crippled’ plane. Pilot reviews and
comments after the flight test indicate that fault tolerant control did help the pilot
control the crippled plane when compared to pilot control alone [40, 253]. Although
the work by NASA on propulsion controlled aircraft successfully handles total hy-
draulic loss, it is not sufficient to solve the general problem of fault tolerant control
for aircraft, especially when other control surfaces are still functional or when deal-
ing with structural damage and aerodynamic change (which for example occurred

IFlight 232 suffered tail engine failure causing total loss of hydraulics [41, 109].
2The freighter shed engine No. 1, but the crew managed to land safely.
3The A300B4 was hit by a missile and lost all hydraulics, but landed safely [41].
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Fig. 1.3 DHL A300B4 emergency landing after being hit by missile in Baghdad, 2003
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Fig. 1.4 Kalita Air emergency landing after losing one engine, 2004
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in the ELAL flight 1862 Bijlmermeer incident [8]) or when dealing with control
surface jams or runaways (for example flight 427, near Aliquippa, Pennsylvania in
1994 [9]).

1.2 Sliding Modes for FTC and FDI

Generally speaking, fault tolerant control (FTC) schemes are classified as either
passive or active. Passive schemes operate independently of any fault information
and basically exploit the robustness of the underlying controller. Such schemes are
usually less complex, but in order to cope with ‘worst case’ fault effects, are con-
servative. Active fault tolerant controllers react to the occurrence of faults, typically
by using information from a fault detection and isolation (FDI) scheme, and in-
voke some form of reconfiguration. This represents a more flexible architecture.
Early publications focussed on so-called projection methods whereby if a partic-
ular fault was detected and identified, a corresponding control law from a pre-
specified and pre-computed set of controllers, was selected and switched online.
Subsequent methods have tended to focus on online adaption or online controller
synthesis. Reconfiguration is usually necessary in the event of severe faults such as
total failures in actuators/sensors. For example, if a sensor or actuator fails totally,
no adaptation within that feedback loop can recover performance without modifi-
cation to the choice of actuators and sensors coupled via the controller (i.e., re-
configuration). Fault tolerant control may be considered to be at the intersection
of a number of research fields, and is essentially an open problem. Unsurpris-
ingly many robust control paradigms have been used as the basis for fault toler-
ant controllers. These include LQR, adaptive, Hso, QFT, model-following, neural
networks, pseudo-inverse methods, Nonlinear Dynamic Inversion (NDI), multiple
model approaches and MPC (see Table 1.1).

The possibilities of exploiting the inherent robustness properties of sliding modes
for fault tolerance has previously been explored for aerospace applications and the
work in [127] argued that sliding mode control has the potential to become an alter-
native to reconfigurable control. This is due to the inherent robustness properties of
sliding modes to a certain class of uncertainty, including its ability to directly handle
actuator faults without requiring the fault to be detected and without requiring con-
troller reconfiguration. Despite its robustness property in handling actuator faults,
sliding mode control (as with most other controllers) cannot handle total actuator
failures. Some of the current research attempting to solve this problem has assumed
that exact replication of the failed actuator is available [58]. However this is only
applicable to a few over actuated systems. This is one aspect that will be explored
in this book.

Observer-based methods are the most popular form of model-based fault detec-
tion filter. Typically (in linear observer schemes) the output estimation error, formed
as the difference between the measured plant output and the output of the observer, is
scaled to form a residual. During fault-free operation, this residual should be ‘zero’
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but should become ‘large’ and act as an alarm in the presence of a fault. Many dif-
ferent design approaches have been employed: see for example [51, 69]. A strand of
work by the authors has been the development of sliding mode observers for fault
estimation [83]. This is achieved by appropriate scaling and filtering of the so-called
‘equivalent output error injection’, which represents the average value the nonlin-
ear output error injection term has to take to maintain a sliding motion. This is a
unique property of sliding mode observers and emanates from the fact that the in-
troduction of a sliding motion forces the outputs of the observer to exactly track the
plant measurements [83]. The results described in [86] indicate that sliding mode
schemes perform better in several of the fault scenarios, and always at least as well
as the other methods, when demonstrated on a well-known ship propulsion system
benchmark [139]. Even in the presence of actuator faults, the sliding mode forces the
outputs of the observer to perfectly track the measurements, and accurate estimation
of the states is still possible. The fault reconstruction signal is not computed from a
residual calculation based on the output estimation error (which will be zero during
the sliding motion), but from the equivalent output error injection signal. Conse-
quently accurate state estimation and fault estimation can be, in principle, achieved
simultaneously from a single sliding mode observer. This is quite different from the
situation in the case of traditional linear observer designs for FDI which require a
trade-off between robustness with respect to the state estimation, and fault sensitiv-
ity for detection using output error based residuals. The exploitation of these unique
properties of sliding mode observers for FDI will be covered in detail in this book.



Chapter 2
Fault Tolerant Control and Fault Detection
and Isolation

When a fault occurs in a system, the main problem to be addressed is to raise an
alarm, ideally diagnose what fault has occurred, and then decide how to deal with
it. The problem of detecting a fault, finding the source/location and then taking
appropriate action is the basis of fault tolerant control.

In this chapter, an introduction to fault tolerant control (FTC) and fault detection
and isolation (FDI) will be presented. The chapter will start with some definitions
and will describe different types of faults and failures which can occur in actuators
and sensors. Later, different types of fault tolerant controllers and FDI schemes will
be presented and discussed.

2.1 Faults and Failures

First, the terms fault and failure will be defined. The definition provided in this book
is in compliance with the definitions given by the IFAC SAFEPROCESS technical
committee (as given in [136]) which were developed to set a standard [51] in this
area in order to avoid confusion among researchers. This will also enable the con-
cept of fault tolerant control (FTC) to be specified in terms of faults and/or failures
later in the chapter. The IFAC technical committee, as outlined in [136], makes the
following definitions:

Sault: an unpermitted deviation of at least one characteristic property or parameter of the
system from the acceptable/usual/standard condition.

failure: a permanent interruption of a system’s ability to perform a required function under
specified operating conditions.

Clearly, a failure is a condition which is much more severe than a fault. When
a fault occurs in an actuator for example, the actuator is still usable but may have
a slower response or become less effective. But when a failure occurs, a totally
different actuator is needed to be able to produce the desired effect.

In aircraft systems, there are some distinct types of actuator failure, the three most
common are shown in Fig. 2.1. A lock failure is a failure condition when an actuator

H. Alwi et al., Fault Detection and Fault-Tolerant Control Using Sliding Modes, 7
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Fig. 2.1 Type of fault and
failures on actuator (figure
adapted from [32])

actual

desired . desired
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(a) Lock in place (b) Float

maximum limit

maximum rate

ty time (s)

(c) Hardover (d) Loss of effectiveness

becomes stuck and immovable. This might be caused by a mechanical jam, due to
lack of lubrication for example. This type of failure is considered in [53, 92, 105,
111, 292] and occurred in documented incidents such as flight 1080 (Lockheed L-
1011, San Diego, 1977) [41] where one of the horizontal stabilisers jammed in the
full trailing edge-up position; and flight 96 (DC-10, Windsor, Ontario, 1972) [41]
where the rudder jammed with an offset.

A float failure is a failure condition whereby the control surface moves freely
without providing any moment to the aircraft. An example of a float failure is the
loss of hydraulic fluid. Examples of research considering float type failures are
[42, 92, 105], and it has occurred in incidents such as Flight 123 (B-747, Japan,
1985) and DHL A300B4 (A300, Baghdad, 2003) [41] resulting from a total loss of
hydraulics.

One of the most catastrophic types of failure is runaway/hardover. In a runaway
situation the control surface will move at its maximum rate limit until it reaches its
maximum position limit or its blowdown limit.! For example, a rudder runaway can
occur when there is an electronic component failure which causes an uncommanded
large signal to be sent to the actuators causing the rudder to be deflected at its max-
imum rate to its maximum deflection at low speed (or its blowdown limit at high

A blowdown limit is an aerodynamic limit of the control surface deflection at a specified speed
which overpowers the movement of the actuator. The blowdown limits might not be the maximum
physical deflection of the control surface. Any deflection above the blowdown limit can cause
structural damage [240] as it imposes the maximum physical and structural limit the control surface
and the surrounding structure can have.
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Fig. 2.2 Type of fault and failures on sensor (figure adapted from [32])

speed). This type of failure is considered in [234] and occurred in incidents such
as Flight 85 (B-747, Anchorage, Alaska, 2002) [41] (which suffered a lower rudder
runaway to full left deflection, causing the airplane to roll excessively) and flight
427 (B-737, Near Aliquippa, Pennsylvania, 1994) [9] (which suffered from a rudder
runaway to its blowdown limits).

Note that the above faults and failures are related to the aircraft’s control surfaces.
Another type of fault that occurs in aircraft, is structural damage. Structural damage
may change the operating conditions of the aircraft due to changes in the aerody-
namic coefficients or a change in the centre of gravity. This constitutes a change
to the dynamics of the system. Examples of failures that cause structural damage
are wing battle damage [30], detachment of control surfaces, for example the rud-
der (flight 961, A310, Varadero, Cuba, 2005) [3] or engines (flight 1862, B-747,
Amsterdam, 1992) [235], or detachments of some body parts of the aircraft e.g.,
the vertical fin/stabiliser (Flight 123, B-747, Japan, 1985) [41, 109] and (flight 587,
A300, New York, 2001) [41], wing (DHL A300B4, A300, Baghdad, 2003) [41],
fuselage skin or cargo doors (flight 981, DC-10, Paris, 1974) [41].

Figure 2.2 describes some typical sensor faults in aircraft. Bias is a constant
offset/error between the actual and measured signals. Sensor drift is a condition
whereby the measurement errors increase over time (and might be due to loss of
sensitivity of the sensor). Loss of accuracy occurs when the measurements never
reflect the true values of the quantities being measured. Freezing of sensor signals
result in the sensor providing a constant value instead of the true value. Finally,
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a calibration error is a wrong representation of the actual physical meaning of the
quantity being measured from the electrical or electronic signals that emerge from
the sensor unit itself.> Sensor faults/failures can occur due to malfunctions in the
components in the sensor unit, loose mounting of the sensors and loss of accuracy
due to wear and tear. An example of an incident resulting from sensor failures oc-
curred in flight 124 (B-777, Perth, 2005) [2] which caused a flight control upset and
contributed to the violent behaviour of the aircraft which necessitated the auto pilot
and navigation unit being switched off.

It is interesting to mention that faults/failures can also be categorised in terms of
time [247]. Abrupt faults or failures exhibit sudden and unexpected changes and are
usually easily noticed by the pilot. An example of an abrupt failure is an actuator
jam, or a hardover. Incipient faults, for example a slow drift in a sensor, are more
subtle and the effect is not so obvious. However, incipient faults if left unattended
for a long period of time might degrade the required performance of the system
and might lead to abrupt and catastrophic failures. Incipient faults can be caused by
operational wear and tear as the effect is negligible but becomes gradually worse
before it fails abruptly.

2.2 Fault Tolerant Control: General Overview

In the literature, most of the motivation and research work in fault tolerant con-
trol involves solving problems encountered in safety critical systems such as air-
craft. Applications can also be found in other systems, for example robots [169],
space systems [252] and underwater remotely operated vehicles (ROV) [198]. Pat-
ton in [206] stated that

... Research into fault tolerant control is largely motivated by the control problems encoun-
tered in aircraft system design. The goal is to provide a ‘self-repairing’ capability to enable
the pilot to land the aircraft safely in the event of serious fault ...

Zhang and Jiang [291] define

... fault tolerant control systems (FTCS) as control systems that possess the ability to ac-
commodate system component failures automatically. They are capable of maintaining
overall system stability and acceptable performance in the event of such failures. FTCS
were also known as self-repairing, reconfigurable, restructurable, or self designing control
systems . ..

FTC is a complex combination of three major research fields [206], FDI, robust
control, and reconfigurable control (see Fig. 2.3). Patton [206] also discusses the
relationship between these fields of research. A typical active fault tolerant control
systems (AFTCS) architecture is shown in Fig. 2.4. For most FTC schemes, when
a fault/failure occurs either in an actuator or sensor, the FDI scheme will detect and
locate the source of the fault. This information is then passed to a mechanism to

2Sensors, most of the time, provide measurements in terms of current or voltage and therefore
require transformation to represent the actual physical meaning of the quantities being measured.
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(figure adapted from [206])
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Fig. 2.4 General structure of active fault tolerant control systems (AFTCS) (figure adapted
from [294])

initiate reconfiguration. The reconfigurable controller will try to adapt to the fault,
therefore providing stability and some level of performance. Both the FDI and the
reconfigurable controller need to be robust against uncertainties and disturbances.

Robust control is closely related to passive fault tolerant control systems
(PFTCS) [206]. The controller is designed to be robust against disturbances and
uncertainty during the design stage. This enables the controller to counteract the
effect of a fault without requiring reconfiguration or FDI. In some robust method-
ologies, fault tolerant capability is limited, and importantly total, actuator failures
cannot be handled. Some widely referred to surveys on FTC and FDI are [132, 143,
178, 206, 291, 293] and [51, 136]. Also there are recent publications (books and
edited monographs) such as [24, 25, 47, 75, 80, 179, 199] in the field of FTC and
[26, 69, 134, 135, 159] for FDI.

Zhang and Jiang [291] gives a good bibliographical review of reconfigurable fault
tolerant control systems. The paper also proposes a classification of reconfiguration
methods which is based on the mathematical tools used, the design approach and the
way of achieving reconfiguration. It also provides a bibliographical classification
based on the design approaches and the different applications. Open problems and
current research topics in active fault tolerant control systems (AFTCS) are also
discussed.
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Fig. 2.5 Classification of
FTC by [206] FTC
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Zhang and Jiang [291] and Patton [206], classify FTC into two major groups (see
Fig. 2.5): passive fault tolerant control systems (PFTCS) and active fault tolerant
control systems (AFTCS). In passive fault tolerant control systems, the controller is
designed to be robust against faults and uncertainty. Therefore when a faults occurs,
the controller should be able to maintain stability of the system with an acceptable
degradation in performance. PFTCS does not require FDI and does not require con-
troller reconfiguration or adaptation. AFTCS on the other hand responds to system
component failures in an ‘active’ way by reconfiguration so that stability and ac-
ceptable performance of the entire system can be maintained [291]. Therefore, most
AFTCS require FDI to provide the fault or failure information before reconfigura-
tion can be undertaken.

Other surveys on reconfigurable control appear in [132] and [143]. The re-
port [132], gives insight into many methods used for reconfigurable control for flight
applications, while [143] gives a survey on reconfiguration methods used specifi-
cally for FTC in flight control applications. Table 2.1 presents a brief comparison of
the FTC methods [143]. Note that in Table 2.1, the expression ‘fault model’ refers
to the assumption that the faulty system is available and used in the design process.
‘Actuator constraints’ refers to the ability of the controller to handle actuator limits.

2.3 Redundancy

Redundancy can be categorised into two types; direct and analytical. In direct redun-
dancy, actual physical hardware redundancy is available. In terms of sensors, two or
three sensors that measure the same quantity is called double and triple redundancy.
In normal operation, only one sensor is sufficient, however, two or three sensors are
required to ensure reliable measurements in the case of faults. A voting system is
a typical way to decide which channels are working correctly and which are faulty
[112]. This hardware redundancy concept can also be extended to the actuators.

In terms of analytical redundancy, instead of having multiple sensors that mea-
sure the same signal, an observer that provides an estimate of the signals of inter-
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Fig. 2.6 Large transport aircraft: typical control surfaces (figures: Arpingstone and Piotr Jaworski
via Wikipedia)

est provides analytical redundancy. There is no actual additional hardware imple-
mented, instead some algorithm or mathematical model or observer runs in the con-
trol computer. This is desirable in many systems especially in aircraft and unmanned
air vehicles (UAVs), since analytical redundancy eliminates the requirements for ex-
tra hardware therefore reducing weight and cost.

The development of new safety critical systems such as the re-entry vehicle
[137, 138] allows the possibility of building in redundancy during the design pro-
cess [206]. For many systems, however, the challenge is to use the existing available
sensors and actuators to deal with faults/failures. In large transport aircraft, redun-
dancy is already available in abundance. Even though it is not meant for the purpose
of FTC, the use of these extra control surfaces provides the possibility of using them
to obtain the same effect as the original control surface e.g., horizontal stabilisers
can be used if elevators fail.

In large passenger transport aircraft, sensors are typically triple redundant
[34, 35]. In view of the aerospace industry’s attempts to reduce the ‘carbon foot-
print’ left by aircraft, many manufacturers have tried to reduce the consumption of
fuel by designing high efficiency engines, and also by reducing weight by eliminat-
ing hardware redundancies, replacing them with analytical ones (observers to esti-
mate the aircraft states). This is also beneficial in the development of cheap, robust
and maintenance-free UAVs. Due to the low production cost, there is no requirement
for repair, and instead, the whole unit is replaced.

In aircraft, a control surface, for example the rudder, can have three different
hydraulic actuators running from three separate lines to three independent hydraulic
pumps [35]. This means most control surfaces will have triple redundancy. In terms
of the control surface itself, there exist secondary control surfaces that can be used
in an emergency in an unconventional way to achieve the same effect as the primary
control surface (see Fig. 2.6). In large passenger transport aircraft for example, the
spoilers which are typically deployed to reduce speed can also be used differentially
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Fig. 2.7 Classification of FTC—how FTC is achieved

to create roll which normally is achieved by using ailerons; also engines can be
used differentially to create yaw, which is typically achieved by using the rudder;
and finally the horizontal stabiliser (see Fig. 2.6), which is normally used to set the
angle of attack, can also replace elevators for pitch modulation.

2.4 Fault Tolerant Control

Figure 2.7 gives a general overview of how FTC is achieved. The top level of the
tree diagram is based on the one proposed in [206]. The lower level is based on the
different approaches for achieving FTC discussed above.

Passive FTC is usually based on robust control ideas and therefore handles
faults/failures without requiring information from an FDI scheme. Active FTC
(AFTC) in general requires some information on the faults/failures that occur and
therefore typically FDI is required. AFTC can be divided into two sub-groups: pro-
jection type FTC; and online reconfiguration/adaptation. In projection based FTC,
controllers are designed a priori for all possible faults/failures that might occur
in the system. The projected controller will only be active when the correspond-
ing fault/failure occurs. Projection based FTC is sub-divided into three categories
which are model switching or blending, scheduling and prediction. AFTC is based
on reconfiguration or online adaption. Here, two further sub-components have been
proposed: FTC which is achieved through adaptive control; and FTC which can be
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achieved through redistributing the control signals (control allocation). A discussion
of these different strategies is provided in the following subsections.

2.4.1 Adaptation

Motivated by the design of autopilots for high performance aircraft in the 1950s,
adaptive control was proposed as a way of dealing with a wide range of flight condi-
tions [230]. Adaptive control is used in order to automatically adjust the controller
parameters to achieve the desired performance. There are two approaches in adap-
tive control: so-called direct and indirect adaptation [14, 76, 143]. In indirect adap-
tation, there are two stages in designing the controller. First, the system parameters
need to be estimated. In the case of linear systems, the matrix pair (A, B) needs
to be estimated due to changes in the operating conditions e.g., faults/failures. The
next step in the indirect adaptation approach is to use this information to design
the controller. In the direct adaptation approach, the controller is designed directly
without estimating the system parameters.

Model-reference adaptive control (MRAC) and self tuning control (STC) [230]
are two popular methodologies. In self tuning control, online parameter estimation
is required for the controller adaptation. Meanwhile, in the MRAC, the unknown
parameters are not perfectly estimated, but rather are tuned and adjusted so that the
output of the plant follows the desired trajectory (the output of the reference model)
by making the tracking error converge to zero.

2.4.2 Switching or Blending

The idea of using multiple models for reconfigurable control was introduced in the
early 1990s [196]. Multiple model schemes have been motivated by the problem
of coping with changes in operating conditions and varying flight envelopes. Most
early classical control methods were based on linear methods, and multiple model
schemes seemed an ideal extension to solve the problem of changing operating con-
ditions. When implementing on a real system, usually linear controllers need to
adapt to changes in operating conditions since the controller is only guaranteed to
be stable near the linearisation condition. Therefore using multiple model schemes
is one way to ensure that the controller can be designed so that stability and perfor-
mance can be guaranteed for a wide flight envelope.

From an FTC point of view, the ‘bank’ of controllers acts as a backup and ‘of-
fline’ dormant controllers are only activated when faults for which a particular con-
troller is designed, occurs. This method depends on the FDI scheme providing the
correct information on the type and location of the faults/failures to enable the cor-
rect controller to be switched on. The ‘bank’ of models must contain all the possible
faults and failure modes. An FDI scheme can be created by comparing the current
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plant states and the outputs of all models in the bank [30]. Essentially, the model
with the smallest error is the ‘nearest’ model to the actual plant and therefore its as-
sociated controller can be switched on. More elaborate descriptions of the switching
rule are available in [195, 196]. These papers discuss the stability of the switching
schemes as well as the performance after a switch has occurred. In [196], a review
of the most recent development in MMST has been presented.

The switching between models and controllers sometimes introduces undesired
transients. Therefore bumpless transfer methods [48, 81] are sometimes needed to
reduce the effect. Another disadvantage is that some faults that occur are not pre-
dicted a priori. For example, in several flight incidents, unthinkable failures have
occurred e.g., the Bijlmermeer incident in Amsterdam [233], where two engines de-
tached from the right wing and caused unforeseeable effects on the aerodynamics of
the aircraft due to the damaged airframe. A significant disadvantage of this method
is its dependency on the robustness of the FDI scheme to identify the correct model
and controller pair to be activated. Another disadvantage highlighted in [143], is the
scheme’s inability to handle multiple faults/failures. The survey in [143], gives a
brief introduction to MMST. More detailed descriptions can be found in [195, 196].
The application of multiple model ideas in terms of FTC for aircraft systems can be
found in [30, 111] and recently in [10].

Even though MMST can be used to tackle the problem of varying operating con-
ditions, in some cases, to obtain a linear model that exactly matches the varying
plant is hard to achieve; since hundreds (if not thousands) of linear models and con-
trollers are needed to match every possible flight condition including faults/failures.
In the ‘Interacting Multiple Model’ IMM) [214, 290] approach, the idea is to obtain
a set of linear models based on a few carefully chosen flight conditions and to design
linear controllers at these selected operating conditions. When the operating condi-
tions change (or faults/failures occur), an estimated plant output or control input is
obtained by blending the predetermined models.

The main assumption used in IMM is that every possible flight condition includ-
ing faults/failures can be modelled as a convex combination of the predetermined
linear models. The second step is to obtain a control signal based on a blend of
predefined controllers [290] or online control law calculations using the probability
weight provided by the IMM estimator.

In the first step of the IMM scheme, [290] and [214] proposed the use of a bank
of Kalman filters to calculate the probability of the individual faults/failures. This
probability is also used to obtain a weighted average of each predefined linear model
to estimate the state of the plant. In the second step, a bank of controllers is pre-
designed based on the anticipated faults/failures that might occur [214, 290]. The
idea is that during faults/failures, the eigenvalues of the closed-loop system need
to be as close as possible to the nominal no fault conditions. The reconfiguration
of the controller comes from the online use of the probability weighted average
to determine the blending ratio for the control input from the predefined/projected
controllers when a fault or failure occurs [214, 290].
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In [290], it has been shown that system faults®> can be handled. In comparison
to the MMST, the IMM has the ability to cope with non-anticipated faults/failures
[214, 290]. One problem of IMM schemes is finding the right balance of blend-
ing/probability weights to get the best model match. The IMM method is also heav-
ily dependent on the FDI scheme to correctly identify the faults/failures. Details
of IMM schemes can be found in [149]. In [290], an integrated IMM approach is
discussed where both FDI and FTC are integrated. The application of IMM to an
Eagle-Eye UAV can be found in [214].

2.4.3 Prediction

Unlike many other control paradigms which came ostensibly from the academic
community, the development of predictive control/model predictive control (MPC)
was initiated in the process industry. This is due to the fact that the concept and
the mathematical description is easy to understand by most control engineers in
industry. Therefore it is no surprise that (other than classical PID control), MPC is
the most widely used and implemented method in the process control industry [176].

The original idea for MPC is to allow the production process to run as close
as possible to the process limits (both physical and safety) without violating any
of the limits, in order to maximise production and therefore profit. The main ben-
efit of MPC is its ability to handle limits and constraints. This is the main moti-
vation for the study of MPC for flight control and especially FTC. Examples of
MPC in the field of flight control and FTC can be found in [177, 178] respectively.
During faults/failures, especially to the actuators, the remaining actuators will be
driven to their limits [177]. MPC has the ability to handle this situation by including
these limits in the optimisation process which is used to obtain the control signals.
Structural damage can also be handled in MPC by modifying the internal/reference
model [177].

MPC is an iterative control algorithm based on optimal control. The objective
is to obtain predicted state trajectories in the future using the current states and the
computed control signals. However only the first control signal from the optimisa-
tion is applied to the real actuators. Then the states are sampled again and the cal-
culations are repeated. MPC is also known as receding horizon control [176, 178].

MPC in its most powerful form requires an online solution to the constrained op-
timisation problem [176]. However, with the current state of computer technology,
online optimisation is still hard to achieve for systems requiring fast responses—
such as aircraft. As in most FTC strategies, MPC is dependent on reliable FDI to
provide information on the faulty system. In the case of actuator faults, the be-
haviour of the faulty actuator is needed from the FDI scheme so that a new constraint

3In terms of linear methods, system faults are the ones that affect the A matrix i.e., airframe or
wing damage.
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can be included in the optimisation process. In terms of tuning for flight control sys-
tems, there is still a lack of transparency in the design process [178], which typically
requires trial and error and experience. The major benefit of MPC is that it can han-
dle actuator constraints, and this has provided motivation for the study of MPC in
flight control and FTC [178].

2.4.4 Control Signal Redistribution

The idea of the pseudo-inverse method (PIM) is to design a controller such that the
poles of the system subject to a fault/failure condition will be as close as possible
to the nominal closed-loop poles. The following equations give insight into the PIM
method. Consider a linear system given by

%) = Ax(t) + Bu(r) @2.1)

Assume that a state feedback gain F has been designed, and the control law is
defined as

u)=Fx(t) (2.2)
and therefore the closed-loop system is given by
Xx@)=(A+BF)x(t) (2.3)
During faults/failures, the closed-loop faulty system can be represented by
Xr@)=(Ap+BrFp)xy(t) 2.4)

The idea is to obtain a gain matrix Fy so that the faulty system closed-loop perfor-
mance will be as close as possible to the nominal (2.3) one. The plant matrices A
and B and the gain F is assumed to be known a priori. The faulty system (A ¢, B )
can be obtained from online system identification or from FDI: then in principle,
Fy can be obtained online. For a non-square By matrix, the pseudo-inverse of By
provides some degrees of freedom. In [187], these degrees of freedom were used
to redistribute the control commands in order to improve the closed-loop system
stability [206].

Even though the concept is quite simple and easy to understand, the PIM has
several drawbacks which hindered its further progress. As argued in [132, 143, 206,
284], the main drawback is the lack of a stability analysis. The other drawbacks
highlighted by [206] and [284] are associated with the assumption that the state
measurements are always available. Meanwhile [284] highlights the problem of lack
of robustness when the system pair (A s, By) from the system identification is not
perfectly known.

Some suggestions are given in [106, 132, 206] for improving the PIM method.
In [106], the concept of modifying the PIM (MPIM) is discussed. It is based on the
combination of PIM with the theory of robust stability of systems with structured
uncertainty [132, 206]. In [132], a bank of pre-computed Fy matrices, which ensure
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a stable closed-loop system for all possible faults, was suggested. In [284], a robust
‘control mixer’ which relates to the IMM method was proposed. It is also interesting
to point out the resemblance between the PIM approach and model following meth-
ods [206], where the closed-loop system is forced to follow pre-specified desired
closed-loop dynamics.

In its early development, the idea of redistributing the control signals to the re-
maining healthy actuators was called ‘restructuring’ [206]. An early example is
given in [131], where a ‘restructuring controller’ utilising a ‘control mixer con-
cept’ is used to redistribute the control signals. Due to some drawbacks, this re-
structuring controller was not explored in the 90’s. It has re-emerged in recent
years as control allocation partly because of the development of high performance,
highly redundant aircraft (such as [31, 37, 225, 269]) and improvements in compu-
tational power (which is necessary in order to solve online optimisation problems
[20, 29, 77, 89, 144]).

Control allocation (CA) has the capability of redistributing the control command
signals to the actuators especially during faults/failures. One major difference be-
tween CA and PIM is that in CA, the controller is designed based on a ‘virtual
control’ signal and the CA element will map the virtual control to the actual control
demand to the actuators. The benefit here is that the controller design is independent
of the CA unit. Therefore, CA can be used in conjunction with any other controller
design paradigm. Papers such as [122, 222] represent some of the recent work in
this area.

CA has the capability of managing the actuator redundancy that exists in pas-
senger aircraft [35] and modern fighter aircraft [97]. Not only is CA beneficial for
FTC (see for example [38, 63]), it has also been used for different control strate-
gies i.e., optimally using the actuators to reduce drag and increase efficiency. There
is extensive literature on CA which discusses different algorithms, approaches and
applications. Reference [89] discusses two (broadly) linked approaches (linear and
quadratic programming) based on finding the ‘best solution’ to a system of linear
equations. The work in [122] compares control allocation with optimal control de-
sign for distributing the control effort amongst redundant actuators. The authors
in [39] demonstrate that feedback control systems with redundant actuators can be
reduced to a feedback control system without redundancy using a special case of CA
known as ‘daisy chaining’. In this approach, a subset of the actuators, regarded as
the primary actuators are used first, then secondary actuators are used if the primary
actuators reach saturation. Other CA approaches which take into account actuator
limits (using constrained optimisation) are discussed in [29, 31], while [121] dis-
cusses frequency weighted CA.

From an FTC point of view, the benefits of CA are that the controller struc-
ture does not have to be reconfigured in the case of faults and it can deal directly
with total actuator failures without requiring reconfiguration/accommodation: the
CA scheme automatically redistributes the control signal. As in MPC, another ma-
jor benefit of CA is that actuator limitations can be handled by including the actuator
constraint in the optimisation process. One of the drawbacks of CA is that, for lin-
ear systems, the pure factorisation of the input distribution matrix is a very strong
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requirement and therefore some approximations have been made [38, 63, 122, 127].
In the case of optimal control surface deflection, linear or quadratic programming
is required which is difficult to achieve online in real-time due to the requirements
of high computational power during the optimisation process. There are only a few
reported examples in the literature which have successfully implemented control
allocation in real-time (see for example [63]).

CA occurs naturally in nonlinear methods like feedback linearisation and back-
stepping [20, 121, 225, 226]. It is based on separating the control law from the
control allocation task (see Fig. 2.8). This is done by designing a controller to pro-
vide a ‘virtual control’ which will be mapped to the actual control signals sent to the
actuators. Examples of the application of CA are given in [20, 37, 63, 236], while
papers such as [75, 78, 122, 133, 144, 203, 222, 226, 263, 295] consider CA as an
FTC strategy.

2.4.5 Robust Control (H o, Control)

Passive fault tolerant control relies on the robustness of the underlying control de-
sign paradigm. One of the most popular robust control methodologies developed
during the 1980’s was H, control. It has become one of the most developed meth-
ods for multivariable control [178], with many applications ranging from industrial
process control to aircraft control problems. Most robust control approaches do not
require any information on faults and therefore work in nominal as well as in faulty
conditions. The ability to deal with faults depends on the predesigned controller
which is based on minimising the effect of uncertainty or disturbances on the sys-
tem [178].

One disadvantage of H is the fact that in some cases, the controller is conser-
vative in the nominal conditions in order to guarantee stability in the event of faults,
the performance in the nominal condition is sometimes sacrificed for robustness.
Another drawback is that the final controller is usually of a higher order than the
system. In some cases model reduction is required to truncate the order of the con-
troller (page 339 [178]). In the field of FTC, papers like [184] and the chapters in
[178] describe some of the research in the area of flight control.

The theory of H, control system design can be extended to Linear Parameter
Varying (LPV) systems. Some general papers on Linear Parameter Varying (LPV)
are [16, 204, 221, 273]. In the field of FTC, papers such as [105, 185] represent
some of the research work in this area. Both of these papers have considered a LPV
approach for dealing with faults/failures in a civil aircraft benchmark problem. The
most recent LPV papers in the field of FTC are [200, 215, 223, 224].
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2.5 Fault Detection and Isolation

In active FTC, FDI plays a vital role in providing information about faults/failures
in the system to enable appropriate reconfiguration to take place. The main function
of FDI is to detect a fault or failure and to find its location so that corrective action
can be made to eliminate or minimise the effect on the overall system performance
[247]. The IFAC technical committee, as stated in [136], makes the following defi-
nitions.

Sfault detection: determination of the faults present in a system and the time of detection.
Sault isolation: determination of the kind, location and time of detection of a fault.
fault identification: determination of the size- and time-variant behaviour of a fault.

The interconnection of FDI with FTC is discussed in [206, 291, 293]. For most
AFTC systems, the robustness of the FDI has a strong effect on the robustness of
the FTC and this is discussed in [206, 289, 293]. Since the appearance of drive and
fly-by-wire technology, there has been an increase in analytical redundancy. In an-
alytical redundancy methods, the measured signals are compared to a mathematical
model. The benefit of using analytical redundancy is clear: there is no need for re-
dundant hardware to be installed, therefore reducing weight and cost. This is very
useful for energy and weight reduction critical systems such as satellites and space-
craft.

There are many classifications of FDI in the literature [51, 136]. One obvious
classification is model- and non-model-based FDI. In this book the emphasis will
be on model-based FDI. Model-based FDI schemes can be grouped into two major
categories; FDI using residual schemes and FDI which has the capability to estimate
the faults.

Figure 2.9 represents a possible classification for FDI. The model-based residual
classification is obtained from [51]. A brief description of a few key model-based
FDI schemes are given below.
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2.5.1 Residual-Based FDI

In residual-based FDI, signals from a mathematical model and hardware mea-
surements are compared and the filtered difference forms a residual signal [51]
(see Fig. 2.10). In nominal fault-free conditions, the residuals should be zero, and
nonzero when faults/failures occur. This residual signal is usually applied with a
threshold to avoid false alarms from disturbances or uncertainty. When the residual
signal exceeds the threshold, a fault is said to occur. Usually in residual generation,
a fault is detected and its location identified, but there is no further information on
the fault.

A good deal of research has been focussed on residual-based FDI using different
methods for various applications. In particular, [51] provides an excellent discussion
on model-based residual FDI schemes covering all aspects including basic princi-
ples and robustness issues.

There are many benefits of using residual-based FDI. Most residual-based FDI
systems are easy to understand and implement with many mature topic areas and
examples of applications in the literature. For many systems, detection and isolation
of the fault is sufficient to trigger the reconfiguration for FTC. For example multiple
model controllers will switch on a particular controller when the designated failure
occurs to the actuators or sensors based on the information about the location of
the fault. However, for some FTC schemes, detecting and isolating the faults is
not sufficient. Some FTC schemes require further information about the nature and
behaviour of the fault.

2.5.2 Fault Identification and Reconstruction

Some FTC methods proposed in [275, 289, 296], require estimates of the actuator
efficiency to allow the schemes to tolerate the faults/failures (see Fig. 2.11). In terms
of sensor fault FTC, if the sensor fault can be estimated/reconstructed, this informa-
tion can be used directly to correct the corrupted sensor measurements before they
are used by the controller. This avoids reconfiguring or restructuring the controller.
This is one aspect that will be considered in the later chapters of this book.

The Kalman filter is probably one of the most well known and used method-
ologies in industry. Conceived in the 1960’s by Rudolf Kalman and made famous
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by its application in the NASA Apollo space program, the Kalman filter has found
applications in many engineering systems (e.g., navigation, tracking targets such as
aircraft and missiles using radar) as well as other fields such as economics.

A Kalman filter as summarised in [156], is an optimal estimator based on indirect,
inaccurate and uncertain observations. It is recursive so that new measurements can
be processed as they arrive. If all noise is Gaussian, the Kalman filter minimises the
mean square error of the estimated parameters and therefore is optimal. Since its
famous application in the Apollo space program, the Kalman filter has continued to
be popular especially in industry for a number of reasons: (a) Kalman filters provide
fairly accurate results in most applications due to its optimality and structure, and
(b) Kalman filters have a recursive form and are suitable for online real-time digital
processing and are easy to formulate and implement.

Standard Kalman filters act as an observer and therefore can be used to detect
faults or failures by creating residual signals from comparing the actual and esti-
mated outputs. The basic concept of the Kalman filter has been ‘upgraded’ to enable
many applications, such as the extended Kalman filter for nonlinear systems [167]
and for parameter estimation [107, 115] in which the parameters to be estimated
are incorporated into the formulation as augmented states. Often this introduces bi-
linearities which can be overcome by the use of extended Kalman filters.

The Kalman filter can also be composed into a bank of Kalman filters [157, 158]
or interacting multiple model Kalman filters IMM-KF) [214, 290] in order to create
aresidual which can be used for fault detection. The IMM-KF uses the same IMM as
used for controller reconfiguration which was discussed in Sect. 2.4.2. The Kalman
filter also has been combined with the receding horizon (predictive control) method
as shown in [162], which has the potential for fault diagnosis.

Another variant called the two stage Kalman filter [150, 151] has the ability not
only to detect and isolate faults, but to estimate the effectiveness levels of actuators
[140, 274, 275, 289]. This capability is a bonus for FTC schemes which depend on
the effectiveness level of the actuator for reconfiguration [224, 296].

The early papers by Kalman can be found in [146, 147] whilst the most cited
books and references are [13, 186, 237].

Using the same principles as those used for designing H, controllers, an ob-
server can be designed as a basis for a residual-based FDI scheme [185]. The idea
is to allow the residual to be sensitive only to faults and robust against disturbances,
modelling errors and noise [185]. This can be achieved by selecting the observer
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gains (using LMI formulations for example) which minimise the 7, norm between
the uncertainty and the residual signal. Fault detection filters using H, techniques
are amongst the most popular and mature FDI schemes in the literature [130] with
many applications in industry including aerospace [184, 185, 244]. Apart from the
Hoo optimisation technique, other frequency domain design approaches for model-
based FDI, including u synthesis, are discussed in [51] and [98].

Applications of H, for robust detection of faults can be found in [184, 185].
In [184] an integrated design of both controller and observer is considered. The
integrated design proposed in [185] gives some insight on designing a controller that
is not only robust against actuator faults but also considers the robustness properties
of the FDI scheme in the design of the controller.

The early Hoo methods have recently been extended to linear parameter vary-
ing models. It has been claimed that even though there are various FDI approaches
for LTI, LTV and bilinear systems, there are only a few available methods for LPV
systems [27]. Therefore, the focus of the work in [27] was to introduce FDI based
schemes for LPV systems using an extension of the approach called the fundamen-
tal problem of residual generation. Other recent LPV papers in the field of FDI are
[11,28, 114, 116, 153, 168, 200, 245, 267]. FDI based on LPV systems has inher-
ent performance and stability guarantees for a range of operating conditions com-
pared to multiple model or gain schedule based FDI.

2.5.3 Parameter Estimation

Parameter estimation schemes provide a means of updating the system’s parameters
online in real-time and for controller reconfiguration. Parameter estimation is one
of many methodologies which have been applied to aircraft. Aircraft contain many
parameters (especially aerodynamic coefficients) which change, based on the oper-
ating conditions. These parameters are typically pre-estimated offline through wind
tunnel and flight test before being used for modelling or control design. However,
during faults/failures (especially structural damage, such as wing damage or miss-
ing fuselage/skin), no accurate pre-estimate is available and therefore these aerody-
namic coefficients need to be obtained online.

Examples of parameter estimation methods appear in [107, 115] which use
Kalman filters, and [57, 172] which use the two step method. In the two step
method (TSM), the original state-parameter estimation problem is decomposed into
a state estimation one and a subsequent linear parameter identification sub-problem
[57, 192]. Other sources of information on parameter estimation of aircraft systems
can be found in [180, 181, 193, 201, 260].

In [115], parameter estimation based on an extended Kalman filter is used for
FDI in an automotive engine. One of the most recent papers for aircraft FDI is [144].
This paper proposes the use of online parameter estimation provided by the two step
method [172] (which identifies and estimates the current aircraft parameters which
change due to structural damage). Here, not only are the changes to the aerodynamic
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coefficients used to detect faults/failures in the system, they are also used as part of
the reconfiguration to achieve fault tolerance.

In most parameter estimation methods, in order to get good estimates, it may be
necessary to introduce perturbation signals to make sure that all the plant modes are
sufficiently excited [206]. For this reason, most parameter estimation methods work
best in the presence of wind and gusts. However, in many practical applications, it
is hard and not advisable to apply additional perturbation signals, especially when
faults/failures or structural damage has occurred in the system.

2.5.4 Non-model-Based FDI (Intelligent FDI)

One of the main issues associated with model-based designs is the availability and
quality of the model. Errors resulting from imperfect or inaccurate models will af-
fect the performance of the fault diagnosis scheme [208, 210]. The use of robust
model-based methods usually results in a design which is too conservative and in-
sensitive to faults, too complicated or limited to certain classes of uncertainty [208].
Since the late 1990s there has been an increase in research on non-model-based FDI
methods—especially those utilising artificial intelligence and ‘soft computing’ ap-
proaches such as neural networks, and fuzzy logic (see for example [26, 159, 160,
209, 212, 272]).

In [208], a combination of numerical (quantitative) and symbolic (qualitative)
knowledge of the system in a single framework has been proposed. The idea was in-
spired by earlier work which uses observers for residual generation and fuzzy logic
for decision making. The underlying concept is to structure the neural network in a
fuzzy logic format which allows residual generation (through the rapid and correct
training of the neural network to model the nonlinear dynamics of the system) and
evaluation and diagnosis of the fault (through fuzzy logic). In [160], neuro-fuzzy
modelling and diagnosis is considered with the addition of an adaptive threshold in
the fault detection scheme, to achieve some level of robustness.

One of the benefits of using the intelligent approach, especially neural networks
for FDI is its ability to model any nonlinear function [208]. In terms of FDI, neural
networks have ‘black box’ characteristics and therefore the ability to learn from ‘ex-
amples’ and ‘training’, requiring little or no a priori information and knowledge of
the system’s structure [208]. Two major drawbacks of conventional neural networks
are highlighted in [208]: namely, heuristic knowledge from an experienced expert
cannot easily be incorporated, and the ‘black box’ characteristic means that its inter-
nal behaviour cannot be easily understood. Another drawback of neural networks is
the lack of understanding of its internal behaviour, causing ‘clearance problems’—
especially for aircraft systems.

Recent research work can be found in [188, 213, 272] while application examples
can be found in [5, 49, 189, 254, 287]. Examples of an intelligent approach for FDI
in aircraft systems appear in papers such as [4, 238] and the references therein.
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2.6 Summary

This chapter has presented a brief introduction to the fields of FTC and FDI. It
includes definitions of terms regularly used in FTC and FDI such as faults and fail-
ures. This chapter also briefly discussed the possible types of faults and failures to
actuators and sensors that can occur, together with a discussion on redundancy and
its importance to FTC. Different methods to achieve FTC were discussed, ranging
from robust control to control signal redistribution.






Chapter 3
First-Order Sliding Mode Concepts

The objective of this chapter is to introduce the concept of sliding modes and to ex-
amine the associated properties, in order to highlight its benefits in the fields of FTC
and FDI. Sliding mode control (SMC) was conceived in the former USSR in the
1950s and spread into the West in the 1970s. SMC is a nonlinear type of control and
a special case of Variable Structure Control. The controller design process is unique
compared to other methods since the performance of the controller depends primar-
ily on the design of the sliding surface. The idea is to drive the trajectory of the states
towards the sliding surface and once reached, the states are forced to remain on the
surface. SMC has an inherent robustness property to a certain type of uncertainty,
which makes it a strong candidate for passive FTC to handle actuator faults.

3.1 Introduction

There are two stages involved in the design of sliding mode controllers. First to be
designed is the sliding surface. Only then can the control law be designed so that
sliding is achieved and maintained on the surface. Once sliding occurs, robustness
to a certain class of uncertainty is guaranteed and the closed-loop system behaves
as a reduced order motion independent of the control. Furthermore the closed-loop
system performance depends on the choice of the sliding surface. A typical sliding
mode control law consists of linear and nonlinear components. The nonlinear part
of the control law determines the robustness property of the controller. This will be
discussed in detail in the following sections.

3.1.1 Regular Form

In order to explain the concept of a sliding mode and its properties conveniently, the
system can be transformed into a suitable canonical form. Consider the following
linear time invariant (LTT) system:

x(t) = Ax(t) + Bu(r) 3.1
H. Alwi et al., Fault Detection and Fault-Tolerant Control Using Sliding Modes, 29
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where A € R™*" and B € R"*™ with 1 <m < n. Assume rank(B) = m, i.e., matrix
B is full rank, and the pair (A, B) is controllable [85, 256]. Since rank(B) = m,
there exists an orthogonal matrix 7 € R**" such that

0
T.B = [Bz] (3.2)

where B; € R™*"™ and is nonsingular [85]. The orthogonal matrix 7, can be com-
puted using ‘QR’ decomposition: details can be found in [85]. After the coordinate
transformation x(¢) — T, x(t) = z(¢), the states can be partitioned as

RG]

2 = [Zz (t)} (3.3)
where z1(t) € R"™™ and z,(t) € R™, so that (in the new coordinates), (3.1) can be
written as

a® | A Ap||a® 0
[22(1)] N |:A21 Azz} [Zz(t)] + [32} u(®) 34

This representation is referred to as ‘regular form’ [85]. Define a linear combination
of the states to be

s(t) =Sx(t) 3.5
where S € R™*" is full rank, and let S be the hyperplane defined by
S={xeR":Sx(t) =0} (3.6)

Equation (3.5) is called the ‘switching function’ [85]. The matrix S can be parti-
tioned as

S=[51 $IT;
where S| € R"*(1=m) and S, € R™*™ then
det(SB) = det(S>By) = det(S>) det(B»)

Therefore a necessary and sufficient condition for the matrix SB to be nonsingular
is that det(S2) # 0 since by construction det(B>) # 0. By design assume this to be
the case. During ideal sliding on the surface S, Sz(¢) = 0 for all ¢ > ¢, where t; is
the time when sliding commences, therefore

Sx(t) = $121(1) + $222() = 0= 22(t) = — 85 ' S1 21 (1) (3.7)

——
K

Equation (3.7) implies that once zi(¢) is known, the states z,(#) are completely
determined. Therefore only the z{ () states i.e., the (top) partition from (3.4) needs
to be considered. Partitioning (3.4) gives

21(t) = Az (t) + Apza(t) (3.8)

and then substituting for z>(¢) from (3.7) into (3.8) yields the following reduced
order system

21(t) = (A1 — A12K)z1 (1) (3.9
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where K = S 1S, The choice of surface S from (3.6) clearly affects the dynamics
in (3.9) through the design of X in (3.7). By analogy to ‘classical’ state feedback
theory, it can be seen that this is the same as the problem of finding the state feedback
matrix /C for the system in (3.8), where the z,(¢) plays the role of the ‘control’
signal.

The stability (and performance) of the system in (3.9) depends on the fictitious
reduced order pair (A1, A12). Thus the design of /C depends on the controllability
(or otherwise) of the pair (A1, A12).

Proposition 3.1 The matrix pair (A11, A1) is controllable, if and only if the pair
(A, B) is controllable.

Proof Because of the special structure of the regular form, and using the fact that
det(B») # 0, it follows that

rank[sI—A B]:rank[SI_All _AIZ O]

—An sl—Ay B
=rank[s] —A;1 Ap]+m forallseC
This implies
rank[s] — A B]l=n <& rank[sl— A1 Anpl=n—m

and from the Popov—Belevitch-Hautus (PBH) rank test, it follows that (A, B) is
controllable if and only if the pair (A11, A1) is controllable. O

As a consequence of Proposition 3.1, if the original system is controllable, K can
be designed using a ‘classical’ state feedback method, and once K is obtained, the
surface S is determined.

The overall problem of designing a sliding mode controller is one of

e designing the matrix S to achieve the required performance and stable dynamics
for the closed-loop system;

e designing a control law to ensure that the sliding surface is reached and subse-
quently maintained.

This design procedure is unique and differentiates SMC from other design methods.
Any ‘classical’ state feedback method can be used to compute /C, and then the
matrix S in (3.5) can be obtained as

S=[%K $]T; (3.10)

The nonsingular matrix S> can be chosen arbitrarily, but for ease of computation,
often it is chosen as S, = [,,,. Notice S> has no effect on the dynamics of the slid-
ing motion. In (3.7) and (3.10), S> acts only as a scaling factor for the switching
function.

The following approaches have been suggested to obtain the matrix X and sub-
sequently S:
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quadratic minimisation! [72, 257];
robust eigenstructure assignment [73];
direct eigenstructure assignment [72];
LMI methods [56, 79].

Note that the control law u(¢) is not designed to directly specify any desired
dynamics for the closed-loop system, but rather to ensure that the sliding surface
is reached and motion on § is maintained. In the sliding mode literature, u(t) is
said to be designed in order for the ‘reachability condition’ to be satisfied [85]. The
reachability condition specifies that the trajectory of the system states must always
point towards the sliding surface. In the case of a single-input system, this can be
expressed as

lim s <0 and lim s>0 (3.11

s—0t s—>0~

or more compactly as, near s(z) = Sx(¢) =0
ss <0 (3.12)

Inequality (3.12) is referred to as the reachability condition [85, 256]. A more strict
reachability condition to ensure that the sliding surface is reached despite the pres-
ence of uncertainty and in finite time is given by

s < —nls| (3.13)

where 7 is a positive design scalar. Equation (3.13) is usually called the ‘n-
reachability condition’ [85]. For multivariable systems, the natural extension
of (3.13) is

sTs < —n|s|| (3.14)

where again 7 is a positive scalar.

3.1.2 Properties of the Sliding Mode

The following is a summary of the properties of the system in a sliding mode:

e the system behaves as a reduced order motion which (apparently) does not depend
on the control signal u(z);

e there are n — m states that determine the dynamics of the closed-loop system;

e the sliding motion depends only on the choice of the sliding surface;

e the poles of the sliding motion are given by the invariant zeros of the system triple
(A, B, S) [85, 88].

IThis will be discussed later in Sect. 3.4.1.
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A further property (which is probably the most important for FTC in terms of
handling actuator faults) is discussed next. Consider the uncertain linear system

%(1) = Ax(t) + Bu(t) + DE(t, x) (3.15)

where D € R"*! is known but the function £ : Ry x R” — R! is unknown and
represents uncertainty. Suppose at time 7, the system states lie on the surface S and
an ideal sliding motion takes place:

s(t)=s$(t)=0 forallt>t,
which implies
s'(t)=S5c(t):S(Ax(t)+Bu(t)+D§(t,x)) =0 (3.16)
Rearranging (3.16) with respect to u(t) gives
Ueg(t) = —(SB) ' (SAx(t) + SDE(t,x)) forall t >t

The quantity u., () is the so-called ‘equivalent control” and is the (theoretical) av-
erage value the control signal must take to maintain a sliding motion on S [256].
Substituting u, (¢) into the system in (3.15) yields

X(t)= (I, — B(SB)"'S)Ax(t) + (I, — B(SB)™'S) D&(t, x)
\_P,s_,
It is easy to verify that the matrix Py satisfies
SP;=P;B=0 (3.17)

Suppose the range space of D is contained within the range space of B, then it is
possible to write D = BR for some R € R™*/. Consequently

x(t) = PsAx(t) + P;BRE(t, x)
and since P;B =0
x(t) = PgAx(t) (3.18)

From (3.18) it can be seen that during the ideal sliding motion, the uncertainty (the
signal £(#, x)) does not affect the reduced order sliding motion.

Definition 3.1 Any uncertainty which can be expressed as in (3.15), where
the range space of D is contained within the range space of B, is de-
scribed as matched uncertainty. Any uncertainty which does not lie within
the range space of the input distribution matrix is described as unmatched
uncertainty [85].



34 3 First-Order Sliding Mode Concepts

3.2 A Simple Example: Pendulum

This section will apply the above methods to a simple pendulum example to give
some insight into the design of SMC systems and the characteristics of the sliding
motion. Consider a typical pendulum consisting of a (weightless) shaft and a mass
which is driven by a motor (torque) at the point of suspension (Fig. 3.1). The ob-
jective is to design a sliding mode controller so that the pendulum will return to its
vertically downward equilibrium point when the pendulum is left to swing from a
near-equilibrium initial condition.

Consider the following pendulum system (taken from [99]): The dynamic equa-
tion governing the motion is given by

T, —mglsing = 16 (3.19)

where 6 represents the angular displacement from the vertical, 7; is the applied
torque, m is the mass, g is the gravitational acceleration constant, / is the length
of the shaft and / is the inertia. For a weightless shaft pendulum, the inertia is
given by I = miI?. Here it is assumed that [ = 1 m, m = 0.2 kg, g = 9.82 m/s.
Linearising (3.19) about the vertically downward equilibrium position yields the
following state space model:

x1(2) 0 1]|x1() 0
it e AT o
where u(t) is the applied torque and the states (x(¢), x2(¢)) represent (6, é) which
are angular displacement and angular velocity, respectively. Note that the input dis-
tribution matrix has only one nonzero contribution in the bottom row of the matrix
and is already in regular form as described in (3.4). For other systems, state similar-
ity transformations using an orthogonal transformation matrix 7, as in (3.2) can be
employed to achieve this form [85].
The first step is to design the sliding surface matrix S. During an ideal sliding
motion, s(¢) = Sx(t) =0 and from (3.7)

x2(t) = —Kx1 (t) (3.21)

where x1(¢), x2(¢) and /C, as defined in (3.10), are scalars. Substituting (3.21) into
the first row of (3.20), it follows that the reduced order sliding motion is given by

X1(t) = x2(t) = —=Kx1 (1) (3.22)

Fig. 3.1 Schematic of a
pendulum
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and the solution is x(t) = xl(ts)e_’q’ ~1s) where t, is the time at which sliding
occurs. If IC = 2, this gives a design with a settling time less than 3 s. From (3.10),
choosing S, =1 gives

S=[2 1] (3.23)

Now a control law u(#) needs to be developed to satisfy the reachability condition.
Consider the following control law:

u(t) = —(SB)~' (SAx(t) + nsgn(s)) = —(SB) ' SAx (1) —(SB) 'nsgn(s(1))
—_——
ueq([)

(3.24)

where 7 is a positive scalar and sgn(-) represents the signum function. It follows
that

$(t) = S3(1) = S(Ax(t) + Bu(1))
= SAx(r) — (SB)(SB)~! (SAx (1) + n1sgn(s (1))
= —nsgn(s(1))

Consequently

s§ =s(=nsgn(s)) = —nls|
Therefore the chosen control law u(¢) in (3.24) satisfies the n-reachability condition

in (3.14). Using the matrix S obtained from the design in (3.23), and letting n =1,
the following control law is obtained from (3.24):

u(r) =[1.9640 —0.4]x(r) — 0.2sgn(s(1))

Remark 3.1 The term u,q(t) = —(S B) " 'SAx(r) is sometimes called the ‘nominal
equivalent control’. It can be viewed as the control law required to maintain the ideal
sliding motion (in the absence of uncertainty). However, it does not induce a sliding
motion—the switching term sgn(s) is required for this purpose.

3.2.1 Simulations and Results

The following simulations are associated with an initial condition of 1 deg for the
initial pendulum deflection angle 8. Figure 3.2 shows the results from the simulation
and includes the states (angular velocity and deflection angle), the phase portrait,
the input torque and the switching function s(¢). The deflection angle shows that
the design requirement of a settling time less than 3 s with little or no overshoot is
met. Since this particular example is a second-order system, it is possible to present
a phase portrait [230]. The phase portrait shows the stability of the system since the
trajectories converge to the origin. Here the sliding surface is indicated by the line
with gradient —2. Define

L= {(x1(0), x2(0)) : x2(t) = —2x1 (1) }
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Fig. 3.2 Simulation results for the pendulum
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to represent the sliding surface (line). During the sliding motion high frequency
switching between the two different control structures takes place as the system
trajectories repeatedly cross the line £. This high frequency motion (associated with
sgn(s(t)) = 1 and sgn(s(#)) = —1) is described as chattering. If infinite frequency
switching was possible, the motion would be confined to the line £. The motion
when confined to the line £ behaves like a first-order decay and the trajectories will
slide along the line £ to the origin. Such behaviour is described as an ideal sliding
mode or an ideal sliding motion, and the line £ is termed the sliding surface [85].

It is interesting to point out that the trajectory of the phase portrait can be classi-
fied into two phases. Phase 1 starts from the initial conditions. Due to the reachabil-
ity conditions being met by the control law u (), sliding is induced and the trajecto-
ries move towards the sliding surface. Once the sliding surface is reached, Phase 2
begins, and the trajectory ‘slides’ along the surface towards the origin.

Even though the phase portrait shows the ‘sliding’ trajectory moving towards the
origin, it does not, however, give any indication at which time sliding occurs ().
This information is available from the switching function plot. The plot shows that
the sliding surface is reached in 2 s.

Note that the system’s closed-loop poles given by A(A — B(SB)"'SA) are
{0, —2}. The pole at —2 is obtained from the choice of K and the other pole is
zero. Generally, for an nth-order system with m inputs, the reduced order system
during sliding has n — m states and so will have n — m nonzero closed-loop poles.
The remaining m poles lie at the origin.

The input plot shows that the control action is highly discontinuous. This control
law is not desirable for most systems due to the wear and tear that would occur on
any mechanical components and to the actuators. It is therefore desirable for this
discontinuity to be reduced or smoothed. A more practical control law design is
introduced in the next section.

3.2.2 A Practical Control Law

Consider the following control law:

—1 -1 s(1)
u(t) (SB)" (SA—@8)x(t) — p(SB) TOED) (3.25)
where @ is a negative scalar. The quantity § is a small positive scalar and p is a
positive scalar. Note the difference between the controller in (3.25) and (3.24), is
the introduction of the @ term and the approximation of the sgn(s) term.
The same choice of S as used in the example in Sect. 3.2 will be employed here.
Let ® = —6and p =1 and § = 0.001. The control law in (3.25) becomes

s(t)
(Is@)[ +6)

Figure 3.3 shows the results of the simulation. The phase portrait looks similar to
the one in Fig. 3.2. The difference is mainly in the input and switching function

u(t) = [—0.4360 —1.6]x(r) — 0.2
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Fig. 3.4 An approximation of the signum function [85]

plots. The input plot shows no chattering, or high frequency switching, and a smooth
signal is obtained. This is because of the approximation of the sgn(s) term (see
Fig. 3.4). The § term is chosen as a compromise between an ideal sliding motion and
chatter prevention. A smaller § will give an ideal siding motion but with chattering;
a larger § will give less chattering but yields a trajectory evolving further away from
the sliding surface compared to ideal sliding. Figure 3.3 also shows that the extra
degree of freedom @, has been used to moderate how quickly the sliding surface
is attained. The difference between the previous controller design and the ‘practical
controller’ design can be seen in Fig. 3.3. Sliding is now obtained in 0.46 s, whilst
the previous design took almost 2 s.

3.3 Unit Vector Approach

In the previous section, a practical controller for a pendulum system was introduced.
The pendulum system represented a single-input system. The most convenient con-
trol structure for multivariable systems, from a sliding mode perspective, is the ‘unit
vector’ control structure attributed to Ryan and Corless [217]. This method will
form the basis for the controller designs in this book.

Consider a system with matched uncertainty

xX(t) =Ax(@)+ Bu(t) + fn(t,x,u) (3.26)

where f;, (¢, x,u) is in the range space of B, and is assumed to be unknown but
bounded and satisfies

| fn e, x, w) || < k||| + ez, x) (3.27)

Asin Sect. 3.1.1, there exists an orthogonal transformation x (¢) — T, x(t) = z(t) so
that the system above can be transformed into the following ‘regular form’:

2@ | _[An An||za®) 0 07 =
[iz(t)] B |:A21 Azz} [Zz(t)] + |:Bz] u)+ |:Imi| Jmt,2,u) (3:28)
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where f,, is a projection of f,, in the regular form coordinates. Therefore
|t zow) || < kfJu@)| + e, x) (3.29)

since the Euclidean norm of f;, (¢, x, u) is preserved by the orthogonal transforma-
tion. In regular form the switching function s(#) can be written as

s(t) =[S 52][ 21(t) }:SQ[/C Im][ 21(t) }

22(1) 22(1)
The choice of S, € R™*™ is arbitrary but here it is chosen so that
S$HBy=A

where A is a nonsingular diagonal matrix. Define another coordinate transformation
z(t) > Tyz(t) so that the system can be partitioned into:

a0 | _p [
s(1) Pz
where the transformation matrix 7 is given by:
I 0
=[5 o
Then the system in (3.28) can be written as:
z1(1) An Alejl z1(1) 0
| = - - t
|: s(1) :| |:52A21 52A22S2_1 s(t) + A u(r)
07 -
+ [ s ] Fnlt,2,u) (3.30)
2
where All = A — Ak, A21 = /CA_H + Az — Ak and A22 =KApp + Agp.

The Ryan and Corless [217] control law comprises linear and nonlinear components
given by

u(t) =uy(t) + un (1) (3.31)
The linear component is defined as
w(®) = A7 (=S2401210) — ($2405, ' — @)s(1)) (3.32)
where @ € R™*™ is any stable design matrix and the nonlinear component
1 Ps@) .
un(t) = —p(t, x) A7V ifs(r) £0 (3.33)
! IPas @)

where P> € R™*™ is a symmetric positive definite matrix satisfying the Lyapunov
equation

Po+dTP,=—1I,
The scalar function p depends on the magnitude of uncertainty and is any function
satisfying:
I S2ll (kllugll + e (t, Trx)) + 1
(I =kl A=MIS21)

where 7 is a positive scalar and k is a known constant with k < || B, ! I=1.

p(t,x) = (3.34)
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3.3.1 Analysis of Stability for the Closed-Loop System

The problem of determining the stability of the closed-loop system under the influ-
ence of matched uncertainty becomes the problem of ensuring that sliding occurs
despite the presence of uncertainty. This is due to the fact that when the controller
induces an ideal sliding motion, the closed-loop system is stable by design. This
section will show that the unit vector controller from (3.31) will still induce sliding
in the presence of uncertainty.

Substituting the control law in (3.31) into system (3.30) gives

210 = Anzi(0) + A1aS; Ls (1) (3.35)

Pys
| Pas|

§(t)=dst) — p(t, x) + 85 fn(t, 2, 1) (3.36)

Consider a Lyapunov function V(s) = sTPys for (3.36). Differentiating the Lya-
punov function yields

V= S‘TPQS + STP2_§

Prs \T Prs -
= <¢s —p— 4 Sme) Pys+s'P, (fps —p— 4 S2fm>
| Pos| | Pos|

=s"(@TP, + P,®)s —2p (s"P2Pys) + 25T P25, fin

| Pas ||
= —s's —2p|| Pas|| + 25T P2S> fim (3.37)
since sT Py Pas = || Pas ||2 and ®T P, + P,® = —I. Furthermore since

IsT P28 fon | < I P2sIIIS2II fon
from the Cauchy—Schwarz inequality,
V < —lslI* =20 Pasll(p — 1S2l1l fnll) (3.38)

The idea is to represent p in (3.38) in terms of the uncertainty f,, using the defini-
tion of p given in (3.34). From (3.31) and (3.33), and using the triangle inequality
property of norms

[u® ] < @] + Jua )] < ] + o] 471 (3.39)
Equation (3.34) can be written as
p(t,x)(1=k[| AT 1S21) = I1S2ll (Kl || + (2, x)) + (3.40)
Rearranging this equation yields
p(t,x) > 12l (kllug |l + e(t, ) + 0 + p(t, k|| Sa|l | A7
> 12l (kllurll + p (2, Ok A7 + et 0)) + 11
Using (3.39) and (3.27), the above can be written as
p(t,x) = 12l (kllull + o2, %)) + 1 = [1S2]lll fin | + 1 (3.41)



42 3 First-Order Sliding Mode Concepts

Substituting for (3.41) in (3.38) yields

V < —IlIsl? =20 Pasll(IS2 11l foull + 1) + 211 Pas I S2 11 fn
< —IslI* = 27l P2s|| (3.42)

Equation (3.42) shows that the controller in the form (3.31), induces ideal sliding
in the presence of matched uncertainty. This inequality will be used to show that
sliding on S takes place in finite time. From the Rayleigh principle

1Pas]? = (Py%5) Pa(P)2s) = dmin(P) | P)%s | = Amin(PDV(s)  (3.43)

which together with (3.42) gives

V < =20y hmin(P)NVV (3.44)

Integrating (3.44) implies that the time taken to reach the sliding surface S denoted

by #, satisfies
ty < 17 W/V(50)/Amin (P2) (3.45)

where sg represents the initial value of s(¢) at t = 0 [85]. This is a natural multivari-
able analogue of the single-input case.

3.3.2 The Unit Vector Pseudo Sliding Term

In achieving this ideal sliding motion, discontinuous infinite frequency switching or
chattering occurs. This is undesirable for some practical systems, especially for me-
chanical systems with actuators prone to wear and tear. It is therefore necessary that
this discontinuity is ‘smoothed’ and an approximation to ideal sliding (sometimes
called ‘pseudo sliding’) is achieved. Here the states of the system are only required
to stay close to the sliding surface instead of on it. However, the total robustness
property (invariance) to matched uncertainty is no longer guaranteed. On the other
hand, if the approximation is close enough to the actual discontinuous term, a good
approximation to ideal sliding can still be achieved. Therefore, there is a trade-off
between robustness and reducing the chattering effect.

There are several methods used to achieve ‘pseudo sliding’; but the one that will
be used in this book is based on a method called ‘fractional approximation’ (or
sigmoidal approximation) [85]. This is similar to the one in Fig. 3.4. Other approx-
imation methods are discussed in [85], including the boundary layer approach and
power law interpolation. The nonlinear term in the control law in (3.33) is replaced
by

up=—pat 2 (3.46)
| Pasll + 6
where § > 0 is a small positive scalar which determines the quality of the approxi-
mation. A very small § will give a better approximation to the actual discontinuous
function sgn(s); but to reduce chattering, a larger § is needed.
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3.4 Design of the Sliding Surface

The preceding sections have discussed the design of the control law. In the following
section, the design of the switching surface, namely the matrix § in the switching
function s(¢) = Sx(¢), is discussed. The next section describes a design scheme
based on a modification of the classical LQR design problem. This sliding surface
design approach will be used extensively in this book. Details of other design ap-
proaches can be found in [85].

3.4.1 Quadratic Minimisation

Consider the problem of minimising the quadratic performance index

J= %/Oo(x(t)TQx(t)) dt (3.47)
Iy

where Q is symmetric positive definite and 7, indicates the start of sliding. Consider
a coordinate transformation x(¢) > T,x(¢) = z(¢) so that the system is in regular
form as in Sect. 3.1.1. In regular form, the matrix Q can be written as

T_ |Qu Q2
LQt = [Q21 sz] (348)

where Q1 = QE and Q2 € R™*™, Therefore, in regular form, the special ‘cheap
control’ LQR problem associated with (3.47) involves minimising
1

oo
J= 5/ (2] Qu1z1 + 221 Q1222 + 23 Q22 dt (3.49)
ts

Utkin and Young [257] proposed factorizing the last two terms of (3.49) to obtain

_ T _
221 Q222 + 23 Q222 = (22 + Q55 Qa121) Q2 (22 + Q55 Q2121)

— 21 (Q},Q5) Q21)z
Using the above, (3.49) can be written as
J= % /[OO(Z?(QU - Q12Q5 Q21)z1
+ (22 + Qz_leZIZl)TQZZ(ZZ +Q5, Qaiz1)) dt (3.50)
Define
Q=Qi1 - Q12Q5,' Qi (3.51)

and introduce a pseudo control term as

v=2+Qy, Qi (3.52)
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then (3.50) can be written as

1 [ A
J = 5/. (ZTQZ[ + UTQ22U) dt (3.53)
ts

The minimisation of J is associated with the dynamical system in (3.8) which is
given by:

21(0) =Anz1 () + A2za(t) (3.54)
Eliminating the z; term in (3.54) by using (3.52), the system in (3.54) becomes
210 = Azi (1) + Apv () (3.55)

where A = A1l — A12Q2_2l Q> . This is now a classical LQR problem formulation.
The ‘optimal control law’ is then given by

v(t) = —(Q5 AL P1)z1 (1) (3.56)
where Pj satisfies
ATPi+ PIA — PLARQ, AL P +Q=0 (3.57)
Recall that during sliding, s(#) = 0 and therefore
2(t) = —Kz1(t) (3.58)

where C is defined in (3.7). The manipulations resulting from solving for z(t)
from (3.52) and (3.56) yield

22(t) =—Q5 (A, P + Qa1)z1 (1) (3.59)
and therefore the matrix /C is defined as
K=0Q (AL, P +Qa) (3.60)

Once the matrix IC has been obtained, the matrix S can be calculated using (3.10)
where S, can be arbitrarily chosen.

3.5 Design of a Controller with a Tracking Requirement

The control law discussions in this chapter have so far only considered state reg-
ulation. In this section, two methods for systems with a tracking requirement will
be discussed in detail, one based on integral action and the other a model-reference
approach.

3.5.1 Integral Action Approach

Consider a nominal linear system that is in regular form given by

%(t) = Ax(t) + Bu(t) (3.61)
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where A € R"*" and B € R"*™. In addition, identify some controlled outputs as
y(t)=Cx(t) (3.62)
where y(t) € R™. Consider additional states x, () € R” defined as
Xr(@)=r)—Cx(t) (3.63)
where r(¢) is the ‘filtered’ reference signal given by
F(t) =T (r(t) — R(1)) (3.64)

where I € R™*"™ is a stable design matrix and R(#) is a piecewise constant demand
vector. The signal R(f) represents step changes in demand which is not differen-
tiable at certain time instants. In (3.64), r(¢) represents a low pass filtered version
of the signal R(¢) and so (3.64), can be viewed in classical terms as a pre-filtering
of the demand signal to remove ‘derivative kick’. The matrix I" represents a use-
ful design parameter for tailoring the closed-loop response to demand changes [85].
The analysis of the augmented tracking system is described below. Augment the
nominal system with the new additional states x,(¢) to obtain

~ _ | X ()

x(t) = [ () :| (3.65)
Now the augmented system can be written as

X (1) _ |10 —C||x@® 0 Iy
[m)]_[o A][r(t)]+[3}uu>+[o]r<z> (3.66)
Assume the pair (A, B) is in regular form, then the state X(¢) can be partitioned as
~ _ )El(t)

X)) = |:322(t):| (3.67)
where X1(f) € R"” and x,(¢) € R™. In the new partition, the system can be written
as:

a0l _[An Ap][H0) 0 B,
. =" - 1)+ t 3.68
[m(t)} [AZI Azz] [xZ(f)] * [BZ} "o [ 0 }r( ) (309

where the augmented and partitioned system matrix is given by

i [1‘}11 A12:| —
Ay Ax
In expression (3.69), the matrix [C C»] is a partition of the output distribution
matrix C. The objective is to design a sliding surface of the form

S={[x@) eR"™": Si(t) =0} (3.70)

and B, = [16":| (3.69)

where S € R"*@+M) j5 designed to meet performance specifications for the closed-
loop reduced order system. The matrix S can be partitioned as

S=[S S (3.71)
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where S; € R”™*" and §; € R™*™. Assume that by choice of S, the matrix A =
S> B, is a nonsingular diagonal design matrix. During an ideal sliding motion the
reduced order system is governed by the top partition of (3.68), specifically

Bi1(0) = Angi() + Ak () + Bor()

During the sliding motion s(¢) = SXx(¢) = 0, and therefore
S1X1(t) + $2%2() =0 =  X(t) =—Kx1(t) (3.72)

where K = S5 Isi. Substituting (3.72) into the top partition of (3.68) yields the
following:

B1(0) = (A — ApK)%1 (1) + B,r (1)
The design of the hyperplane gain matrix K is determined by the controllability of
the pair (A11,A12).

Lemma 3.1 If (A, B,ﬂC) i{ controllable and has no invariant zeros at the origin,
then the matrix pair (A11, A12) is controllable.

Proof Denote Rosenbrocks’ system matrix by
sl—-A B
P(s)= [ _C O]
The invariant zeros of the triple (A, B, C) are given by
{seC : det(P(s)) =0}

Therefore the system has zeros at the origin if and only if det(P (0)) = 0. Because
(A, B, C) is already in regular form and B, is nonsingular

[—C 0
det(P(0)) =0 < det A B:| =0
M —Cy —C 0
&Sdet| —A;p —Ap 0 [ =0
| —A21 —Axn B

[C1 G
& det =0
LA A12i|

Utilising the PBH rank test, the pair (An , Alz) is controllable if and only if

sl Cy —C|
rank|: 0 sl—Ap Alz]_n foralls e C (3.73)
If s =0 then
s, Ci -G Cy -2
rank|:0 sl — Ay A]2:|—n<:>det|:_A11 A12}7é0
Ci Cy
< det 0
¢ |:A11 A12:| 7

< (A, B, C) has no zeros at the origin
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Otherwise s # 0 and

sl Cq Cy
rank|: 0 sl —A;n Ap

However, from Proposition 3.1, (A, B) is controllable if and only if (A1, A12) is
controllable and therefore by assumption

]:nc)det[sI—A]] Apl=n—p

rank[s] — A1 Apl=n—p foralls

frgm tlle PBH rank test applied to (A11, A12). Therefore assertion (3.73) is true and
(A1, App) is controllable. O

If the above condition is satisfied, then the design methods described in
Sect. 3.4.1 can be used for the augmented system above. The unit vector approach
described earlier will be applied to the augmented system in (3.66) to induce a slid-
ing motion. First transform the system using the coordinate change associated with

the matrix
|4 0
T, = |:S1 S21| (3.74)

The augmented and partitioned states become
X1(2) —T X1(1)
s |7 7[R0

and the augmented system can be written as

il(t) All A]z x1(0) 0 B,
i(1) |~ 524 T 3.75
|: S(t) i| [S2A21 S2A2252 1 s(t) + A u(t) + S] B, V([) ( )
where A = A — Ak, Ay = KA + Ao — AnK, An = KA1 + A, and

Ap = A12S;1. As in Sect. 3.3, the proposed controller is given by u(t) = u;(t) +
u, (t) where

w(t)= A" (=$2An51(0) + (D — 1408, )s (1) = Si1Br())  (3.76)
and
-1 1325 .
up(t) =—pA = ifs(t)#0 3.77)
I Pasl
where P, is a symmetric positive definite matrix satisfying
Po+dTP=—1 (3.78)

and @ € R™*™ is any stable design matrix. In the original coordinates, (3.76) can
be written as

up(t) = LyX(t) + L,r(t) (3.79)
with
Ly=—A"Y(SA—o5) (3.80)
L.=—A"'SB, (3.81)

In the next section, a model-reference approach for tracking control is discussed.
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3.5.2 Model-Reference Approach

In the model-reference approach, the idea is to compare the output of the nominal
plant with an ideal model [17, 285, 286]. The information obtained from the tracking
error between the nominal plant and the ideal model is taken as the state variable for
design purposes.

Consider a nominal plant given by

x(t) = Ax(1) + Bu(r) (3.82)
and suppose the ideal model is given by
X (1) = A X (1) + Bpur (1) (3.83)

where r(t) € R” is an input vector representing the reference signal. Define the
tracking error as

e(t) = x(t) — xm (1) (3.84)

The objective of the model-reference method is to design a controller so that the
tracking error tends to zero, and therefore the nominal plant is said to have perfect
tracking. Suppose the reference model pair (4,,, B),) is obtained via the following
equations:

A,=A+BF (3.85)
and
B, =BG (3.86)
One possible controller structure is
u(t) =ugme() + Fx(t) + Gr(t) (3.87)

where ug,;,.(7) is a sliding mode controller based on the state error e(¢). Taking the
derivative of the error given in (3.84) yields

e(t) =x(t) — X (t) = Ax(t) — Apxm(t) + Bu(t) — By, r (1) (3.88)
Adding and subtracting A, x(¢) to (3.88) gives
e(t)=Ape()+ (A — Ap)x(t) + Bu(t) — Byr(t) (3.89)

Based on (3.89), a controller can be designed to eliminate the x(#) and r(¢) terms
from the right hand side of the equation. First define an error switching function

s(e) = Se(t) (3.90)
which corresponds to the following hyperplane:
Se ={e(t) e R": Se(r) =0} (3.91)
During an ideal sliding motion,

s(e) =Se(t)=0 (3.92)



3.6 Sliding Modes for Fault Tolerant Control 49

Differentiating this equation and substituting from (3.89) yields
$(e) =Se(t) = S(Ame(t) + (A — Ap)x(t) + Bu — Byr(1)) =0 (3.93)

Assuming that S B is nonsingular, the equivalent control is

Ueg(t) = —(SB) ' S(Ame(t) + (A — Ap)x(t) — Bur(t)) (3.94)
and the reduced order system is given by substituting for u.4(¢) in (3.89) to obtain
é(t) = (1 - B(SB)_IS) (Ame(t) +(A—Ap)x(t) — er(t)) (3.95)
Substituting (3.85) and (3.86) in the above yields
é(ty= (I — B(SB)™'S)(Ame(t) — BFx(t) — BGr(1)) (3.96)

Using a similar argument to that in Sect. 3.1.2, the last two terms on the right hand
side of (3.96) can be viewed as matched uncertainty. During the ideal sliding mo-
tion (3.96) reduces to

é(t) = (I — B(SB)™'S)Ape(t) (3.97)
= (I — B(SB)™'S)Ae(t) (3.98)

since A,, = A+ BF and (I — B(SB)~'$)B =0. Consequently if the pair (A, B) is
controllable, then a hyperplane matrix S can be designed using any of the previously
introduced methods, to make the tracking error e(¢) — 0 as t — co.

Finally the controller component i, (¢) from (3.87) is defined as

Usme(e) = uy(t) + uy (1) (3.99)
where
u;(t) = —(SB) "1 (SA, — ®S)e(r) (3.100)
P
up(t) =—p(SB)~! 29 if s(t) #0 (3.101)
I Pasl

and P, € R™*™ gatisfies
Po+dTP=—1, (3.102)
The scalar p depends on the magnitude of the uncertainty, and @ € R™*™ is a stable

design matrix.

3.6 Sliding Modes for Fault Tolerant Control

As discussed in Sect. 3.1.2, during sliding, the trajectory of the closed-loop system
is independent of the control input signal u(¢), and any uncertainty that occurs in
these control input channels does not have any effect on the sliding motion and does
not affect the system performance provided sliding can be maintained. If actuator
faults in a linear system can be represented by

x(t) = Ax(t) + Bu(t) + (= B) K(H)u(t)
N e
D &(tu,x)
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where K (t) = diag(k|(¢), ..., k,(t)) and the scalars k;(r) satisfy 0 < k; (r) < 1,
this representation fits the definition of matched uncertainty given in Sect. 3.1.2
(see (3.15)). When k; (¢) = 0 the actuator is said to be working perfectly and when
ki(t) > 0 some degree of fault is present. When k; (r) = 1 the actuator has failed
completely. (This will be dealt with separately since sliding mode controllers per se
cannot deal directly with total actuator failures.) Provided the modulation gain p(-)
associated with the nonlinear control term is large enough to overcome the effect
of matched uncertainty, sliding will always be guaranteed even in the presence of
faults.

Despite its ability to handle actuator faults without requiring reconfiguring, SMC
cannot deal directly with total actuator failures. During total actuator failures, some
sort of reconfiguration or accommodation is needed. This is one motivation for the
schemes described in the later chapters of this book.

In some systems, exact duplication of redundant actuators is available. This is
considered in [58] for example. In this situation, the sliding mode controller can
deal with total failures by simply channeling the control signals to the duplicate
actuators without changing or reconfiguring the controller. This is simple in terms
of design, since the same sliding mode controller output will be able to be used
by many actuators. This is, however, restricted to systems with redundant actuators
which are an exact duplicate of the originals. In many real engineering systems, this
is simply not available. Thus, other tools are required to deal with total actuator
failures.

This raises the question of whether other tools can be combined with sliding
mode control to deal with total actuator failures. One potential candidate from the
list of FTC methods in Chap. 2 is Control Allocation (CA). This will be one facet
of the later chapters in this book. In safety critical systems such as large passenger
transport aircraft, there already exists available redundancy. Learning from previous
flight incidents and safe landings under extreme fault and failure conditions, this
redundancy can be used unconventionally. In the case of an actuator fault/failure,
CA has the ability to redistribute the control signals to the remaining functional
actuators.

Even better, a careful combination of the robustness properties of SMC and the
control reallocation capability of CA allows the possibility of creating simple robust
controllers that deal with faults and failures without reconfiguration. This allows a
single controller to work in almost all conditions. The strategy, the methods, and
the theory on how SMC can deal directly with actuator failures, is one of the main
contributions of this book.

3.7 Summary

In this chapter, the concept of sliding modes has been presented using a simple pen-
dulum example. The properties of sliding mode controllers, especially robustness
against matched uncertainty, have been presented. Some approaches for the design
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of the sliding surface (for closed-loop performance) and the control law (to en-
sure sliding is reached and maintained) have been introduced. Modifications of the
control laws to include a tracking requirement (integral action and model-reference
based tracking) have also been discussed. Finally, some advantages and drawbacks
of sliding mode control and how it can be applied for FTC, have been considered.
These ideas will be explored in the remainder of the book.

3.8 Notes and References

Many of the concepts in this chapter are based on the book by Edwards and Spur-
geon [85], but have been reproduced here to set up the ideas and the notation which
will be used in later chapters. Other excellent introductions to sliding modes can be
found in Zinober [299, 300], Perruquetti and Barbot [211], and Utkin, Guldner and
Shi [255]. The classical treatise on sliding modes is Utkin [256].

The control structures discussed in this chapter are largely based on the ‘unit vec-
tor’ approach from Ryan and Corless [217] although the specific development stems
from [85]. The analysis in Sect. 3.3, assumes that the uncertainty is matched. The in-
clusion of unmatched uncertainty and the subsequent analysis can be found in [85].
Section 3.4 describes a design scheme based on a modification of the classical LQR
design problem. Other design approaches can be found in the following references:
robust eigenstructure assignment [73, 85], direct eigenstructure assignment [72, 85],
and Linear Matrix Inequality (LMI) methods [56, 79].

The robustness properties of sliding modes against actuator faults make it a suit-
able candidate for FTC. A few researchers [127, 225, 226, 263, 269] have already
studied the potential of sliding mode control in the field of reconfigurable control
and FTC. For example, Hess and Wells [127] suggested that sliding mode control
has the potential to become an alternative to reconfigurable control due to its robust-
ness properties.






Chapter 4
Sliding Mode Observers for Fault Detection

In the previous chapter, the fundamental ideas of sliding mode control were pre-
sented. In this chapter, the concept of a sliding mode observer will be introduced.
A simple design structure will be considered initially, and the resulting observer
properties will be discussed. More advanced LMI design methods will then be pre-
sented. Robust fault reconstruction will be discussed and a comparison is made be-
tween (linear) unknown input observers and the proposed sliding mode schemes.

4.1 Introduction

The primary purpose of an observer is to estimate the unmeasurable states of the
system by using the measured outputs and inputs of the system. It is essentially a
mathematical replica of the system, where the input of the system is injected into
the observer and its output is compared with the system output. The difference be-
tween the system outputs and observer outputs, termed the output estimation error,
is then fed back as a corrective term so that the observer states will converge to
the system states. The earliest observer is attributed to Luenberger [174] where the
output estimation error is fed back linearly into the observer. However, in the pres-
ence of unknown signals, the Luenberger observer is usually unable to force the
output estimation error to zero and the observer states will also not converge to
the system states. A sliding mode observer [82, 256], which feeds back the output
estimation error via a nonlinear switching term, provides an attractive solution to
this issue. Provided a bound on the magnitude of the disturbances is known, the
sliding mode observer can force the output estimation error to converge to zero in
finite time (as opposed to the linear observer which only converges asymptotically),
while the observer states converge asymptotically to the system states. During the
sliding motion, the equivalent output error injection (the analogue to the equivalent
control) contains information about the unknown signals, and by suitably scaling
the equivalent output error injection, an accurate estimate of the unknown signals
can be obtained. The first sliding mode observer in the literature appeared in [256].
Walcott and Zak [266] improved on this design by including a linear feedback term

H. Alwi et al., Fault Detection and Fault-Tolerant Control Using Sliding Modes, 53
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such that the sliding patch can be enlarged. Edwards and Spurgeon [82] modified the
sliding surface of the Walcott—Zak observer and presented a systematic numerical
design method for the observer. In addition, the work in [82] identified necessary
and sufficient conditions for the existence of the observer in terms of the original
system matrices, and hence the class of systems for which the observer is feasible,
is known.

By modelling faults as unknown signals, sliding mode observers can be used to
reconstruct and thus detect and isolate faults. The early work in terms of fault re-
construction using sliding mode observers was reported by Edwards et al. [83, 86].
However, in the presence of other disturbances (which could represent unmod-
elled dynamics, parametric uncertainties or external disturbances), the reconstruc-
tion methods described in [83, 86] will no longer be accurate. It is therefore crucial
to make the fault reconstruction robust to these disturbances (and hence achieve ro-
bust fault reconstruction). Tan and Edwards [248] proposed a design method for the
observer parameters such that the £, gain from the disturbances to the fault recon-
struction is minimised. This chapter discusses sliding mode observers and demon-
strates their use for fault reconstruction.

4.2 The Utkin Observer

Consider the linear system described by

X(t) = Ax(t) + Bu() “.1n
y(t) = Cx(r) (4.2)

where A € R™", B € R and C € RP*". Assume that the pair (A, C) is ob-
servable. Introduce a linear nonsingular change of coordinates associated with the

matrix
NT
T. = |: Cf j| “4.3)

where the columns of N, span the null space of C. Applying the change of coordi-
nates x — T x, the triple (A, B, C) has the form

-1 [Ann A _ | Bi -1 _
T.AT; _[A21 wol mB=|| cnTt=0 ) @

where Aj; € R=P)X(=P) and By € R“~P)*™ Utkin [256] proposed an observer
of the form

(1) = AZ(t) + Bu(t) + G,v (4.5)
y(@) =Cx() (4.6)
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where (x, y) are the estimates of (x, y), and v is a nonlinear discontinuous term.
Define e(t) := % (1) —x(¢) and e, (¢) := J(r) — y(r) as the state estimation and output
estimation errors, respectively. The term v is defined component-wise as

vi=psgn(ey;), i=1,2,...,p 4.7

where p is a positive real scalar and e, ; represents the ith component of e, ().
From (4.7), the term v has been designed to switch discontinuously about the sliding
surface S = {e : Ce = 0} and to drive the trajectories of e(¢) to S. Assume (in the
coordinate system of (4.4)) the gain G,, has the structure

G, = [G’“} (4.8)

where G, 1 € R®=P)XP_The matrix G,.1 represents the design freedom in the
observer. Using the definition of e(r), the following error system is obtained
from (4.1)—(4.2) and (4.5)—(4.6):

e(t) =Ae(t)+ Gnv 4.9)

Due to the structure of C in (4.4), the state estimation error can be partitioned as
e =col(ey, e;) where e; € R""7. Then the error system (4.9) can be partitioned as

e1(t) = Arre1(t) + Appey (1) + Gy v (4.10)
ey(t) = Azie1(t) + Axey(t) —v (4.11)
From the definition of v, (4.11) becomes (component-wise)
ey,i(t) = Aoy e (t) + Axiey(t) — p sgnley,;) (4.12)
where Ay;; and Ay ; represent the ith rows of Az; and Ajp, respectively. From
(4.12), it is straightforward to show that
eyiéyi =eyi(Azrier + Aney) — pley.l
< —ley,il(p — [(Aa1ie1 + Anpiey)))
If the scalar p is large enough such that it satisfies
p>|Aziier +Axniey|+1 (4.13)
where n € Ry, then
ey,,-éy,,- < —77|€y’,'| (414)

Note that (4.14) is in the same form as (3.13) and hence implies that e, ; will con-
verge to zero in finite time. When every component of ey (7) has converged to zero
then a sliding motion takes place.
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When a sliding motion has been achieved, ey, (t) = éy(¢) = 0, and hence the error
system defined by (4.10)—(4.11) can be written as

e1(t) = Arre1(t) + Gy 1veq (4.15)
0= Az1e1(t) — veq (4.16)

where v, is the so-called equivalent output error injection that is required to main-
tain the sliding motion (analogous to the equivalent control in Sect. 3.1.2). This is
not the term v that is applied to the system, but rather, the averaged injection ap-
plied to maintain the sliding motion (e (¢) = éy(t) = 0). Recall that this concept of
equivalent output error injection is valid only during the sliding motion, and hence
(4.15)—(4.16) are valid only when sliding takes place on the surface S.

The properties of the sliding motion will be investigated in the following subsec-
tions: in particular, the effect of the choice of G,,; will be described.

4.2.1 Properties of the Sliding Motion

This subsection will analyse the behaviour of the system during the sliding motion.
Eliminating the term v, from (4.15)—(4.16) yields the following expression

é1(t) = (A11 + Gpn,1421)e1 (1) 4.17)

This represents the reduced order motion (of order n — p) that governs the sliding
mode dynamics.

Lemma 4.1 The pair (A11, A12) is observable if and only if (A, C) is observable.

Proof From the Popov—Belevitch—Hautus (PBH) rank test [85], if the pair (A, C) is
observable, then the matrix

P(s) = [SI"C_A} (4.18)

will have full column rank for all values of s. Partitioned into the coordinates of
(4.4), the expression in (4.18) becomes

sly_p — A1y —Ap
P(s) = —A»n sl — An 4.19)
0 I,

For (4.19) to have full column rank, the following matrix pencil must have full
column rank for all values of s:

sly—p — A1l
4.20
|: Ay j| (4.20)

From the PBH rank test, this is equivalent to the pair (A1, A1) being observable. [
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Therefore if (A, C) is observable, then (A, A1) will also be observable, and
an appropriate matrix G,,1 can always be chosen to ensure that the reduced order
motion in (4.17) is stable.

Remark 4.1 The differences between a sliding mode observer and sliding mode
controller are two-fold. Firstly, in a controller, the switching term enters the sys-
tem via the input distribution matrix B which is fixed; whereas for an observer the
switching term enters via the matrix G, which contains design freedom. Secondly
in an observer, the sliding surface is fixed as e, (#) = 0 whereas the sliding surface
for a controller has design freedom that depends on the desired performance of the
closed-loop system.

4.2.2 An Example

Consider a second order state-space system described by (4.1) and (4.2) where

0 1 0
A:[_z 0], B:[l], cC=[1 1] 4.21)

which represents a simple harmonic oscillator. For simplicity assume u(¢) = 0.
A suitable choice for the nonsingular matrix 7, from (4.3) is

1 -1
T, = [1 J 4.22)
Following the change of coordinates x +— T.x, the system triple (A, B, C) becomes
-1_| 05 1.5 | -1 -1
T AT, _|:_1.5 _osl T.B = ik CT. =[0 1] (4.23)

Suppose the nonlinear gain from (4.8) is chosen as G,,1 = 3. This results in the
sliding motion being governed by Aj; + G, 1A21 = —4, which is stable. In the
original coordinates of (4.21), the nonlinear gain can be calculated as

o [Gai] [ 05 051 37 1
O B | Y B

The following simulation was performed with the system assumed to have initial
conditions x(0) = col(0.5, —0.8) and the observer having zero initial conditions. In
all the simulations p = 1.

Figure 4.1 shows the system states x(¢) and the observer estimates x(¢). It can
be seen that at approximately 1.5 s, perfect tracking of the states takes place. Fig-
ure 4.2 shows the output estimation error ey (¢) and the state estimation errors e(t).
It can be seen that at approximately 0.66 s, e, (t) becomes zero, and remains there,
and hence a sliding motion has taken place on S = {e : Ce = 0}. Then, from that
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Fig. 4.1 System states x(¢) (solid) and the observer estimates x(¢) (dashed)
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Fig. 4.2 The output estimation error ey (¢) (dashed) and the components of the state estimation
error e(t) (solid)

time onwards, the errors (Fig. 4.2) evolve according to the dynamics of the reduced
order motion. From Fig. 4.3, during the sliding motion, the nonlinear discontinuous
switching term v exhibits high frequency switching. Figure 4.4 shows the reduced
order motion e (#) which was obtained by multiplying e(¢) with the top n — p rows
of T¢. Figure 4.5 shows the equivalent output error injection signal v, obtained
from passing the term v from Fig. 4.3 through a low-pass filter of time constant
7 =0.02 s. Notice that the term v, conforms to (4.16) once a sliding motion is
taking place.

In the following simulations the same observer is used but the initial conditions
of the states have been changed to 0.5 and —1.5, respectively. The initial conditions
of the observer are once again set as zero. This situation represents effectively an
increase in the initial conditions of e;(0) and ey (0).
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Fig. 4.3 The nonlinear injection switching term v
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Fig. 4.5 The equivalent output error injection v, (solid) and Aje|(t) (dashed)
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Fig. 4.6 The output estimation error ey (¢) (dashed) and the components of the state estimation
error e(t) (solid)
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Fig. 4.7 The discontinuous term v with larger error initial conditions

From Fig. 4.6, the output estimation error ey, (¢) pierces the surface
S={e:Ce=0}

at approximately 0.87 s, but does not remain there. This is because of the large state
estimation errors at that time instant, resulting in (4.13) not being satisfied; i.e., the
reachability condition (4.14) does not hold. However, when ey (¢) reaches 0 again
at approximately 1.55 s, it remains there, and the sliding motion begins. At this
point, the error vector e(¢) is much smaller than it was at 0.87 s, and the reachability
condition has been satisfied. Figure 4.7 shows the discontinuous term v for the case
when the initial errors are large.
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4.2.3 Disturbance Rejection Properties

Suppose (4.1) is now replaced by
X(t)=Ax({t)+ Bu(t) + Q&(t,x,u) (4.25)

where £(, x, u) € R" is a disturbance vector, and Q € R"*" is its distribution ma-
trix.

Suppose the gain G, is designed such that it is matched to the disturbance matrix
ie, Q = G,X for some X € RP*" Then in the coordinates of (4.4) and (4.8),
the following condition will be satisfied

. Gu1X
0= [ _x ] (4.26)
and the error system (4.10)—(4.11) becomes
ety =Ane1(t) + Apey(t) + Gpv — G 1 XE(, x, u) (4.27)
ey(t) = Agie1(t) + Aney (1) —v + X&(t, x, u) (4.28)
From (4.28), it is straightforward to show that
eyiéyi=eyi(Az1 el +Axn ey + X&) — pley il
< —ley,il(p — |Az1ie1 + Anziey + X&)

where X; is the ithrow of X.If p > |A21 ;e1 + A2 jey + X;&|+n forascalar n > 0,
then the reachability condition in (4.14) is satisfied, and an ideal sliding motion takes
place in finite time. When a sliding motion has been attained, (4.27)—(4.28) become

e1(t) =Ane1(t) + Gy 1veq — G 1 XE(t, x, u) (4.29)
0= An1e1(t) — veq + X&(t, x, 1) (4.30)

Eliminating v, from (4.29) and (4.30) yields the reduced order motion
e1(t) = (A11 + Gp,1Az1)er (1) (4.31)

which is independent of the disturbance &(z, x, u). Notice that for the existence of an
ideal sliding motion, the matching condition (4.26) is not required; a large enough
p is sufficient to induce a sliding motion. The matching condition is only required
for the reduced order motion (4.31) to be independent of &(¢, x, u). From (4.31),
e1(t) — 0, and hence from (4.30), v,y — X&(t, x, u). Hence the term v, is able to
provide information about the disturbance.

For the system in (4.21), consider the case when
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Fig. 4.8 The output estimation error ey (¢) (dashed) and the components of the state estimation
error e(t) (solid)
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Fig. 4.9 The error vector associated with the sliding motion e ()

and &(r,x,u) = 0.2sin(x1(z)). Notice from (4.24) that G, = Q and hence the
matching condition from (4.26) is satisfied with X = 1. Assuming the same initial
conditions as in Sect. 4.2.2, the following simulation results were obtained.

From Figs. 4.8 and 4.9, a sliding motion is achieved after approximately 0.66 s
and the errors experience a first order decay, as before, unaffected by the distur-
bance. This disturbance rejection property is a major advantage of sliding mode
observers over the nominal Luenberger observer. From Fig. 4.10, the effect of the
disturbance &(¢, x, u) can be seen in the signal v,,. When the reduced order motion
e1(t) has become small (at about 1.5 s), the signal v, ‘reproduces’ the disturbance
&(t,x,u) (with a small delay due to the low-pass filter used to obtain v,,). Notice
that the term v was not designed with any a priori knowledge about &(¢, x, u), ex-
cept that it is bounded. This feature of ‘disturbance tracking’ is essential to the fault
reconstruction work in this book.
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seconds

Fig. 4.10 The equivalent output error injection v, (solid) and the disturbance & (¢, x, u) (dashed)

4.2.4 Pseudo-sliding by Smoothing the Discontinuity

From Fig. 4.3, the term v is discontinuous with very high frequency switching. Sys-
tems with discontinuities often pose problems for simulation packages and generally
cause an increase in the computational burden. Thus it is often useful to ‘smooth’
the discontinuity. (This is particularly true for sliding mode control systems as dis-
cussed earlier where high frequency switched control signals would represent an
unacceptable input.) Recall that v is defined component-wise by v; = p sgn(ey ;),
which can also be expressed as

v=p -2 ey (1) #0 (4.32)

le V,i |
As in Sect. 3.3.2, a method to smooth v is to approximate (4.32) by

v=p —2 (4.33)
C T eyl 46 '

where § is a small positive scalar. This results in a trade-off between ideal perfor-
mance and maintaining a smooth output error injection signal. Repeating the sim-
ulation in Sect. 4.2.2, using v as in (4.33) with 6§ = 0.0001, the following figures
were obtained. Figure 4.11 shows the smooth injection term v from (4.33). Notice
that its shape is similar to ve, from Fig. 4.5. From Fig. 4.12, it can be seen that the
performance of the system is relatively unaffected (in comparison with Fig. 4.2).

Remark 4.2 The literature associated with the choice of smoothing coefficient §
in the unit vector approximation has been mainly associated with chatter avoid-
ance in control schemes and its impact on the robustness of the closed-loop system
[45, 64, 67]. For fault reconstruction, the objective is different because the emphasis
is on the choice of § and its impact on the quality of the reconstruction. Generally
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Fig. 4.11 The output error injection term v after being smoothed
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Fig. 4.12 The output estimation error ey (¢) (dashed) and the components of the state estimation
error e(t) (solid)

speaking lower values of § can be considered in observer problems than would be
used in the controller case where chattering of the control signal is a key issue. It
is argued in Sect. 3.3.2 that as a result of using the sigmoidally approximation a
boundary layer of size 2046 is introduced (in the scalar case).

4.2.5 A Modification to Include a Linear Term

For the observer that has been discussed, the size of the parameter o dictates the size
of the domain in which sliding takes place. However, for practical reasons, a very
large value of p is not desirable and hence there is a trade-off.
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Fig. 4.13 The sliding region 15 T T T T T
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For pedagogical purposes consider an unstable state-space system'

2 -3 0
A:[l 3] B:[I] c=[0 1] (4.34)

To design an Utkin observer no change of coordinates is needed because the matrix
C is already in the required structure of (4.4). Specifying G, 1 = 0 yields a reduced
order motion pole of A11 4+ G,,1A21 = —2. In the following simulations the gain p
has been specified to be 1.

A series of simulations was carried out for different initial conditions (e (0),
ey(0)), with both components ranging from —3 to +3. In Fig. 4.13, the ‘shaded’
area is the region in which the initial conditions (e (0), ey (0)) must lie for a sliding
motion to occur. Elsewhere the observer fails to provide converging state estima-
tions. The shaded region is sometimes referred to as the sliding patch [229]. Of
course the size of the shaded area can be enlarged by increasing the value of p, but
for practical reasons that may be undesirable.

Instead consider the effect of adding an output error feedback term to the ob-
server. Equation (4.5) can be modified to be

X(t) = A% (t) — Giey(t) + Bu(t) + G,v (4.35)

where G; € R"*P, Slotine et al. [229] argue that an appropriate choice of the gain
G, will enlarge the sliding patch. From (4.1), (4.2) and (4.6), the state estimation

n the following simulations full state feedback u(¢) = Fx(t) where F =[1 — 1] has been em-
ployed so that A(A + BF) = {£1.4142i}. The reason for this choice of closed-loop eigenvalues is
that the states will be oscillatory, and the tracking of the states can be observed if desired.
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error system is given by
é(t)y=(A—-GiC)e(t) + Gpv (4.36)

The error system in (4.36) can be analysed with respect to quadratic stability by
using a positive definite quadratic function

V=¢Pe (4.37)

where P € R"*" is a symmetric positive definite matrix. Differentiating (4.37) with
respect to time yields

V=¢TPetelPe
=e'(P(A—GiC)+ (A—GiO)TP)e+2¢" PG,y (4.38)
If P and G can be chosen such that the expression in (4.38) is negative, then the

error system in (4.36) is (globally) quadratically stable.
For the system in (4.34), choosing

G = [_2] (4.39)

results in a closed-loop error system
ér(t) = —2e1(r) (4.40)
éy(t) =e1(t) —3e, (1) — sgn(ey) (4.41)

Consider a positive definite quadratic function as in (4.37) where the error vector e

and matrix P are
1
_ e] _ |z 0
e_[ey] P—[o 1] (4.42)

and hence the quadratic function from (4.37) is
L, 5
V= Zel + ey
Differentiating with respect to time yields
. I .
V= Eelel + 2eyéy
1
= Eel(—261) + 2ey(e1 — 3ey — sgn(ey))

2 2
=—e] — 6ey +2e1ey — 2|ey |

=—(e; — ey)2 - 5e§ —2ley|
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if (er, ey) # 0. Hence global stability of this error system has been proven. When
the magnitude of the error e(#) becomes small enough, the reachability condition
in (4.14) is satisfied and a sliding motion takes place. This example shows that in
certain circumstances the introduction of a linear output error injection term can be
beneficial.

4.3 The Edwards—-Spurgeon Observer for Fault Reconstruction

Consider the following faulty dynamical system:

X(1) = Ax(t) + Bu(t) + Mf(t) (4.43)
y(t) = Cx(t) (4.44)

where x € R" are the states, y € R? are the measurable outputs, and u € R™ are
the measurable inputs. The signal f € RY is the fault acting upon the system where
q < p. It is unknown but assumed to be bounded so that

lr®| <« (4.45)

where o is known. Assume without loss of generality that the matrices C and M
are full rank. The objective is to reconstruct the fault f(¢) based on the measured
signals u(¢) and y ().

Two key lemmas will now be presented which underpin the rest of this chapter.

Lemma 4.2 Let the triple (A, M, C) represent a linear system with p > q and sup-
pose rank(C M) =rank(M) = q, then there exists a change of coordinates x — T,x
for the system (4.43)—(4.44) such that in the new coordinates the triple (A, M, C)
of the transformed system has the following structure:

2] , cC=[0 T] (4.46)

where Ayp € ROTPIX0=P) Ay € RP=DX0=P) T ¢ RPXP s orthogonal and
M, € RP*4 has the structure

My = |:1l20:| (4.47)

where M, € R1*Y is nonsingular.

Proof First introduce a coordinate transformation to make the last p states of the
system the outputs. To achieve this, define

T
I.= |:]\é :| (4.48)
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where N, € R"*("=P) and the columns span the null space of C. The coordinate
transformation x — 7T.x is nonsingular by construction and in the new coordinate
system

C=[0 I,]

Suppose in the new coordinate system
My | tn—p
M =
|: M, :| tp
Then CM = M and so by assumption rank(M>) = g. Hence the left pseudo-inverse

M; is well defined. Also there exists an orthogonal matrix 7' € R”*? such that

., [0
™M, = [ MO] (4.49)

where M, € R7*4 is nonsingular. Consequently, the coordinate transformation x +>
Tpx where

)
T, = [’"61’ "‘; ITMZ} (4.50)

is nonsingular, and in the new coordinates the triple (A, M, C) is in the form

Al Ap 0
A= , M= , cC=[0 T 4.51
|:A21 Azz] [Mz} [ ] D)

where Aj; € R#=P)*("=P) and the remaining sub-blocks in the system matrix are
partitioned accordingly. g

Lemma 4.3 The pair (A11, A211) is detectable if and only if the invariant zeros of
(A, M, C) are Hurwitz.

Proof From the PBH rank test [216], the unobservable modes of (A1, Az11) are
given by the values of s that make the following matrix pencil lose rank:

sI—A111|

PObS(S) = [ A21]

The zeros of (A, M, C) are given by the values of s that make the Rosenbrock
matrix Rops(s) lose rank [216], where

sl —A;np —App| O

_ sl —A —M _ —A211 * 0
RObS(S) - [ C O } - _A212 * _Mg

0 T |0

and the * represent elements that do not play a role in the subsequent analysis. Since
M, and T are both square and invertible, then Rgps(s) loses rank if and only if
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Pobs (=) loses rank. Clearly the unobservable modes of (A1, Az11) are the invariant
zeros of (A, M, C), and hence the proof is complete. U

4.3.1 Observer Formulation and Stability Analysis

In this subsection, it will be assumed that for the system in (4.43)—(4.44)

Al. rank(CM) =rank(M)
A2. The invariant zeros (if any) of (A, M, C) are Hurwitz.

The following state observer will be considered for the system in (4.43)—(4.44)
X(t) = AR (1) + Bu(t) — Gjey(t) + Gpv (4.52)
Y1) =Cx(1) (4.53)

where e\ (1) := J(t) — y(¢) is the output estimation error and both G; € R"*” and
G, € R"™7P are design matrices to be determined. Condition Al implies that the
coordinate structure of (4.46) can be attained and hence without loss of general-
ity it can be assumed that the triple (A, M, C) is in the structure of (4.46). In the
coordinates of (4.46), let

G, = [_IL} TPt L=[L° 0] (4.54)
14

where L? € R0=P)X(P=® and P, = PI € RP*P are design matrices. The discon-
tinuous vector v is defined by

V(1) = —p—2 ifey(t) £0 (4.55)
lley |l

where p is a positive scalar function dependent on the magnitude of f.
Defining A, = A — G;C and the state estimation error as e(t) := x(t) — x(¢),
from (4.43) and (4.52), (4.44) and (4.53), the following error system can be obtained

ée(t)y=Ape(t) +Guv— Mf(t) (4.56)

Proposition 4.1 [f there exists a matrix G; and a Lyapunov matrix P of the form

R PIL
P= [LTPI TTP,T + LTPlL] >0 @.57)

where P} € R—P)X0=D) ghqr satisfies
PA,+ATP <0 (4.58)

and p > || P,C M ||+ 1, where n, > 0, then the state estimation error e(t) is asymp-
totically stable.
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Proof Consider a positive definite Lyapunov function
V=c"Pe (4.59)
where P is given in (4.57). Differentiating (4.59) with respect to time,
V=¢tPetelPe
=e'(PA,+ A P)e+2¢" PG, — 2" PMf

From the definitions of P, G, and M in (4.57), (4.54) and (4.46), respectively, it is
easy to prove that

PG,=C" and PM=C'P,CM (4.60)
Using (4.58) and (4.60), V becomes
vV <2TCcTy —2¢TCTP,CMf
From the definition of v in (4.55) and using the bound of f in (4.45)
V < =2plleyll —2¢; P,CMf
< =2lleyli(p = 1 P,CM||)

=< _2770||€y||
<0 fore#0

which proves the state estimation error is quadratically stable. g

Corollary 4.1 A stable sliding motion takes place on the surface

S={e:Ce=0} (4.61)
in finite time and the sliding motion is governed by A1y = A1 + L°Ajyy.
Proof To prove a sliding motion is attained, it is convenient to firstly apply a change

of coordinates x +— T x where

T, = [’"OP ﬂ (4.62)

such that the triple (A, M, C) in (4.46) is transformed to be

-All -A]Z 0
A= |:v421 122} ., M= [Mz]’ C=[0 1I,] (4.63)

where A1 = A11 + L°Aj11 (see the structure of L in (4.54)), A1 = T A»; and
My =T M,. Then the error system (4.56) can be partitioned as

e1(t) = Aner(t) + (Aia — Gr)ey (1) (4.64)
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¢y = Aster(t) + (A = Grodey() + Py lv = Maf (1) (4.65)
where

[gj; } =T.G (4.66)
Introduce a Lyapunov function for the subsystem (4.65) as
Vi = e§Poey

Differentiating V; with respect to time and using (4.65), yields
Vi =) (Po(An—G12) + (A — G12) " Po)ey +2e) Py Azie1 +2e)v—2e) PMy f

It can be shown that

_ _ P 0
TlTPle[l ] 4.67
(7)) PT =y p, (4.67)
and
- A A =G

T AT = : 4.68
LoofL |:A21 An —Gi2 (4.68)

It follows that (TLT)_1 (PA, + AEP)TL_1 can be expanded as

PiA; + AT P * j|

0 4.69
[ * Po(An — G12) + (A — G)TP, | = (469)

where the » are elements that do not play a role in the following analysis. Since
(4.69) is symmetric, it is clear that P,(Ax — G.2) + (A2 — G1.2)T P, < 0 and hence

V, < 2e}T,P0A21el + Ze)T,v — ZeEP{,sz
< 2|leylll PoAz1er]l — 2nolleyll
=2ley || P Azier ]l — o) (4.70)

Notice that
ley 1> = (v Poey) Py (Y Poey) = dmin(Py ) IV Poey 1> = hmin(Py 1) Vs (471)

Define 1 as a scalar satisfying 0 < 1 < 7n,. Since from Proposition 4.1 the state
estimation error is quadratically stable, in finite time e (¢) enters the domain

2, ={e1: | P, Azier]l < no — n}

and remains there. Inside the domain £2,, inequality (4.70) becomes

v, .
< =2l | < —Zﬂ\/m\/vs
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Integrating from the time when e (¢) enters £2,, until the time when a sliding motion

takes place,
0 Iy
/ L v, < —2n/rm (P*‘)/ dt
S min o
o) vV Vs to

Vs

where Vi () is the initial condition of V; at t = ¢, the time at which e () enters
£2,, and t; is the time at which the sliding motion begins. It can be shown that the
time taken to attain a sliding motion #, satisfies

ty < nfl M +10
)\min(Po_l

This proves that a sliding motion takes place on S in finite time.

When a sliding motion has been achieved, e, (t) = é,(t) = 0 and from (4.64) the
remaining dynamics e (¢) are governed by A1 = Aj; + L°A»q;. Since P1 Ay +
ATI P; <0and P; > 0, the matrix A is stable. O

4.3.2 Reconstruction of Actuator Faults

During the sliding motion, e, () = é,(t) = 0. Recalling that the matrices 411 =
A1 + L°Asi1, Ay1 =T Ar and My = T M», (4.64)—(4.65) in the coordinates of
(4.46) become

é1(t) = (A1 + L°Azi1)er (1) (4.72)
0=TAzyel(t) + Py vy — TMaf (1) (4.73)

where v, is the equivalent output error injection required to maintain a sliding
motion. Define a measurable reconstruction signal:

A —1 —
f@) = (MM MyT Py, (4.74)

If L? is chosen such that Ay} + L°A»;; is stable, then e;(f) — O and hence from
(4.73) and (4.74)

foy— @) (4.75)
In (4.47), since M, is invertible, (M2T M)~ is well defined. The reconstruction
signal f (¢) is computable online, since v, is computable online by replacing (4.55)
with
¢y
_p ——
eyl +6
where § is a small positive constant which governs the accuracy to which the equiv-
alent injection is approximated.

vy = (4.76)
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4.4 LMI Design Methodologies

This section presents a systematic method to design a sliding mode observer of the
structure given in (4.52)—(4.53) using Linear Matrix Inequalities (LMIs) [33]. From
Proposition 4.1 the design of the observer requires finding matrices L, G;, P; and
P, from (4.54) and (4.57) that satisfy the following inequality

P(A—GC)+(A—G,C)TP <0

where A and C have the structure of (4.46), and P > 0 has the structure in (4.57).
A design method to achieve this can be summarised as:

Minimise trace(P ') subject to the inequalities
PA+ATP—CTVIC+ PWP <0, P>0 4.77)

where W € R"*"* and V € RP*? are symmetric positive definite user-defined
matrices. From the solution for P that is obtained, the observer gain G; can
then be directly calculated as

G =P 'cTv! (4.78)

The motivation for the choice of the inequality posed in (4.77), and for minimis-
ing trace(P ') subject to (4.77), will be discussed here. In the absence of the fault
f() and as p — 0, the observer tends to a linear formulation. Defining X := P -1
then from pre and post multiplying inequality (4.77) by X, the following inequality
can be obtained:

AX +XAT —XCTV-IcX+W <0 (4.79)

The linear gain can now be calculated as G; = XCTV~! and the objective becomes
the minimisation of trace(X) subject to (4.79).

The standard Linear Quadratic Gaussian (LQG) optimal observer design method
as described in [175] uses the stabilising solution Xy, to the Algebraic Riccati Equa-
tion (ARE)

AXare + Xare AT = Xare TV CX e + W =0 (4.80)
to calculate the optimal observer gain Gy 4y 1= Xare CTV™L. The associated optimal

cost is given by trace(Xgre).

Lemma 4.4 Let X be any symmetric positive definite matrix satisfying (4.79), and
let Xyre be the stabilising solution to the ARE (4.80). Then X > Xqae and hence
trace(X) > trace(Xare)-
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Proof Inequality (4.79) can be expressed as
AX+XAT - XCTVICX+W+A=0 (4.81)

for some symmetric positive definite matrix A. Subtracting (4.80) from (4.81) and
defining X = X — Xy results in

AX + XAT - XCTVIOX + Xpe CTV I CX e + A =0 (4.82)
Then substituting Xyre = X — X into (4.82) yields
(A-XCTVIO)X+XA-XCTVIO)T+ A+ XCTVIcX =0  (4.83)
Since inequality (4.79) can be re-written as
(A=XCTVIO)X+X(A - XCTVIO)T 4+ XCTVICX + W <0 (4.84)

and X > 0, it follows that (A — ZKCTV”C) is stable. Therefore, as argued in
Lemma 3 in [271], (4.83) implies X > 0 and hence X > X, as claimed. The fact
that trace(X) > trace(Xyre) follows from the properties of the trace operator. O

From Lemma 4.4, the requirement of minimising trace(X) follows from the de-
sire to approach the true minimal cost given by trace(Xyre). Of course a particular
sub-optimal cost is enforced here by the requirement P := X~! has the structure
of (4.57).

In inequality (4.79), W is the performance weighting matrix for the observer, and
V is the co-variance matrix of the system sensor noise. As in classical LQG theory
the choice of W and V can be used to trade-off performance and noise amplifica-
tion: increasing the ‘magnitude’ of W will generally increase the ‘magnitude’ of G,
whereas increasing the ‘magnitude’ of V will have the opposite effect on Gy; this
gives the designer a systematic way to tune the gain Gj.

4.4.1 Software Implementation

By using the Schur complement [33], the matrix inequality in (4.77) is equivalent to

Tp _ Ty-I
|:PA+A PP c'v-ic _VI:”}A) 4.85)
If X € R™*" is symmetric positive definite, then (again using the Schur complement)
the following inequality

[_IP _”;(} <0 (4.86)
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is equivalent to X > P~!. Thus minimising trace(P~!) subject to (4.77) can be
implemented by minimising trace(X) subject to the LMIs (4.85) and (4.86). Writing
P from (4.57) in terms of LMI variables

Py Py
P = 0 4.87
ESE @50

where Py € RO=P*X0=P) and Pyy := [P121 0], Pia; € R®=P*(P=9 (due to the
structure of L), then the elements of P in (4.57) can be calculated in terms of the
LMI variables P;1, Pj21, P2, by the following equations

P = Py (4.88)
L’ =P ' Py (4.89)
P, =T(Pn— PSP P)TT (4.90)

It follows that the constrained minimisation problem represents a convex optimisa-
tion problem with regard to Py, P121, P»> and X. The approach can be formally
stated as:

Minimise trace(X) with respect to the variables P;1, Pj21, P22 and X subject
to the LMIs given in (4.85) and (4.86).

Standard LMI software, such as [104] can be used to synthesise numerically P
and X, which will return values for Pyy, Pi21, P22 and X. Subsequently the observer
parameters can be obtained: L? from (4.89), P, from (4.90), G; from (4.78) and G,,
from (4.54).

4.5 Robust Fault Reconstruction using Sliding Mode Observers

In Sect. 4.3, the design of the fault reconstruction schemes was based on an ideal
linear system that did not consider quantities such as disturbances, parametric un-
certainties or nonlinearities. This section presents an analysis and design method for
the observer so that the fault reconstruction is robust to such quantities.

Consider a system that is subject to an actuator fault and also uncertainties and/or
disturbances

x(t) = Ax(t) + Bu(t) + Mf(t) + Q&(t, x, u) 4.91)
y(#) = Cx (1) (4.92)

where A € R™", B e R™" C e RP*", M € R and Q € R">h where
n > p > g. Assume that the matrices C and M are full rank and the function f € RY
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is unknown but bounded so that
I @] < e, u) (4.93)

where a(t,u) € Ry x R™ x R? is a known function. The signal &(¢, x, u) € R”
encapsulates the uncertainty present in the system such as unmodelled dynamics,
parametric uncertainties and external disturbances. It is assumed to be unknown but
bounded subject to ||£(#, x, u)|| < B where the scalar 8 is known.

From Sect. 4.3, an observer for the system (4.91)—(4.92) is

2(t) = AR (1) + Bu(t) — Giey(t) + Gpv (4.94)
y(t) =Cx (1) (4.95)
where
v=—p—2 ife, A0 (4.96)
lleyll

and ey (¢) := $(t) — y(¢). Defining e(t) := x(t) — x(¢) as the state estimation er-
ror, then from (4.91)-(4.92) and (4.94)—(4.95) the following error system can be
obtained

et) =Ape(t) +Guv— Mf(t) — Q&(t, x,u) 4.97)
where
A,=A—G,C (4.98)

Assume as in Sect. 4.3 that the conditions A1 and A2 have been satisfied and the
triple (A, M, C) has the structure in Lemma 4.2. In this coordinate system, the gain
G, has the structure

G, = [;L] TP (4.99)
p

where L =[L° 0], L° € RO—»*(P=a) apnd P, = PDT are design matrices. The dis-
turbance distribution matrix has the general structure

Ry
0= [Qz] (4.100)

where Q1 € R"=P*" Suppose there exists a symmetric positive definite matrix
P € R™" with the structure

_ P P L
P= [LTPl TP, T —i—LTPlL} >0 (4.101)

where P; € R"=P)*=P) and PA, + A(TP < 0. Define two positive scalars

1o =—rman(PAs+ A3 P), w1 =[PQ|
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Proposition 4.2 [f the positive scalar gain function p in (4.96) satisfies
p = IPoCMlle(t,u) +no (4.102)

where 1, is a small positive scalar, then the state estimation error e(t) in (4.97) is
ultimately bounded with respect to the set

Qe =1exllel <2umB/po + ¢}

where € > 0 is an arbitrarily small positive scalar.

Proof Define a Lyapunov function V (¢) = T Pe. The derivative along the estima-
tion error state trajectory is:

V=e"(PA,+A)P)e—2e"PMf —2¢" PQE +2¢' PG v
< —mollel* + 2llell 1 B — 2" PMf +2¢" PG, (4.103)
By using (4.60), inequality (4.103) can be written as
V < —pollel® +2llell w1 —2¢"CTP,CMf +2¢7CTy
= —polle|)® +2llel| 1B — 2ey PL.CM[ + 2eyv
From the Cauchy—Schwarz inequality, and the bound on p from (4.102),
V < —pollel* +2lelle1p = 2lleyll(p — | P,C M lec(t, u))
< llell(—nollell +2u18) (4.104)

which proves that the magnitude of e(¢) decreases when |le| > 2u18/uo. This im-
plies that in finite time ||e(#)|| will be bounded with respect to £2.. U

Proposition 4.2 will now be used to prove that for an appropriate choice of p,

a sliding motion can be induced on the surface S = {e : Ce = 0}. It is convenient to
first introduce a new change of coordinates associated with the nonsingular matrix

T, = [’"61’ ;] (4.105)

Applying the change of coordinates induced by 7}, to the triple in Lemma 4.2 yields
Al An 0

A= , M= , C=[0 I 4.106

|:«421 Az My 01 ( )

where A1 = A1 + L°Ap11 and My € RP*4, Since (A1, Az11) is detectable, L°

can be chosen so that A1 is stable. In this coordinate system, the nonlinear gain
from (4.99) will have the structure

an[ 0 } (4.107)
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and the Lyapunov matrix P from (4.101) will have the block diagonal structure

“I\T 5 —1 P 0
P (17 Pr ! = [O PJ (4.108)
The uncertainty/disturbance distribution matrix will have the structure
Qi ] [ 01+L0O> }
Q=T,L0 [ 0, 70, ( )

and state estimation error in the new coordinate system is
er(t)y=Aoer(t) + Gyv — Mf(t) — QE(t, x, u) (4.110)

where A, = A — G;C. Partitioning the state estimation error conformably with
(4.106)—(4.109) yields

e1(t) =Aner(®) + (A — G ey (1) — Q1&(t, x, u) 4.111)
éy(t) = Aster (1) + (A — Gra)ey (1) + P lv — Mo f (1)

where G; 1 and G » represent appropriate partitions of ;.

Proposition 4.3 [f the gain function p(.) from (4.96) satisfies

p =2/ Po Azl 1B/ o + 1Po Q21 B + | Po Mol (2, u) + 1o (4.113)

where 1, is a positive scalar, then an ideal sliding motion takes place on the surface

S ={e: Ce =0} in finite time.

Proof Consider a Lyapunov function V(ey) = eg P,ey. The derivative along the
trajectory is

V= e}T(Po(AZZ —Gi2)+ (An —G12) T P,)ey
+2e) Po(Azier — Mo f — Qo€ + Py 'v)

Using (4.67)—(4.69), the term P, (A —Gj.2) 4+ (Axn — QI,Z)TP,, < 0 because P from
(4.108) is a block diagonal Lyapunov matrix for (A — G;C). Therefore it follows:

Vi <2e) Po(Asier — Maf — QaE) — 2p]le, |
< =2lleyll(p = 1P Azillller ]| — I PoMallx(z, u) — 1| Py Q21 B)

From Lemma 4.2, in finite time e(t) € §2. which implies |le1| < 2p118/1o + €.
Therefore from the definition of p in (4.113), and using the inequality (4.71), it
follows that

Vs < =2n,lleyll < —2n,my/ Vs 4.114)



4.5 Robust Fault Reconstruction using Sliding Mode Observers 79

where 7 :=./ Amin(Py D). Using the proof of Corollary 4.1, this proves that the out-
put estimation error ey (t) will reach zero in finite time, and a sliding motion takes
place. O

Remark 4.3 Since My = CM, it follows that the definition of p in (4.113) is con-
sistent with the assumption on its size in (4.102).

4.5.1 Robust Actuator Fault Reconstruction

In this section the sliding mode observer described in (4.94)—(4.96) will be analysed
with regard to its ability to robustly reconstruct the fault f(¢) despite the presence
of the uncertainty £(z, x, u).

Assume that the sliding mode observer described in (4.94)—(4.96) has been de-
signed, and that a sliding motion has been achieved, then the output estimation error
satisfies ey (1) = é, () =0 and (4.111) and (4.112) will become

er(t) = Anei(t) — Q16 x, u) (4.115)

0= Aate1(t) + Py veg — Mo f (1) — Qa8 (2, x, u) (4.116)

where v, is the equivalent output error injection required to maintain a sliding

motion. In (4.115) and (4.116), the vector £(¢, x, u) will be treated as an unknown
exogenous signal.

In the case when £(¢, x, u) # 0, the attempted reconstruction of f(¢) from the

equivalent injection signal will be corrupted by the exogenous signal £(¢, x, u). The

objective here is to choose a scaling of the equivalent output error injection signal

Veq and the gain L, to minimise the effect of the exogenous signal on the fault
reconstruction. To this end define

Wee =W M1 4.117)

o

where W) € R7* (P~ and represents design freedom and M, is given in Lemma 4.2.
Define a would-be reconstruction signal for f(¢) as

=W TTP 1y, (4.118)

Rewriting (4.115) and (4.116) in terms of the coordinates of (4.51) in Lemma 4.2,
and re-arranging yields

e1(t) = (A1 + LAzer(t) — (Q1 + LQO2)E(t, x, u) (4.119)
P ey = =T Asie1(t) + TMaf (1) + T Q2 (t, x, u) (4.120)

o

Pre-multiplying (4.120) by W,.TT implies

F(t)=—WyeAgie1(t) + We Q28 (t.x, u) + f (1) (4.121)
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and therefore

f@&) = f@)+ G(s)E(, x,u) (4.122)

where from (4.119) and (4.121) the transfer function matrix
A —1
G(s) = Wsc A (S[n—p — (A + LA21)) (Q1+L02)+ W02 (4.123)

Remark 4.4 For square systems (when p = g), it can be seen that L° from (4.99)
and Wy from (4.117) do not exist (and A1 = Aj12). Hence é(s) in (4.123) reduces
to become G(s) = M, ' Ay (sly—p — A11)~' Q1 4+ M1 Qa, which is made up of
constant matrices. Consequently there is no design freedom to specify the effect of

Eonf.

The objective now is to minimise the effect of £ on the reconstruction f by
choice of L° and Wi. Using the Bounded Real Lemma [55, 104], the L, gain of the
transfer function G(s) from the exogenous signal £ to f will not exceed y € Ry if
the following inequality holds

P(A11+ LAs) + (A1 + LA P —P(Q1+LQ2)  —(WycAz)T
—(Q1+LQ)"P ~y1n (WseQ)" | <0
— Wi Ao Wie Q2 _qu

(4.124)
where P € RO=P)X(1=p) g symmetric positive definite. The objective is therefore
to find P, L and Wy, to minimise y subject to the inequality (4.124) and P>0.
However, this must be done in conjunction with satisfying the requirements of
obtaining a suitable sliding mode observer as expressed in Propositions 4.2 and
4.3: i.e., to find a value of G; and P that has the structure in (4.101) such that
P(A—GiC)+(A—G,C)TP <0.

Theorem 4.1 Define D1 € RP*P, y, € Ry to be user-defined quantities. Also de-
fine the following matrices that have p + h columns

B;=[0 0], Dy =[D; 0], H=[0 WsQ2] (4.125)

Suppose there exists a Lyapunov matrix P € R™" with the structure

P P
P TR0 P[P Ol P eREPXUD (4126)
P, P

and W1, E; and y that satisfy the following inequalities:

PA+ATP —y,CT(D4DDH'C  —PBy ET
—-BJP ~Yolprn H' | <0 (4.127)
E H —Yolg
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PiiAj + AT, Pii + PAy + AT P * *
—(P1101+ P20O)" —v1Iy * | <0 (4.128)
—WscAzi Wie Q2 _qu

where the x are terms that will make (4.128) symmetric and
E=[-WscA2  Ej] (4.129)
If the observer gains are chosen as
L° = P;'Po (4.130)
G =y,P~'Cc"(DyD})" (4.131)
then P(A— G;C)+ (A — G[C)TP < 0 is satisfied and ||G(s)|| <vy.
Proof By using the Schur complement, inequality (4.127) can be written as

|:PA+ATP—y0CT(DdD})1C ET }ri[_pgd
H

:|[—B;P H'] <0
Yo

E —Yolq
which implies
|:PA + ATP —y,CT(DyD))7IC + yLPBdB}P ET - VLPBdHT]
(g o0 < 0

1 T 1 T
—%HBdP —y(,Iq—i—y—oHH
(4.132)
From (4.125), it is obvious that By D} =0. By using

G =P~ 'C"(DyD})”"

it can be shown that

o

_ 1
¥ — PG,C — (PG,CO)" = —y,CT(DyD}) 'c+—PB,BIP (4.133)
Y

where ¥ := % P(G;Dg DgGlT + BdB}) P. Substituting (4.133) into the top left sub-
matrix of (4.132) yields

P(A—GIO)+(A—GIC)TP+ v ET—yLPBdHT
| - ’ . T <0 (4.134)
—%HBdP —y01q+%HH
Since from (4.125) Dg4HT =0, it is clear that

1 T
1 — v ~LpPB,H
— [P(GID" Bd)} [(GiDa—B)™P HT]= vo
Yo H —-HBJP  HH'

(4.135)
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Substituting (4.135) into (4.134) and using the Schur complement results in

P(A-—G/CO)+(A-G,O)'r ET  P(G,Ds— By)
E ~Yoly H <0  (4.136)
(GiDg — By)'P H' ~Yolg+h

Since (4.136) is symmetric and P(A — G;C) + (A — G)TP <0, the first part of the
theorem is proven.

Then, by substituting Py = Py L it is clear that (4.128) will be in the same form
as (4.124) by equating P =P Recalling that (4.124) describes the Bounded Real
Lemma for G(s), the second part of the theorem is proven. t

By comparing P in (4.126) with (4.101), it can be seen that there is a one-to-one
correspondence between the variables (P11, P11, P22) and (Py, L?, P,) since

P = Py 4.137)
L’ = P Py (4.138)
P, =T(Pn— PLP; ' P)TT (4.139)

Hence, the observer design can be summarised as:

Minimise y with respect to the variables Pj1, P121, P»2, Wi and E; subject
to (4.126), (4.127) and (4.128) where the scalar y, and D; are a priori user
defined.

Then calculate G; = y, P~'CT(DyDNH~!, L = P},' P12, P, from (4.139) and
G, from (4.99).

Remark 4.5 Tt should be noted that the design method above is not unique; the only
condition that needs to be satisfied is P(A —G;C)+ (A —G;C)T P < 0 where P has
the structure in (4.101). The motivation for the observer design method above will be
discussed in Remarks 4.6 and 4.7 below. The effect of the user-defined parameters
¥, and Dj on the observer design will also be discussed.

Remark 4.6 Define

X X
PA+ATP=[ 11 12}

X1T2 X2
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exogenous A| Bq
signal ——» E|-H
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3 > Floo (s)| A,
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Fig. 4.14 The H filtering problem (notation taken from [297])

where X1; € R#=P*=p) Hence X;; = Pj1A11 + ATIPU + P1pAo + Agl Psz
and using (4.129), inequality (4.127) can be written as

X1 X 0 —(PuQi+PnQy) —(WiA)'
X;Fz * 0 * Eg
0 0 —vlp 0 0 <0
—(P11 Q1+ P0)" 0 —YolIn (Wse 0T
—Wsc Az E> 0 Wse Q2 —Yolg

where the * are elements that make the matrix symmetric. A necessary condition for
inequality (4.127) to hold is that

X1 —(P1101+ P1202)  —(WyeAx)T
—(P1 Q1 + Pa0)T —Yoln (WeeQ2)T | <0 (4.140)
— Wi Az Wse Q2 _Volq

which has the same structure as the Bounded Real Lemma (4.128). Let ynmin be the
minimum value of y that satisfies (4.128). Then, since (4.128) is a ‘sub-block’ of
(4.127), vmin < Yo always holds. Hence, the designer can effectively set the upper

bound of y by setting y,,.

Remark 4.7 1If the designer sets a value of y, to be small, it restricts the feasibility of
(4.127) and hence typically yimin Will become large. However, from (4.131), a larger
¥, will increase the ‘size’ of G; which may be undesirable as it will amplify noise.
A matrix Di which is ‘smaller’ will improve the feasibility of (4.127) which will
reduce Ymin, but from (4.131) will increase the ‘size’ of G;.

For a given By, Dy, E and H, inequality (4.136) can be viewed as resulting from
an Ho filtering problem (page 462 of Zhou et al. [297]), the idea being to minimise
the effect of £ on A, (see Fig. 4.14). However, in this chapter, E and H are regarded
as design variables (which in particular depend on W, from (4.117)) and help de-
termine a value for L from (4.99) which defines the optimal choice of sliding mode
for fault reconstruction purposes. Once a sliding mode is established, the choice of
the linear gain Gy is technically not relevant since the linear output error injection
term Gyey, disappears because e, = 0.
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Remark 4.8 In the robust fault reconstruction scheme that has been presented, the
disturbance distribution matrix Q is essential to the design, otherwise there is no
basis for the robustness optimisation. Therefore, in a real system, the nonlinearities
(unmodelled dynamics, parametric uncertainty, external disturbances etc.) will need
to be expressed as Q&. A solution to this problem is given in Chapter 5 of [51].
Examples of this approach appear in later chapters of this book.

4.5.2 Example: VTOL Aircraft Model

The robust fault reconstruction scheme described in this chapter will now be demon-
strated with a ‘Vertical Take-Off and Landing’ (VTOL) aircraft model taken from
[219, 276]. The states are horizontal velocity (kts), vertical velocity (kts), pitch rate
(deg/s) and pitch angle (deg). The outputs are horizontal velocity (kts), vertical ve-
locity (kts) and pitch angle (deg) while the inputs are collective pitch control and
longitudinal cyclic pitch control.

The system is modelled as

x(t) = (A+ AA)x(t)+ (B+ AB)u(t) + Mf (1) (4.141)
y(#) = Cx(r) (4.142)

where

—-9.9477 —-0.7476  0.2632 5.0337

52.1659  2.7452  5.5532 —24.4221

26.0922  2.6361 —4.1975 —-19.2774|°
0 0 1.0000 0

0.4422  0.1761
3.5446  —7.5922

B=1_s5000 4.4900
0 0
EEE b
c=(0 1 0 of, M=| "I
00 0 1 p

The uncertain matrices are

0 0 0 0 0 0

10 0 0 0 | &by O
Ad= 0 Aazppy 0 Aazg |’ AB = 0 0
0 0 0 0 0 0
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Hence in the notation of (4.91)—(4.92)

0 0
101 . [OAa320Aa34]x
Q= 1 0}’ é:_|: [Abz]()]u :|
0 0

where Aaszy =0.5, Aazqg =2, Aby; =2 [219]. Then, a suitable value for T, is

—0.1913 —-1.5334 —

0 0 0
—0.9923 0.1238 0
—0.1238 —-0.9923 0

1

0
1
T, = 0
0

The sliding mode observer was designed using the method presented in Sect. 4.5.1.
The design parameters were chosen as D1 = I3 and y,, = 1. The optimisation routine
gives a value of y = 8.1968 x 10~*. The associated gains for the sliding mode
observer are

0.1914 2.0408 0.5413
2.0408 46.4792  9.2975
4.5304 98.5651 20.3670
0.5413  9.2975  2.0644

Gi=G,=

and the matrix Wy, from (4.117) associated with the scaling of v,,, is given by

Wye =[—0.5952 —2.2440 —0.2799]

The scalar function p from (4.96) was chosen to be 100, and § = 1 x 107> was used
in the smoothing of the unit vector.

Fig. 4.15 shows the sliding mode observer faithfully reconstructing the actuator
fault, rejecting the effect of the uncertainty. This is to be expected, due to the small
value of y obtained.

4.6 Observer Variation

The following short section presents a variation of the observer given in (4.94)—
(4.96) in Sect. 4.5. Consider an observer of the form

fc(t) = AX(t) + Bu(t) — Giey(t) + G,v (4.143)
y(t) = Cx(1) (4.144)
with
Pyey, .
v=—p ifey (1) #0 (4.145)

”Poey”
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Fig. 4.15 The fault on the first actuator (left) and its reconstruction (right)

where e, (1) := J(t) — y(¢) is the output estimation error. In (4.143) the observer
gain

n:[ 7T j| (4.146)

where L =[L° 0], L° € R"—P)*(P=49) apd P, = POT are design matrices and 7' is
defined in Lemma 4.2. Now the reconstruction signal for f(¢) is

f = chTTveq 4.147)

The main difference is in the definition of v where in (4.145), the unit vector output
error injection term is constructed by scaling the output error with a symmetric
positive definite matrix P,. This difference translates to a difference in the definition
of G, (4.146) and f in (4.147) compared to (4.99) and (4.118). The rest of the
analysis remains unchanged. All the results from Sect. 4.3 onwards can be obtained
by suitable modifications of the arguments.

4.7 Comparisons with UIOs

In this section a linear fault reconstruction scheme proposed in [219] using Un-
known Input Observers (UIOs) will be described. The approach also seeks to esti-
mate fault signals f(¢) in systems of the form (4.91)—(4.92). The work in [219] uses
a minimal order (Luenberger) observer of the form

w(t) = Fw(t) + Ey(t) + Lu(t) (4.148)
£() = Rw(t)+ Ty@) (4.149)



4.7 Comparisons with UIOs 87

where F € R=P)X(=p) g stable. The quantity w € R"=P) is the state of the ob-
server and X is an estimate of the unknown state in (4.91). In terms of the UIO
literature, the work of Saif and Guan [219] has been chosen because the problem it
tackles is the closest to the one associated with the sliding mode schemes discussed
earlier i.e., fault reconstruction rather than residual generation, and taken at face
value, the assumptions required in [219] appear similar to those from Sect. 4.5.

For the uncertain system in (4.91)—(4.92), under the assumption g + h < p, the
following is true:

Proposition 4.4 ([61, 219]) A minimal order observer of the form (4.148)—(4.149)
exists for (4.91) such that the estimation error é := X — x is independent of f(-) and

&() if and only if
(UIO1) the matrix C Q has rank q + h (i.e., full rank) where

Q:=[M Q] (4.150)
(UIO2) no invariant zeros of (A, Q, C) are in C.

Furthermore ¢ — 0 as t — 0o and X — x as t — 0o where X is defined in (4.149).

Under assumption UIO1, using the results from Lemma 4.2 the system can be
written as

A A A4_ |0 _
A_[Azl Azz] Q_|:Q0], C=[0 T] (4.151)

where A; € R#=P)>*=1) and Q, € RUHM*@+) i nonsingular and T € RP*P is
orthogonal. The observer (4.148)—(4.149) can then be explicitly parameterised as

F=A — LAy (4.152)
E=(A2—LAn+ (An — LAy)L)TT (4.153)
L=B—-LB, (4.154)
R =[Ip—p 0] (4.155)
TT=T[L"T 1,] (4.156)

where Bj and B; represent a partition of the input distribution matrix B commen-
surate with (4.151). The matrix L has the structure

L=[L, 0] (4.157)

where L, € RO—P)*(P=h=a) Thys the canonical form from (4.151), inherited from
Lemma 4.2, is unifying from a design standpoint.

To estimate f (¢), Saif and Guan propose using a discrete version of the uncertain
continuous time system equation (4.91) written as

x(1) = Ax(1) + Bu(t) + Q&,(t, x, u) (4.158)
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where &, = col(f, £). The discrete time version
x(k+1)=Agx(k) + Bau(k) + Qq&4(k) (4.159)

is then manipulated to yield an estimate

(), E0)" = (QF04) ' QN (R(k + 1) — Agk (k) — Bau(k)) (4.160)

where X is the estimate of the state x from the reduced order observer.

Remark 4.9 The work in Saif and Guan [219] and Darouach [61] considers reduced
order UIOs. Full order UIOs are considered in [50, 52, 62]. The formulation as-
sociated with Propositions 4.4 could equally well be posed as full order UIOs and
solved using the design methodologies of [50, 52]. The two constraints developed
in the work described in [50, 52] can be shown to be equivalent to UIO1 and UIO2
as follows: the rank condition in [50, 52] is identical to UIO1; the second condition
in [50, 52] is that the pair (A, C) is observable where

Ar=A4-0(Cc®Tc0) ' «cdca (4.161)

This is equivalent to the pair (A1, A211) being observable, since after some algebra,
in the coordinates of (4.46), it can be shown that

Al Ap
Al =| A1 A
0 0

where Aj;; represents the top p — g — h rows of Azy. From the PBH rank test, the
pair (A, C) is detectable if and only if for all s € C1.

sl —Anlr —Ap

rank[SIEAl]zn < rank| —Aa Axpy | =n
0 T
& rank[SI_All]:n—p
—Aon

i.e., if and only if the pair (A11, A211) is detectable. Thus the second condition in
[50, 52] is given in terms of the detectability of (A11, A211) rather than a system
theoretic interpretation in terms of invariant zeros, but the overall requirements are
the same.

The UIO of [219] is powerful since it provides perfect reconstructions and
is completely insensitive to the uncertainty. However, the structural requirements
UIOI and UIO2 on the system are stronger than the ones for the sliding mode ob-
server (requirements Al and A2) in Sect. 4.3. The following proposition shows that
if the requirements of [219] are met, i.e., UIO1 and UIO2 are satisfied, then the
approach in Sect. 4.5 yields an arbitrarily small y and hence provides complete
insensitivity to the uncertainty too.
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Proposition 4.5 Consider the design of a sliding mode observer of the form given
in (4.94), (4.96) and (4.99) with a reconstruction gain (4.117) where p > q + h.
Assume the matrix Q =[M Q] obtained by aggregating the distribution matrices
from (4.91) is such that conditions UIO1 and UIO?2 are satisfied (i.e., the conditions
for a Saif and Guan unknown input observer). Then the design freedom Wi and L
from (4.117) and (4.99) can be chosen so that ||(A;(s)||oo =0 where G(s) is defined
in (4.123) and hence the reconstruction f (t) from (4.122) is independent of the
uncertainty £(-).

Proof Since by assumption conditions UIO1 and UIO2 hold for the triple (A, Q, C),
using the results from Sect. 4.3, there exists a change of coordinates such that

_ A A A_1| O _
A_|:A21 AZJ, Q_[Qo], cC=[0 T] (4.162)

where A} € RO—PX0=p) g, e RAHWX@+h) is nonsingular and T € RP*? is
orthogonal. Furthermore, following the arguments in Sect. 4.3 the matrix 7 can be

chosen so that
0 On
o= 4.163
Q |:Q21 sz] ¢ )

where Q>; € R7%9 and Qs € R satisfy det(Q21) # 0 and det(Q12) # 0. One
way to see this is that, as argued in Sect. 4.3, the matrix 7 can be obtained by ‘QR
reduction” of the matrix C Q, which naturally produces a lower triangular structure
for Q,. Since the rank(C Q) = h + ¢ the form for Q, in (4.163) follows immedi-
ately.

If Apq1 represents the top p — g — h rows of Ay in (4.162), then UIO2 guarantees
that the pair (A1, Az11) is detectable. Again this follows from arguments similar to
those in Sect. 4.3.

Partitioning Q to recover M and Q, in the notation of Sect. 4.5, it follows

0 Om—g—hyxh
M=[ ““”X‘I} and Q0= QOn
021 02>

From the partitions of M in (4.46) and Q in (4.123), it follows that in the notation
of Sect. 4.5, M, = Q»1, Q1 =0 and

O(p—h—q)xh
0r= O (4.164)
O»

Also the gain L from (4.99) has the specific form

L=I[L, O] (4.165)
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where L, € R®"=P>*(P=a=1 Tt follows by direct evaluation that
01+L02=0 (4.166)

for all L,. Also from UIO?2 it follows L, can always be chosen so that the matrix
A11 + LyAjq is stable since (A1, Az11) is detectable. Write the gain matrix W,
from (4.117) as

Wse = [Wll Wiz lel] . Wi e qu(pquh)

where W11 and W, represent design freedom and the term lel appears since M, =
Q»1. It follows from (4.164) by direct evaluation that

Wse Q2 =W Q12 + Qz_ll 02
and consequently, since det(Q12) # 0, choosing Wi, = — Qz_ll 02 Q1_2l ensures
Wse Q2 =0 4.167)

The gain L, from (4.165) must be selected so that Aj; + L,A»;; is stable, since
it can be shown that the reduced order sliding motion associated with the n — p
states in the N'(C) are governed by the matrix A1 + L,A21;1 (see Sect. 4.5), which
therefore must be stable to ensure that a sliding motion can be maintained. It fol-
lows from (4.166) and (4.167) that the transfer function matrix from (4.123) has the
property that || G(s) lco = 0 and the disturbance/uncertainty £ (-) is decoupled from
the estimate f, as claimed. O

Remark 4.10 Consider the example from [52] which represents a well stirred chem-
ical reactor. The states represent the concentration of the chemical product; the tem-
perature of the product; the temperature of the water in the heat exchanger; and
the coolant temperature. The inputs are the inlet concentration of reactants; the in-
let temperature; and the coolant temperature. In a time scale of hours, the system
matrices from [52], in the notation of this section, are given by

—3.6000 0 0 0 1.000
A= 0 —3.6702 0 0.0702 0= 20.758
o 0 0 —36.2588  0.2588 |’ a 0
0 0.6344 0.7781  —1.4125 0
1 00
T _»_|0 1.0
¢ =B= 0 0 1
0 0 0

As in the second UIO design problem from Section 5.2.2 in [52], let the fault dis-
tribution matrix M be the third column of the input distribution matrix (which rep-
resents a fault in the coolant system). As in Proposition 4.5 let Q =[M Q]. Since
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this example is used to demonstrate the UIO design procedure in [52], as argued
in Remark 4.9, the conditions UIO1 and UIO2 must be satisfied, and the results of
Proposition 4.5 are valid. In the canonical form of (4.46) the triple can be written as

_—1.4125| 0.0305 —-0.6337 —0.7781
A 0.0034|—3.6002 0.0034 0
— | —0.0701| 0.0034 —3.6700 0]’
| —0.2588 0 0 —36.2588
i 0 0
= 0 0
0= 0 —20.7821 (4.168)
| —1.0000 0
0/—0.9988 —0.0481 0
C=|(0] 0.0481 —0.9988 0 (4.169)
0 0 0 —1.0000
It follows from (4.168) that the sub-matrix Q> from (4.164) is
oT=[0 —20.7821 0] (4.170)
and M, = —1.0000. Choosing the gain matrix from (4.165) to be
L=[ 0 0] “4.171)

where [; is any scalar satisfying /1 < 418.1578, by direct computation, it can be
shown that Q1+ L Q> =0and Ay + L A»; is stable. Finally if the gain matrix from
(4.117) is written as

Wee=[wi1 0 —1] 4.172)

where wy is an arbitrary scalar, then Ws.Q, =0 and || G(s) llooc = 0. Consequently
the disturbances/uncertainty are decoupled from the actuator fault estimate f and
‘perfect’ reconstruction can be achieved. Using the values of L from (4.171) and
the orthogonal matrix 7 associated with (4.169) the gain G, from (4.99) is com-
pletely determined. Using the approach described in Sect. 4.3 the gain G; and the
Lyapunov matrix P (and hence P,) can be easily computed without the need for
further optimisation, and the observer design is complete.

Remark 4.11 In fact UIO1 and UIO2 are not necessary conditions for a value of
y = 0. In the example

-1

1 0 0 1
A=|1 2 1|, M=|0|, o0=]|0], c:B é?}
11 1 0

it is easy to check that the conditions Al and A2 in Sect. 4.3 are satisfied but UIO1
is not. However, it is possible to design a sliding mode observer for this system for
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which y = 0. For example,

1 0 0 0
G=|4 1], G,=12 0f, Wse =10 1]
1 2 0 1

ensures ‘perfect’ reconstruction with y = 0.

4.7.1 Comparison Based on a Crane System

The remainder of the section will compare the two approaches described earlier
using a nonlinear model of a crane system in Fig. 4.16. The equations of motion
that govern the crane are

(I +mpl*)d + c6 +mpglsin +mpldcosd =0 (4.173)
(m; +mp)d + bd +m pl cos6 — m ,16° sinf = u (4.174)

The quantities m,, and m; represent the mass of the pendulum and truck, respec-
tively, and [ is the length of the pendulum. The parameters ¢ and b are friction
coefficients and [ is the inertia. The variable d represents the displacement of the
truck and 6 represents the angular displacement of the load from the (downward)
vertical. The (nominal) model parameters used in the following simulations are
given by m, =3 kg, m, = 0.5 kg, b = 6.2 kg/s, ¢ = 0.01 kgm?, I = 0.06 kgm?,
g =9.81 m/s? and [ = 0.35 m. The input u associated with the model in (4.174)
represents the acceleration of the cart. In reality, this would be achieved by a
belt/pulley/motor arrangement. These implicit equations have been implemented in
an explicit form in SIMULINK® as a basis for the comparison.

Choosing (6,6, d, d) as the state vector, and using standard small angle approxi-
mations, the nonlinear equations (4.173)—(4.174) can be written as a nominal linear
system in the form of (4.91)—(4.92) where

0 1 0 0 0
(mp+me)mpgl c(mp+m;) 0 mplb mpl
A= T T T B=| T
0 0 0 1 ' 0
(mp)%g cmpl 0 b(I4m p1%) I+m 12
T r e T T

(4.175)
and ¥ = (mp +m)(I + mplz) — (mpgl)z. In what follows, it is assumed that the
quantities €, d and d are measured. Associated with the choice of state representa-
tion, the output distribution matrix

(4.176)

—_— o O

1 00
cC=10 0 1
0 0 0
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Fig. 4.16 Crane system d

P
D

Because assumptions and simplifications have been made in the modelling process,
at the FDI scheme design stage, these will be accounted for by introducing an un-
known disturbance signal acting through a given (known) distribution matrix. A di-
rect actuator fault will be considered and so in this specific case M = B in (4.91).
In all the simulations a sinusoidal input u has been applied to the cart of ampli-
tude 3 m/s? and frequency 2 rad/s. This excites the system and in particular gen-
erates oscillations in the pendulum. Although typically in practice a control scheme
would be in place which would aim to prevent such an oscillation, in the context
of this section it provides a more stringent test of the reconstruction schemes be-
cause the system behaviour does not always satisfy small angle assumptions and the
differences between the linear model and nonlinear model dynamics are exposed.

4.7.1.1 Results Using the Sliding Mode Observer

For the design of the sliding mode FDI scheme for actuator faults, the exogenous
disturbance distribution matrix from (4.91) was chosen as

0T=[0 09935 0 —0.1137] (4.177)

using the approach of Patton and Chen [207]. The matrix in (4.177) represents a
vector of unit magnitude which has been calculated from exciting both the nonlin-
ear and linear models with a PRBS signal and forming a series of error vectors at
discrete points in time. Then using principal component analysis, a direction vector
has been calculated which accounts for most of the variation. This is the approach
advocated by Patton and Chen [207] for computing the distribution matrix asso-
ciated with the unknown input representing the nonlinear/linear model mismatch.
The structure in (4.177) follows from the fact that the modelling mismatches occur
in the equations for X, and x4 when the differential equations (4.173) and (4.174)
are written out in state-space terms as (x1, x2, x3, x4) := (6, é, d, d). The entries in
the first and third components of (4.177) are zero since by construction x; = x and
X3 = x4 in both the linear and nonlinear representations, and so there is no mismatch
in these channels.
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Fig. 4.17 Actuator reconstruction signal using the sliding mode scheme

The key indicator of likely quality of the reconstructions is the size of the L£»-
gain y obtained from the optimisation (the smaller the better). For this example it
was found that the choice of the design parameters D and y, do not have a signif-
icant effect on the values of y obtained from the optimisation. Generally speaking
increasing D1 has the effect of reducing the gain G;. Here specifying D1 = I3 and
¥o = 10 in (4.131) the LMI synthesis procedure in Sect. 4.5 yields y = 0.3694. The
resulting observer gains are given by

[ 1.1742  —0.0616  0.2099 |
G = 0.5458 —0.3236 —0.1439
—0.0616 0.3883 —0.0176 |’
| 0.2099 —0.0176  0.2084 |
[ 2.3485 —0.1233  0.4198 ]|
G. — 1.0916 —0.6472 —0.2877
"7 —-0.1233 07767 —0.0351
| 04198 —0.0351 0.4167 |

and the symmetric positive definite matrix P, is

0.5220 0.0593 —0.5208
P,=1] 0.0593 1.2992 0.0498
—0.5208 0.0498 2.9284

In this case the matrix, scaling v, in (4.117) to generate the fault reconstruction
signal, is given by

Wie =1[2.4580 —0.1716 1.5490]

In the following experiment the modulation gain associated with v in (4.96) is p =
0.3. A sinusoidal ‘actuator fault’ of amplitude 0.1 and frequency 1/3 rad/s was
introduced. The reconstruction signal from the sliding mode observer together with
the actual fault is given in Fig. 4.17.

Almost perfect reconstruction has been obtained. In all the sliding mode simula-
tions the unit vector term from (4.96) has been smoothed by adding a small constant
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to the denominator to remove the discontinuity; this facilitates the numerical simu-
lation of the nonlinear equations: see Sect. 4.2.4. The small phase shift in the sine
wave, results from the filter used to extract the equivalent output error injection sig-
nal from (4.96).

4.7.1.2 Results Using the UIO

For the crane system an ideal representation of the uncertainty distribution would be
Q as given in (4.177). However, using the notation associated with equation (4.150),

rank(C Q) :=rank[CM CQ]=1

since the range space of C Q is contained within the range space of C M. Thus the
choice of Q given in (4.177) is not appropriate since the rank requirement UIO1
from Sect. 4.7 is not satisfied. Another choice, which would account for parametric
uncertainties in the modelling and friction effects would be

T
0 g2 0 0] (4.178)

Q=[0 0 0 qu

where g2 and g4 are nonzero scalars. This is the most general uncertainty distri-
bution since, as argued in Sect. 4.7.1.1, the elements in the first and third rows of
QO will be zero because for both the linear and nonlinear set of equations x| = x;
and X3 = x4, and hence there is no discrepancy in these channels. However, for the
structure of Q in (4.178), the matrix C Q is not full column rank for any choice of
g22 and g41, and once again rank(C Q) = 1. The most sensible choice is to let Q = ¢
(the empty matrix), which implies Q = M in (4.150) and so no uncertainty will be
taken into account explicitly (which is of course not entirely desirable). A similar
situation would arise if the full order UIOs from [50, 52] were employed, since as
argued in Remark 4.9, condition UIO1 must also be satisfied for the full order UIOs
from [50, 52] to exist.

In this example the observer system in (4.148)—(4.149) will be first order. Follow-
ing the approach in [219], and using the canonical form from (4.151), by choosing
F = —2, it follows from (4.152)—(4.156) that L = 0 and

1.0000 0 0
R L 19175 0 —1.4433
E=[17.9938 0 —2.8866], r=1" 1.0000 0 '
0 0 1.0000
0
-1

(=)
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Fig. 4.18 Actuator reconstruction using the UIO scheme

The approach suggested by Saif and Guan in [219] ensures the state estimation error
e = X — x is independent of the uncertainty and the fault, so that * — x asymptoti-
cally. To estimate f (), Saif and Guan propose using a discrete version of the differ-
ential equation (4.91) as in equation (4.159), which is then manipulated to yield an
estimate. In this example, using a zero-order-hold with sample period 0.01, yields
the matrices

0.9992 0.0100 0  0.0001 —0.0000
A, _ | 01524 09984 0 00273 o | 00044
4= 1 0.0000 0.0000 1.0000 0.0099 d="d=1"0.0000

0.0076 0.0001 0  0.9811 0.0031

An estimate for f(¢) can then be obtained by manipulating the discrete equation
(4.159) to give f(k) = (MJMg)~ "M} (#(k + 1) — Ag2(k)) — u(k) where % are
the estimates of the states x from the reduced order observer. The fault scenarios
considered here are identical to those which were used in Sect. 4.7.1.1. The results
are given in Fig. 4.18. A less accurate reconstruction (compared to Fig. 4.17) has
been obtained. This is perhaps not surprising since the reconstruction method given
in (4.160) may be viewed as a type of numerical differentiation. Of course here the
quality of the robustness of the estimation is solely dependent on the choice of L.

Remark 4.12 For the approach in [219] both the uncertainty and faults are lumped
together to form an aggregate unknown input signal. This means the requirements
UIO1 and UIO?2 are stronger than those associated with the sliding mode observer
(Al and A2 in Sect. 4.3). Also there is technically an additional constraint that & +
q < p for the UIO, which again is stronger than the one required for the sliding mode
scheme. As argued in Remark 4.9, the conditions UIO1 and UIO2 are also necessary
and sufficient for the design of the full order UlOs considered in [50, 52] and so
formally the conditions for complete insensitivity will not be met in this case also.
It could be argued that the higher order allows more design freedom which could be
exploited to achieve robustness, but there are no theoretical results in this area, and
the authors in [50, 52] argue the benefits of full order UIOs from an improved speed
of state tracking perspective.
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Fig. 4.19 Actuator fault reconstruction

To explore the effect of parametric uncertainty the mass of the pendulum has been
changed by 5% to be m, = 0.525. Figure 4.19 shows the results of the reconstruc-
tions from using the sliding mode observer and the UIO designed in Sect. 4.7.1.1
and Sect. 4.7.1.2 about the linearisation using m, = 0.5. Perfect reconstruction is
lost; however, the sliding mode observer performs significantly better. Again this
indicates that the choice of poles for the UIO is crucial.

Remark 4.13 In the UIO method, when uncertainty cannot be included as part of
the unknown inputs, the choice of L is crucial to the quality of the reconstruction.
To the authors’ knowledge there is no universally accepted approach for achieving
this (even thinking of the UIO as a special case of a minimal order observer). Diffi-
culties in trading-off the freedom in the gain matrix L and the effect to which noise
impacts on the state reconstruction is well known for minimal order observers and
is discussed for example in [6].

4.8 Summary

This chapter has introduced the concept of a sliding mode observer and the prop-
erties of the sliding motion (especially with respect to disturbance rejection). This
chapter initially presented the classical Utkin observer, and then argued why the in-
clusion of a linear term is advantageous. The concept of fault reconstruction was
presented using the Edwards—Spurgeon observer. Observer design frameworks us-
ing LMIs have also been introduced which allow robust fault reconstruction in the
presence of uncertainty. Finally a comparison with a linear unknown input observer
was presented.

4.9 Notes and References

The earliest work in terms of sliding mode methods applied to observer problems is
attributed to Utkin [256] although these ideas had appeared in the Russian literature
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many years earlier. The approach in this chapter builds on the work of Edwards and
Spurgeon [82] which builds on the ideas of Walcott and Zak [266]. An interesting
comparison between sliding mode observers and other nonlinear techniques appears
in [265]. A well cited tutorial on sliding mode observers is [74].

Comparisons between linear observers and sliding mode observers have been
made before in the literature. For example, in [71] the properties of full order linear
observers, minimal order observers and sliding mode observers were compared em-
pirically with respect to their noise rejection properties. Here a very specific minimal
order observer and a specific sliding mode observer have been used. More recently
comparisons between sliding mode observers and UIOs have been made (mainly for
the discrete case) in [246]. The canonical form in (4.46), based on assumptions Al
and A2 in Sect. 4.3, has been shown to be a useful starting point for the design of the
reduced order and full order UIOs from [50, 161, 219]. As such it may be viewed as
a unifying framework for UIOs and sliding mode observers in continuous time.

Although it is fair to say the majority of sliding mode observers have been based
on underlying linear system representations there are notable exceptions for exam-
ple Barbot and co-workers [18, 19], the early work of Slotine et al. [229] and also
by Chen and Saif [277].

Recent work involving sliding mode observers for fault detection in nonlinear
systems appears in Jiang et al. [141], Yan and Edwards [102, 279-282].



Chapter 5
Robust Fault Reconstruction using Observers
in Cascade

In the previous chapter, sliding mode observer designs for robust fault reconstruc-
tion were presented. In this chapter, the concept of robust fault reconstruction using
multiple observers in cascade will be presented. The idea is to alleviate some of
the system requirements specified in the previous chapter, thus allowing the scheme
which will be presented in this chapter to be applicable to a wider class of systems.
Necessary and sufficient conditions, in terms of the original system matrices, will
be provided. The approach will also indicate precisely the number of observers in
cascade which will be required.

5.1 Introduction

In Chap. 4, particularly Sect. 4.5 which presented the use of sliding mode observers
for robust fault reconstruction, one of the necessary and sufficient conditions was
that the first Markov parameter (the product of the output and fault matrices) must
have full column rank.

This chapter presents ideas that build on the work of [197] i.e., using multiple
observers in cascade. Using similar techniques as in [197], measurable signals from
an observer are used as outputs of a fictitious system; the next observer is designed
for the fictitious system and the measurable signals from this observer are used
as outputs of another fictitious system. The process is repeated until a fictitious
system whose (first) Markov parameter is full rank is obtained. It is found that the
(final) fictitious system is in the framework of the system (4.91)—(4.92) in Sect. 4.5.
Hence the technique presented in Sect. 4.5 can be applied to the final system and
an observer is implemented for fault reconstruction and designed such that the £
gain from the disturbance to the fault reconstruction is minimised. This achieves
robust fault reconstruction without reconstructing the disturbances and enables the
algorithm to be applied to systems which have fewer outputs than the sum of faults
and disturbance channels. Also, it is found that the design of previous observers do
not affect the sliding motion of the final observer, which implies that the £, gain
from the disturbances to the fault reconstruction is affected only by the design of

H. Alwi et al., Fault Detection and Fault-Tolerant Control Using Sliding Modes, 99
Advances in Industrial Control,
DOI 10.1007/978-0-85729-650-4_5, © Springer-Verlag London Limited 2011
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the final observer. Furthermore, necessary and sufficient conditions are investigated
and presented in terms of the original system matrices, so that the designer can
determine at the outset whether the method is applicable or not. The results in this
chapter also indicate precisely the number of observers in cascade that are required.

Throughout the chapter, a superscript will be used to represent the recursion level
in the cascade; for example X' indicates that X is a parameter for observer i . To raise
a variable to a power, it will be placed in brackets first; for example (X)’ means that
the variable X is raised to the power of i.

5.2 The Robust Fault Reconstruction Scheme

Consider the problem considered in Sect. 4.5: specifically fault reconstruction in a
system

X(@)=Ax(@)+ Bu@)+ Mf()+ Q&) (5.1)
y()=Cx() (5.2)

where A € R™*" B e R C e RP*", M e R"™ and Q € R"¥" \where n >
p > q. Assume that rank(M) = ¢g, rank(C) = p and rank(CM) =r < g, which
implies that 7 < min {p, ¢}. The function representing the faults f € R? is unknown
but bounded so that

lf®] <« (5.3)

where « is a known function. The signal £ € R” encapsulates the uncertainty present
in the system such as unmodelled dynamics, parametric uncertainties and external
disturbances. It is assumed to be unknown but bounded subject to ||£(¢)|| < B where
B is known.

The signal £ is assumed to be smooth and an upper bound on its bandwidth is
assumed to be known.! As a result of the bandwidth assumption it is possible to
write the disturbance as

£=2(s)t" (5.4)

where £2(s) represents a known filter with low-pass characteristics of appropri-
ate bandwidth and £” is a bounded unknown signal. As in other frequency domain
based paradigms such as Hy, and p-synthesis, the filter £2(s) can be viewed as a
‘weighting function’ [297]. The frequency information about the disturbance associ-
ated with £2(s) will then be incorporated into the observer design. Furthermore it is
assumed that £, together with an appropriate number of its derivatives are bounded.

The assumption that a bound on the frequency content of the disturbances is known, is common
in the applications literature. This sort of information has been used in the development of models
of practical engineering systems where typically the disturbances are assumed to be low frequency
in character. Insight from the underlying physics is usually employed to decide on the meaningful
frequency range of the disturbance.
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Fig. 5.1 The proposed scheme formed from a cascaded observer/filter structure

Specific details pertaining to the weighting function §2(s) will be given in the next
section. Also the first derivative of f is assumed to be bounded by a known constant.
This assumption is not overly restrictive as it only implies that f cannot be an abrupt
step, which is easy to detect (slow incipient faults are much more difficult to detect
[51]1). The objective is to reconstruct f whilst minimising the effects of & on the fault
reconstruction. If r = g then the single-observer method described in Sect. 4.5 can
be used directly. However, if 7 < g, then an alternative approach is required. In this
situation, this chapter proposes the cascade observer scheme shown schematically
in Fig. 5.1. The next subsection describes the fault reconstruction algorithm and a
systematic way of designing the components in Fig. 5.1.

5.2.1 Design Algorithm

To create the recursive observer design procedure, write (5.1) and (5.2) as
H=Alxt+ Ml 4 0le! (5.5)
yl=clx! (5.6)

where without loss of generality, it has been assumed u#(#) = 0 in (5.1). Since

rank(C') = p, then C! can be written without loss of generality in the form
Cl=[0 1 p 1. Firstly partition the matrices from (5.5) as

LA Ay [en-p L M| ent-p L o1 | et-p
A = 1 1 s M = 1 ’ Q - 1
Ay Ay |tp M, |tp 0, | tr

where A] is square. Since by assumption C! =[0 , ] and rank(C' M) = 7!, then
it follows that rank(MZ]) =7l In the representation above, 0! has no particular
structure.

Set the index variable i = 1 and proceed with the following algorithm:
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1 Check algorithm termination
Consider the generic uncertain faulty system

A=A+ M 4 Q! (5.7)

yi=Cly! (5.8)
and define 7' := rank(C' M'). If rank(C' M') < rank(M") and i = n', then this
algorithm cannot be used to reconstruct the faults® and terminate the algorithm.

2 Transform to achieve special structures in the fault and output matrices
For the case when i = 1, define the following

MY =M,  My=My, m':i=p, =0 (5.9)

Let ri = rank(Miz_ 1) and define two orthogonal matrices D' € R %M and
T} € R@—F"Dx@=""1 guch that

oo 0 q[H ] gy _ | M M i

|:n—176(l—) (Di)_1:| i (TZ’) = 0 0' ¢m—i_ri
12 0 MéZ r!

(5.10)

where Méz e R"*"" is square and invertible. Then define Tli = TI"2 Tli | Where

Li_,| 0 0
Tj:=| 0 | (@) o (5.11)
0 0 ]p_mi
and
[ Ti—1yn 0 0 0 0 0 |
0  Li, goyn| O —MjMy)™! 0 0
Tliz _ 0 0 Li_,i 0 0 0
0 0 0 0 Ip_;i—l_mi 0
0 0 0 Li 0 0
| 0 0 0 0 0 L1 |
(5.12)
When i = 1, define
A0 . 1 A0 . 1 A0 0 70
Ajz = Aj, A=A Ag=a =My =9¢ (5.13)
where ¢ is the empty matrix. Define the partitions
- . -, Ai i i
L =1 zi—1 _ 31 | ¢m'—r
Ay = (D’) AL = |:Ai i| ot (5.14)
32

2The justification of this will be given in Theorem 5.1 in the sequel.
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and
A= Al = Miy (M) AL, (5.15)
Define T} = diag(Tzi, Izi-1). Perform the coordinate transformations
Xt Tix, fre fh=T1)f (5.16)
then the matrix triple A’, M’, C* will be transformed into
A0 | | sa-nn
. * A | x| gni—p—G—Dh
A — |:All A12i| * Ai1 * iy 5.17
ioa 31 ym'=r (.17
A3 Ay * 0 | = Fi-l
p— mi—r
* * * | ¢
0 0 LG—1Dh
_ M My 0 | gni—p—i—Dh
M [M}] = o 0 | 4mi—r (5.18)
2 0 0 tp—m i_ypi-l
0 9 4
where
— Mi 0 $ri
ML, = 22 R _ 5.19
2 |: 0 allMézl] 4i-] (5.19)
and finally
Lj_.i O 0 0
; : ; D! 0 0 0 I _zi-1_, ;i 0
C'— |0 Ci, Cl:|: :| p—ri—l—m
[0 &l =, Ly i 0 L 0 0
0 0 0 Lz

(5.20)

It can be seen from the definition of 7' in Step 1, M and M}, in (5.18)~(5.19),
and C' in (5.20) that

Fa=rh (5.21)

In this coordinate system Q' has no specific structure. If rank(C? M") = rank(M")
then go to Step 7 and terminate the algorithm. Otherwise, proceed to the following
step.
Augment with the dynamics of the disturbance weight

Assume that & is smooth and satisfies the following stable system

' = ApE + BpE™! (5.22)
where £/7! ¢ R" and A’;Q, qu are matrices to be chosen by the designer. In ad-

dition, assume that £/ *1 is bounded. (The motivation and implication of this as-
sumption, and a way to choose A, and B, will be discussed in Remark 5.2.)
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Augment (5.22) with (5.7)—(5.8) to obtain the following system of order 72’ :=
n' + h:

)LCi — Aiii _I_Mifi"t‘l + Ql‘gl’-f‘l (523)
yi=C'} (5.24)

where ¥/ := col(£!, x') and

fAL 0 0 |0 0 0
zi—1
* A 9 * ()l 0
Al | _* * {1’1 * | M = My, 0 ’
* * A’31 * 0 0
* * 0 | 0 _O
* * * * 0 !
L | 2
B th
0 | 4G-Dh
o = 0| eni—p—G—D)h
0 | ¢m'—r!
0 $p—mi—7i~!
L 0 147

—. Al -
Then define Af, :=[ "7 il ], and note that A can be re-expressed as
* Ao
Al 0 |0]|¥h
* All * | tn'=p=(-Dh
Al — = i i
= 0y A5y x| I
* 0 * | $p—mi—Fi-1
* * * ¢f’

4 Transform to achieve a special structure in the system matrix
Define m't! := rank(A3,). Let U} and U; be invertible matrices of dimensions
m! —ri and n' — p — (i — 1)h, respectively, such that

i (i1 [0 Ly
UiA5(Us) = [0 "o } (5.25)
and
o Qi ¢mi+1
Ule21=|:—,-2“ N (5.26)
Q212 m' —r'—m

where Q’2 e Q’2 1, are general matrices with no particular structure. Also partition

Ca Al AL | sni—p—i—Dh—mit!
1
US AL (U3) Z[Ai“ /11-12} (5.27)

13 A

¢mi+l
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Introduce the coordinate transformation %! > T'x! where T := ‘21' _f
L, 010 0
_. 0 U|o 0
T == . ; ,
0 0 ‘ Ui 0
i 0O 010 T S
™ Iy, 0 0 0
7’11‘ o 0 171"—[)—(1'—1)}1—m"+1 0 0
2= | Ai
051 0 L+ |0
. O 0 0 I,

Then A%, M?, Q' and C* will be transformed to

[Ay 0 0 |« i
o x Al Al | x| enl—p—mTI—(i=h
A".-»[f}[.l 4{2]2 x Al AL | tmih
AL Al 0 0 I ||
* 0 0 || ¢p—mti—p
| * 0 0 || o

0 Sih

0 | tni—p—mit'—Gi—Dh
M |:Aflii| = 7]‘_4{2 0 |em™

O ¢mi+l

0

$p—mit_fi

| 0 9 | 47

and finally

Also partition

= | A e
3 Al32 ¢p—ml+l
which from (5.29) results in Aél =[017,i+ ]
5 Implement the ith observer for the augmented system

105

with

(5.28)

(5.29)

(5.30)

(5.31)

(5.32)

A sliding mode observer building on second order supertwisting observer ideas

from [166, 190] for (5.23)—(5.24) is

A _ ik _pisiog pisi Sio._ piSi_ i
x'=A'x —Gley—i—Gnv, ey.—Cx y

(5.33)
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where the matrices G!, G/, € R %P are to be designed. In particular, choose G/,
as

i —L"] (miy- 7i ii
Gn=|: I, }(02) YL =[Li 0] (5.34)

= i = i i+1
where LI € R —P)*P and LI e RO —p)xm ™! are chosen such that the ma-
trix A’ + L A’1 is stable Partltlon the output estimation error component-

wise as ey = col(ey Poeee ) As in [190] the nonlinear injection term V' :=

col(vl, e, vp) is defined by
=—y'sen(e ), |+zj., j=Ll...p (5.35)

zj. =—Bisgn(e ;) —vie, ;. j=1....p (5.36)
where ¥, ﬂ; and y]’.' are scalars to be selected by the designer. Define &' :=
%' — % and combine (5.23), (5.24) and (5.33) to obtain

& = (A= GICd + Givt — M fi+! — Qi (5.37)
Apply a change of coordinates associated with T,i to the triple (5.29)—(5.32)

and G/, in (5.34) where
o [Li_, L
T, :=|""-p
: [ 0 ca]

then A', M', C' from (5.29)—(5.32) and G/, from (5.34) are transformed to be

. Ai Zi Al i . Mi
A’—>|: l—i__l._(;. 31 }2] M’—>|:_i1_l.:|,
C2A3 22 C2M2 (538)

f [0 1,1, G;%[O]
IP

whilst Qi retains the structure in (5.31) after the transformation. Define

o él . ) gai
Tie = [é}}, T} G =Bl]$; ? (5.39)
y 2

and choose (_?f so that gi =Al,, g2 32 + .A§ where Ai := diag(A! ...,A;)
and the scalars )»5. >0, j=1,..., p. Partitioning (5.37) according to (5.38)-
(5.39) results in

ey = (A + LyA%,)e, + My 1 + 0™ (5.40)
¢, = CLALe, + CiM5 fH — Alel + 7 (5.41)

where M, M} and Q' are defined in (5.30)—(5.31). Equation (5.41) can be writ-
ten as

¢ =l - Ald 4+ (5.42)



5.2 The Robust Fault Reconstruction Scheme 107

where
t'=G(s) [g: ]
and the transfer function matrix
G(s):=—[CiMty 0] CAL(sI — (A} +L}AY)) " [M] 0]
It is obvious ¢’ and ¢’ are bounded since A% + Li A%, is stable and fiF1, fi+!
and /1! are bounded by assumption.

Let ¢’ =col(¢f, ..., ¢5,) and define 2’, = zj» + g“/’ Substitute (5.35) into (5.42)
and combine with (5.36) to obtain '

e, i =—v; sgn(é’y’j)]é’y’jP — A, +2) (5.43)
=—Bisen(e, ;) —vje, ; + (5.44)
where j =1, ..., p. Define constants d} > |§;.| and choose the gains from (5.35)
and (5.36) as '
w; >2 d;. (5.45)
M>0 (5.46)
B >d; (5.47)
;DA WD+ 3B —d)) (5.48)
yio> . .
! w (/3’ d})
Then, it can be proved from Theorem 5 in [190] that if the mequahtles (5.45)-
(5.48) are satisfied, a sliding motion will take place and e e iy =¢ i = = 0 in finite

time.
6 Create the output for observer i + 1
Assume that a sliding motion has taken place, then (5.35) and (5.42) yields
z = —¢" where 7' := col(z}, ..., zi,). Note that z' is an available continuous
signal since it is generated from Ei’ - according to (5.36). Define w' := —e’i and
partition (5.37) using (5.38)—(5.39) to obtain

= (A} + LLAL w' + M{ f1 + Qf ™! (5.49)

CiALw' 4 CiMy fi+! (5.50)

=(C}) e = a | !
2 2 | tp-mit!

Substituting for Ag from Step 4 and 1\;15 from (5.30) into (5.50) results in

Define and partition
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=10 Ly w (5.51)
. 0O 0 :
— AL - i+1
=Anhw' + |:O Méz} f (5.52)

Create a signal 7', in real-time as the output from a stable filter driven by zé from
(5.52) according to

) . . . . 0
o= ol v otz = —alz + ol A w1+|: ]fl+1
f f b f 32 0 ’M22
ol eRy (5.53)
Combine (5.49), (5.53) and (5.51) to obtain the system
+1 il +Mi+lfi+l + Qi+1si+1 (5.54)
yi+1 — it it (5.55)
where the state vector x'+! € R""" with ni*+! := i’ — mi+! and
. wi . Zi .
xitl= [ : } , yth=1 T, ctl=10 1,] (5.56)
Zf Zf

By substituting (5.29) and (5.30) into (5.49) and (5.53), A’*! and M'*! can be
expanded to be

AL 0 |x 0 0
* A~’“ * 0 0
- 1
At =1 Aly | * 0 0 ,
* 0 |+ —a'I 0‘
| * * | % 0 v
- (5.57)
0 0 Lih
My 0 | gniop—(—Dh—mi*!
Ml+1 — Miz 0 ¢mi+1
0 0 $p—mt—
L 0 oM, | 47

while Q'*! has no specific structure. The structure of C'*! in (5.56) is due to the
special structure of Ag obtained in (5.29). Now increment the counter i by 1 and
return to Step 1.
7 Reconstruct the fault if the Markov parameter is full rank

Set k = i. Since rank(CkMk) = rank(M¥), Mkl in (5.10) and (5.18)—(5.19)
does not exist since ¥ = ¢. As a result, choose T =1, -1 = Fl = % (see
(5.16)). Set Ak = Ak, Mk = M Ck = C*, Ok = Qk e = p —q. Also define
ok, Qé to be, respectively, the top n¥ — p and bottom p rows of Q*. Implement
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and design the observer in Step 5 on the system (5.7)—(5.8). However, now design
L¥ as follows:

minimise y with respect to the variables P11, Pro, Wy, y subject to:
PiAK + PpAk+ () PN+ Pos WAL _ _
* -y 0 <0, P11=P1Tl >0
* 0 -yl
(5.58)

where * are terms that make the inequality (5.58) symmetric.

The matrices W := [W; (]\;Ié‘z)*] 1, P2 :=1[ P21 0], P21 € R(”k_”)x(”_‘”, are
similar to the structure of Wy, and Pj; in Sect. 4.5.1. Then calculate Eﬁ =
(]311)_1}3121. When a sliding motion has occurred, reconstruct the fault using
fk = W(C'z‘)_lzk. From the results in Sect. 4.5, fk will reconstruct f* together
with some corruption due to £; the design of I:fj and W in this step minimises
the £, gain from £* to f k. The reconstruction of f! can be obtained from

=@ @ @h) (5.59)

where the T}’; are defined in (5.16).

Remark 5.1 The design method for the final observer in Steps 5 and 7 is similar to
the design method in Sect. 4.5.1. However, the linear gain Gé‘ is designed somewhat
differently due to the supertwisting structure employed in the observer. This is of no
consequence though, as it is only the reduced order motion that governs the quality
of the fault reconstruction.

Remark 5.2 The purpose of the assumption that the (unknown) signal &' is obtained
as the output of the low-pass filter in (5.22), is to achieve the recursive formulation
in (5.54)—(5.55), where the disturbances appear in the ‘state’ equation. This is a
generalisation of the formulation of (4.91)—(4.92) in Sect. 4.5. It should be noted that
there is no ‘physical’ filtration of the disturbances: the filter in (5.22) only implies
that £’ is smooth and can be considered to be the output of a low-pass filter G (s) :=
(sl — A’;Q)_lBE driven by an unknown signal £/+!. The choice of AlQ and B}2 is
not unique. In this chapter, first order linear filter realisations have been chosen,
although higher order linear filters could equally well have been used. The crucial
decision is the choice of the filter bandwidth and not the particular choice of the filter
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itself. The relationship between the filter pairs (A%, BfQ) and the original weighting
function is 2(s) =Cgo (sl — A_Q)_IB_Q where Co =[1I;  Opxk—2)n]and

£l AL BL 0 ... 0 gl 0
£2 0 AL BL ... 0 £2 0
: = . - .. : : + : gk
g:H 0 ... 0 A2 Bt s]’:? 1?71
0 Lo o0 0 Ay ]le Be
———
Ao Be

Modelling the characteristics of the exogenous disturbances using filters is the basis
of all the Hoo and p-synthesis paradigms which are based on frequency domain as-
sumptions on the uncertainty. There are also some parallels with the work of [227]
in the sense that the uncertainty belongs to a restricted class of signals. In terms of
fault estimation, it is the low frequency components that are important; for exam-
ple slow incipient faults are the most difficult to identify [51]. To decouple these
low frequency faults from low frequency disturbances is very important (and non-
trivial).

To choose reasonable values of AfQ and qu, let the assumed bandwidth of éi
be a)i., and choose AL, = —k1j, BfQ =« Iy where k € Ry. If « is chosen to be
much larger than a)é, then £ ~ £/+1 and ultimately & k~ &gl At the final step of the
algorithm, the effect of ! on f k is formally minimised in Step 7.

Remark 5.3 This approach is akin to the so-called ‘step-by-step’ methods [19, 22,
123, 277]. As the number of cascade operations increases, in practice, the accuracy
of the estimation which is achieved degrades [100]. However, as argued in [22], the
use of the supertwisting structure gives optimal performance at each step at least,
and obviates the need to approximate the equivalent injection signals via sigmoidal
approximations or low-pass filtering of discontinuous injection signals.

Remark 5.4 Since i’ =n' + h (Step 3) and n'*! =i’ — mi*+! (Step 6), it can be
shown that

i
nt=n'+h—m ' s nt =G - Dh=) mi+n’ (5.60)
j=2

Theorem 5.1 Ifrank(C"lM”l) < rank(M”l) then the fault can never be fully re-
constructed.

Proof From (5.17), it can be seen that Ai1 has n’ — (i — 1)h — p rows and therefore
n' — (i — 1)h — p > 0. Substituting for n’ from (5.60) results in

i
W' =3 mi = p>0 (5.61)
j=2
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Since mit! = rank(Agl) and knowing that Ai31 has m’ — r! rows (see Step 4), it
is obvious that m'T! < m!, resultingin 0 <m! <m'~'<...<m?> <m'=p. It
follows from (5.61) that m’ = 0 when i > n'. From (5.10), it is clear that r’ < m!
and therefore r' = 0 when i > n!. Then from (5.21), 7! = 7" when i > n! which
results in rank(C? M) = rank(C"' M™') when i > n'. This means that if observer
n! is unable to reconstruct the fault, then subsequent observers will not be able to
either, and the cascaded observer scheme in this chapter is not feasible. O

Remark 5.5 From (5.25)~(5.26), since A%, has n’ — p — (i — 1)h columns, it follows
that n’ — p —({—Dh= m'*1. Then substituting for n' from (5.60) yields n*! —
ih > p=>n't! > p. This implies that for every observer, there are more states than
outputs.

Remark 5.6 Notice from the structure of A'*! in (5.57), the matrix I:f) appears
only in the last p columns of A’. From the structure of C'*! in (5.56), it is clear
that L, affects only the last p output states of x'*!, and hence L! will not affect the
sliding motion of observer i 4 1 and also all subsequent observers. Also, it is obvious
that Gf does not affect subsequent observers as it vanishes during sliding motion
(E; =0). As the fault reconstruction in Step 7 is performed during the sliding motion
of observer k, it can therefore be concluded that the gains of previous observers
(l_,f,, Al and subsequently Gi, (_;ﬁl) can be arbitrarily designed as they will not affect
the quality of the fault reconstruction, and only observer k needs to be designed as
described in Step 7.

5.3 Existence Conditions

The method proposed in Sect. 5.2 is feasible if and only if the following are satisfied

Al. rank(C*M¥) = rank(M*), i.e., 7* = g for some 1 <k <n'
A2. All observers have a stable sliding motion.

It is of interest to find existence conditions for the method proposed in this chap-
ter in terms of the original matrices Al M, C!, so that it can be easily ascertained
from the beginning whether the method proposed in this chapter is applicable or not.
To conveniently analyse the existence conditions, Al M 1, C! will be transformed
into a special structure.

5.3.1 Overall Coordinate Transformation

In the following analysis, 7 is an integer 1 <i < k unless otherwise specified. To
achieve_: a cor_lyenient representation of Al Mt Cl, parts of the transformations
T{, T, and T' (from Steps 2 and 4 in the algorithm in Sect. 5.2.1) will be used.
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However, some modifications need to be made to Tli , Tzi ,T' as the structure that
will be aimed for will be of different order from the original system. Notice that for
each observer, the system undergoes two transformations; the first one involves Tli
and Tzi which transforms the state and fault, respectively, so that the structures of
M and C' in (5.18)—(5.20) are achieved; the second transformation involves 7", ap-
plied to the augmented system to obtain the structure of A’ in (5.29). It can be seen
from the process described in Sect. 5.2.1 that to get to the system for the next ob-
server design, there is an augmentation of /4 states (Step 3), followed by the removal
of the bottom m! (or p) states due to the sliding motion, and finally the addition
of m' —m' states to the bottom of the state vector to obtain the next intermediate
system (Step 6). To obtain the system for the ith observer, this process is repeated
i — 1 times on the original system (of order n!). In order to obtain the transformation
matrices for the original system, the process needs to be reversed and applied i — 1
times to 7}, T4 and T'.

From 7} remove (from 7}, and T}, from (5.11)~(5.12)) the sub-blocks associ-
ated with the last m! — m’ states (i.e., the last m! —m! columns together with the
relevant rows to make Tli1 and T square and invertible). Then add m! states to the
bottom of the state space, by augmenting the truncated Tli " Tli2 with 7,1, and then
remove the first 4 rows and columns. Repeat this process i — 1 times. Define the
first transformation to be applied to the state of the original system as

; . o , i1
n' _Z(:_j):l m! m’(:)r‘ (r_’) Z-/(il)m] nl— ;=1 m/ mi Z_i,';“ m/
1 0 —MjM)~" 0 <_; o T))
; 0 I 0 0 in—1
Ti = : . ; 0 0 (D) 0
0 0 0 I 0 0 !

Notice that for systems 1 to i, the number of potential faults remain as g. There-
fore, the transformation for the fault applied to the original system is identical to T}
defined in (5.16).

From T* in (5.28), remove the first & rows and columns (because itis applied to
the augmented system) and repeat the process that was applied to 7. The second
transformation of the state to be applied to the original system is

7} = dioe(U3 U] Iy )
As the algorithm is exited at Step 2 of the kth iteration, it is clear that the coordinate
transformation in Step 2 is performed k times, whereas the transformation in Step 4
is performed only k — 1 times. For convenience of analysis in this section, the trans-
formations 7} and T, (Steps 2 and 4 of the algorithm) are also performed on the kth
system. Define the following matrices:
L= (L0, 1) (0,72 172) - (BTG T)(T, 1) (5.62)

a

w_ mkpk—1 321
Tp:=TyTp T T5Ty (5.63)
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Then perform the change of coordinates x! — Tyx!, fl— fk:= Tffl. By using
the relationship in (5.10), (5.14) and (5.15) when applying the transformation Tai,
and (5.25)—(5.26) and (5.27) when applying the transformation le, the following
structure for A! is obtained:

i Ué‘A]f(Uf)_l * x| x| x| gl = m
UkA% (UK N P
Agz * * | x| x| gk
0 Jk * | x| x| gmk
0 0 * * * $mk_|—m1‘—rk_'
* * * | x| x| gkt
Al T,CAITX_1 = :
0 0 x| % | gm?
0 0 0| * | * | tm2—m3—r2
* * * | x| x| g2
0 0 0| J?| x| gm?
0 0 0 0 | * $m'—m2—rI
* * * * | ¢r!
- - (5.64)
Then using (5.10), M I'is transformed to have the structure
[USME | 0 [0 0 | 0| 0 Jan'-3k mi
0 0 . 0 0 0 ¢mk—rk
0 |M5|...| 0| 0| O |ak
M! TleTf—l _ 0 0 0 0 0 tm3—r3
0 0 M| 0 | 0 |3
0 0 0 0 0 ¢m27r2
0 0 0 |M%L| 0 |42
0 0 Cen 0 0 0 ¢ml—r1
L 0 0 |...] 0 | 0 [M) ]
(5.65)
c'ec'ty'=[0 D'],  det(D')#0 (5.66)

where rank(M},) = ¢ — Y5_ / and J' := D' diag((U})~", I,:). Note that J,
Méz and A’l‘ are square matrices (which determine the column widths in (5.64) and
(5.65)), and that Ak, Aé > A§2 have no particular structure.

For ease of analysis, it is convenient to first perform a change of coordinates
using the following:
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Proposition 5.1 There exists a change of coordinates such that A" in (5.64) can be

written as
i UgAII(Ué‘)_l * * | x|« $n172’;=]mj
UFAL, (UH™T « P I

Aéz * * * | x| gk
0 Jk 0|0 |%|¢mh
0 0| 0 || gmklomk_ph
* * * | ok [ x| gkt

Al = : : o :

0 0 J3 0 [ % | 4md
0 0 0|0 |x|tm2-m’s?
* * * * | 4r?
0 0 0 | J%|* | tm?
0 0 0 x | ¢m!—m?—r!
* * * * | or!

(5.67)

In this coordinate system, the structures of M Uin (5.65) and C! from (5.66) remain

unchanged.

Proof Define a transformation matrix H i (0 <i < k) with the structure

where the elements E will be formally defined below. Define

H =

HiHiil'..

H?H!

Il —ytl i 0 0 0 0
1(1 1)(jk l+1) L
0 ) 0 l(z ])(]k Hh=l o 0
0 0
E(lz i 1)(Jk—i+1)—1 0
0 0 Lyivi | —EG_yyi_y(JFHH ™10 0
0 0
0 0 0 L i 0
i 0 0 0 0 IZﬁ;’i” mi |
(5.68)
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where H'! = I,1. Then define

Ui AR wH T - " " w |+ ]
U{‘A’;l(Uf)fl * * * * | *
0 Jk 0 Elll. * | %
0 0 0 E121. * | *
* * * * * *
0 0 Jh—itl Eili *x | *
y 0 0 0 E2
Al = i 1t (5.69)
* * * * * *
0 0 0 Jk * | %
0 0 0 0 *x | *
* * * * *
0 0 o [ o I«
0 0 0 *

Firstly, perform the coordinate transformation H'A'(H')~! to obtain Al = Al
in (5.64) (because H! = I,1), from which Elll, E%l can be obtained. Then, H?
(and H?) can be calculated, and it can be shown that H2AL(H%)~! = A2. The
matrices Ellz, E%z, Eéz, E%z can then be obtained from Az, and H3 (and 1:13)

can be calculated to get H3AYHY ! = A3, Repeat the process until Akl =
H*1AY(A*=1)=1 i5 obtained. It can be shown that A¥~! is identical to A!
in (5.67). O

From this canonical form, the objective is to recast Conditions Al and A2 in
terms of the original system matrices A', M!, C!. The main results in this chapter
are summarised in the following theorems.

Theorem 5.2 Condition Al is satisfied if and only if the following is satisfied

rank(Ek) —rank(Ek_l) :rank(Ml) (5.70)
where B € RiPXi4 (0 <i < k) is defined by
c'm! 0 0 .0
clalm! clm! 0 .. 0
gi_| clA"Y>Mm! clAlm! cim! e 0 (5.71)

CI(AI).iflMl CI(AI)'I'72M1 Cl(Alji73M1 CIMI
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Theorem 5.3 Condition A2 is satisfied if and only if (A', M', C') is minimum
phase.

The following subsections present constructive proofs of Theorems 5.3 and 5.2.

5.3.2 Proof of Theorem 5.2

Condition Al is satisfied if and only if 7* = ¢ which implies that Mfl = ¢ (the
empty matrix). Let K'! be the last m' columns of A! in (5.67) and define A, :=
Al — k! (C%)_IC I Therefore A, is identical to A! in (5.67) except that the last m!
columns of A, are zero. It can then be shown that

1_yi A i—
n Z.i=|m i mt 1 1

m m2 m
< <~ <~ >
' 0 0 0 0 0 ¢p—mi—fi’1 (572)
C'A-'=F'l0o I, 0 0 0] ¢m
* * * * 0] gr!

where F' is invertible and is defined as F’ := D' D?... DI~ D/ with

D’ := diag(I

p—mi

—5i-1, JJ7 Iflfl)

By multiplying C! A=! with M in (5.65) it can be shown that C'AI-!M! = FIN'
where N € RP*4 is defined by

q=-Yir i el 20l
PEN <~ <~ <
. 0 O' 0 0 0 ¢p—Fi (573)
N' = 0 M5, 0 0 O0f ¢
* * * * 0| ¢!

Proposition 5.2 For all positive integers v > i the following matrix identity holds:
FiNi — FV Ni

Fi

—_—
Proof It can be shown that F'N' = D'D*...D'"'Di pitl...pvNi =
FiD*1... DVN. From the definition of D', it can be seen that pre-multiplying
any matrix with D' affects only the top p — 7 ~! rows of the matrix. In addition,
by knowing that 7! > 7 (since 7! =: 7 4 ri*!) and that the top p — 7' rows of
N are zero (see (5.73)), it can be concluded that D! ... DVN? = N’. Hence the
proof is complete. U
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Define
c'm! 0 0 .. 0
cla,Mm! cim! 0 .0
wi.—| ClA)*M! C'A,M! c'm! . 0 (5.74)
Cl(Ao)i—lMl Cl(Ao)i—ZMl Cl(Ao)i—?aMl ClMl

then the following result can be established:
Proposition 5.3 The matrix ' has rank Z’/: WG+ 1= j)rd

Proof It can be easily shown that

FIN! 0 0 0
F2N? FIN! 0 0
gl — : : . : : (5.73)
Fileifl Filei72 FlNl 0
FiN! Fi-inyi=t  FZN2 FIpN!
By using Proposition 5.2, ¥/ in (5.75) is equivalent to
Fi-'0 0 ... 0 0 N! 0O ... 0 0
0O FF 0 ... 0 O N2 N ... 0 0
vl — : : : : . : :
0 0 0 Fi 0 Ni-1 Ni=2 . N' 0
0 0 0 0 F! NI NZL o N2 N!
N

By expanding N from (5.73), it can be shown that rank(N) = rlp 2=l 430072
.o-4 (i — Dr? +ir'. Since F' is square and invertible, the proof is complete. [

Proposition 5.4 For any positive integer i the following identity holds

L
cl(al) =ctal =S cl@R'ctal ™, RU=—k'(Ch)

h=1

(5.76)

Proof This will be proven inductively. Assume that the following holds for any
positive integer j:

. o .
cl(aly =cl(a' +Rr'ct)y =Y c'(a)" 'Rt (A'+ RIC " (5.77)
h=1
It is then desired to prove that if (5.77) holds, then the following holds:
j+1
cl(ay* =cl(al+r'c!)*! - JX:CI(AI)}Z_IRICI(AI +R'ch/
h=1

(5.78)
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The right-hand-side (RHS) of (5.78) can be expanded to become

J ,
_ZCI(Al)hflRlcl(Al+R1C1)rh(A1+R1C1)
h=1
i J

h

1
—c'(a")YRr'c! (5.79)

If (5.77) holds, then (5.79) becomes
cl(a") (A'+R'cy - c'(A"Y R'c' =c'(a)"! (5.80)

which is the LHS of (5.78). Therefore it is clear that if (5.77) holds, then (5.78)
holds.

It can be easily shown that (5.77) holds when j = 1. Hence, by induction, it can
be concluded that (5.77) holds for any positive integer of j. Consequently (5.76)
holds and the proof is complete. (]

Corollary 5.1 The matrices B' from (5.71) and W' from (5.74) have equal rank.

Proof Define the following matrix which by construction is square and invertible:

I, 0 0 .0

—c'klch! I, 0 .. 0

ol =| -clalk'chH! —c'kl(chH™! I, e 0
_Cl(Al)i72K1(C21)fl _Cl(Al)i73Kl(C21)71 —Cl(Al)i74K1(C21)7l Ip

i

From Proposition 5.4, it is clear that ®'W¥! = £ and hence rank(¥') = rank(&")
since @' is square and invertible. g

From Corollary 5.1 and Proposition 5.3, rank(&7) = Z;zl(i + 1 — j)r/. Then
it follows that

k k—1
rank(Ek) — rank(Ek_l) = Z(k +1—j)ri — Z(k — !

J=1 Jj=1

k—1 k—1
=rf Y e+ 1= jyrd =Y (k= jyr!
j=1 j=1

=Y ri=¢ (5.81)

j=1
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Notice that the LHS of (5.81) is given in terms of the original system matrices
Al, M!, C!. Hence, Condition Al can be recast in terms of the original system
matrices as

rank(Ek) —rank(Ek_l) =rank(M1) (5.82)

From the algorithm in Sect. 5.2.1, note that for each iteration, one observer is
needed. Furthermore, the algorithm is exited at the kth iteration, which therefore
implies that k observers are necessary and sufficient to reconstruct the fault. Hence,
the results in this section also indicate precisely the number of observers that are
required. Using the results of Theorem 5.1, the scheme in this chapter can never
reconstruct the faults when rank(E"') —rank (& n! —1) < rank(M"') which results in
k <n'. Hence Theorem 5.2 is proven. O

The results of this section now enable the designer to systematically investigate
the likelihood of success of this scheme. The designer can construct &' and incre-
ment i systematically from 1 until rank(Z’) — rank(Z~!) = rank(M") is satisfied,
and that value of { is set to be k. In addition, the user can also determine the number
of observers required, as well as when the scheme in this chapter will fail.

5.3.3 Stability of the Reduced Order Sliding Modes

Assume that Condition Al is already satisfied, i.e., M {‘] = ¢ (the empty matrix).
Then from Sect. 4.5, observer k will have a stable sliding motion if and only if
(Ak, M*, Ck) is minimum phase.

Proposition 5.5 (A%, M*, C*) is minimum phase if and only if (A", M',C") is
minimum phase.

Proof The invariant zeros of (Ak, Mk, Ck) are given by the values of s that make
the following matrix pencil lose rank

. sl — Ak Mm*

Pn(S)1=|: ck 0 }
Using the expressions in (5.17)—(5.20) and taking M {‘1 = ¢, the matrix pencil Pi1(s)
becomes

sI—AIEI 0 * 0
* sI—Alf * 0
_ _ANk 0
S
* * * M§2
0 0 ck o0
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Since Clz‘ and M§2 are square and invertible, then Py (s) loses rank if and only if
1312(5) loses rank, where

sl —Al_gl 0
— * I — Ak
Ppa(s) = s ik 1
— A3
* 0

Howeyver, the matrix Alzz_l is stable, and hence the only possible unstable zeros of
(Ak, MF, Ck) are the unobservable modes of (Ak, Aé‘l).

The invariant zeros of (A] ML Cl) are the values of s that make the following
matrix lose rank:

sl —A' —M!
Pyi(s) = |: cl 0 }
Substitute for AL, ML, C! from (5.64)—(5.66) into Py (s). Because J* and Méz are
nonsingular, and assuming that Condition Al is already satisfied (M{‘l does not
exist), then it can be shown that P> (s) loses rank if and only if the following matrix

pencil loses rank:

sl — Uk AR (UK ~! us o || s1- Ak -1
PZZ(S): k 7k ky—1 = k Ak (UZ)
_Ul A31(U2) 0 Ul _A31
Since U {‘ Ué‘ are invertible, the invariant zeros of (Al, ML C 1) are the unobserv-

able modes of (A¥, A% ). It follows that (A¥, M*, C*) and (A!, M!, C!) have the
same unstable zeros. O

From (5.49), the reduced order sliding motion matrix for the ith observer (i < k)
is A} + L;,A%,. In order for the sliding motion matrix to be stable, it requires that

(Ai , Ag 1) be detectable.

Proposition 5.6 The undetectable modes (if any) of observer i are given by the
undetectable modes of (A}, A%)).

Proof The unobservable modes of observer i are the unobservable modes of the pair

(A%, Ag 1)» which are given by the values of s that make the following matrix pencil
lose rank:
i sl — Al
P (s)= |: _l :|
! ~ A
Substituting from (5.29) results in

sl — Al 0 0

. * sl — Al — Al
Py (s) = A ! i lgi
—A3 SL— Ay

0 0 I i+

m
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It is clear that P3i 1(s) loses rank if and only if P3i2(s) loses rank, where

sl —A_iq 0
Ply(s) = * sl —_Ai11

However, Ai? is stable, hence the values of s € C; at which P3i1(s) loses rank are
the undetectable modes of (Ail " Ai13)'
From (5.25), (5.26) and (5.27), it is clear that

Ul 0 [sI—A,, -1 | sl —UAL WU
o uil|l —a |

| U4y 07!
sl — A}, —Al,
—| —Ai sl-Ay
0 i+
0 0

which implies that (A~’i1 , A"B) and (A%, Agl) have the same unobservable modes.
T{lgrefqre, the undetectable modes of observer i are the undetectable modes of
(A7, A5)). O

Proposition 5.7 Fori < k, the unobservable modes of (AN"1 , Agl) are a subset of the
unobservable modes of (A’ﬁl , A’;{l ).

Proof From the proof of Proposition 5.6, (Ai , Ag 1) and (A~"“, A~’i3) have the same
unobservable modes. Define Di*! to be the bottom ri*! rows of (D'+1)~!. From
(5.14) and (5.15), it can be shown that

i1 i1 . ~. ~it1 sl — Ailﬂ
I —MF'MFH' DI | st =AY | s A it
xi T i - 31

0 Di+1 ~
1
— A5
(5.83)

Since DIt s nonsingular, any unobservable modes of (Aiw Aim) (or equivalently,
the unobservable modes of (Ai , Agl)) will be a subset of the unobservable modes
of (A1, AT, O

If (A', M', C") is not minimum phase, then a stable sliding motion for observer
k does not exist. However, if (Al, ML C 1) is minimum phase, then a stable sliding
motion exists for observer k, and (A~]f, Aé‘ 1) is detectable. Then from Proposition 5.7,
(Ai , A~gl) is also detectable for i < k, which implies that stable sliding motions exist
for all the previous observers (Proposition 5.6). Therefore, A2 is satisfied if and only
if (A!, M', C") is minimum phase and Theorem 5.3 is proven. O
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5.4 Design Example

The method proposed in this chapter will now be demonstrated using a model of an
aircraft with state space matrices given as follows:

[—0.5137 —0.5831 —0.6228  0.0004 0
1.0064 —0.6284 —0.0352 —0.0021 0
Al = 0 0 —37.0000 0 0 ,
0 1.7171 0 —0.0166 —9.8046
| 1.0000 0 0 0 0
C 0
0
M= | 37
0
|0

where the states are g, o, elevator position, Vi, 0 and the input is the elevator
command. It is assumed that the first and second rows of the matrix A' contain
uncertainties, hence a suitable choice of Q! will be Q! = col(I», 0). Assuming that
Vias and 6 are measurable, the matrix C! is already in the form C =10 D]
Therefore the state equation of the system becomes

="+ aa)x+ M f! (5.84)

where AA! is the discrepancy between the known matrix A' and its actual value.
Equation (5.84) can be placed in the framework of (5.5) by writing

1.1_ Al 1
AA'x =Q Ex (5.85)
&—1
where E € R?*3 consists of the first and second rows of AA!.

From (5.85), the disturbance &' will be generated by the states x!, which is in
turn generated by the fault f!. It can be verified that

gl _ 140001 |0 L a\2q,0 | —2.2364
M =CAM _|:0j|’ C<A)M_|:—23.0436
and resulting in rank(Z= 3) — rank(&5?) = rank(M") (hence k = 3), hence the fault
can be reconstructed using the method in this chapter: specifically 3 observers in
cascade. It can be established thatn' =5, p=2,g=1,h =2,7! =0.

5.4.1 Design of Observers

It can be seen that A', M!, C! are already in the form of (5.17)—~(5.20), and hence
no transformation is required resulting in 7} =I5, T, = 1.

The filter matrices that appropriately describe the characteristics of ! are chosen
as A}Q = —101, B}Z = 101,. Note the choice of A}2 and B_}Z is not unique. In this
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example, first order filter linear realisations have been chosen although higher order
linear filters could equally well have been chosen resulting in a different (AL, B }2)
pair. The crucial decision is the choice of the filter bandwidth and not the partic-
ular choice of filter itself. Here choosing first order filter representations minimise
the order of i1!. With this choice of A }2 and B}z an augmented system of dimen-
sionnl=nl4+h=7is produced (as in (5.23)—(5.24)). It can be shown by direct
calculation that m? = 2. Then, to obtain the structures in (5.29)—(5.32), a suitable
transformation 7'! is

100 0O 000
010 0 000
000 O 100
T'=lo o1 0 000
0 0 0 17171 0 0 O
000 O 010
000 0 00 1]

For the first observer, L} was calculated such that A% + L},Aél has eigenvalues at
{—1,-2,—-3,—4, —5}. Next A§ = diag(6, 7) was chosen. This results in the ob-
server gains

38.27 3222 ] [ —9.57  —10.74 ]
-10.97  9.87 27.43 -3.29
11933.35 68749.50 —384.95 —2291.65
G/ =| 199.02 117080 |, Gy=| —-6.00  —7.96
32.16 57.55 -5.18 1.3
6.00  —30.96 0 1.00
0.80  —11.33 | | 1.00 0 |

Since p —m? =0, a' does not exist. It follows that the parameters for the system
associated with the second observer (with order n2 = 1! — m2 = 5 and the number
of outputs p =2) are

C1000 0 0 1074 957
0  —1000 0 309 —27.43
A=| o 0 —37.00 2291.65 38495 |,
1000 0  —062 3745  5.66
0 172 —006 3.5 0
0
M2 = 307 , sz[loh}
0 03><2
0

It is clear that C2M? = 0, and hence 72 = 0 which results in 2 = 0. Since
A2, M?, C? are already in the form of (5.17)~(5.20), then T? = Is, T/ = 1. Here
the matrices A??, B_é that describe 52 are chosen as A?Z = —101, Bé =101;. The
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augmented system (5.23)—(5.24) can then be formed. It can be shown that m3 = 1.
To obtain the structure (5.29)—(5.32) as in Step 4, a suitable transformation matrix

is

coocococos

0 0

0 0
1.00 0

0 1.00
—-1.59 —-0.26

0 0

0 0

1

0
0
0
0
.00
0
0

S oo oo

—-1.59
—0.15

oS o oo

0
—0.15
1.59 |

The gain I:g was chosen such that A% + Zg/ig] has eigenvalues at {—1, -2, —3,
—4, —5}. Then choosing A% = diag(3, 4) results in

7.26
1.21
—37.64
—4.77
—544.97
11.51
0.74

0.53 ]
0.09
5.61
~28.09 |,
111.32
—291
17.72 |

—1.82
—0.30
7.56
1.26
81.12
—1.59
—0.15

—0.18 ]
—0.03
0.73
0.12
7.87
—0.15
1.59 |

The filter scalar o> was chosen as 1. It follows that the system for observer 3 will be
—m?> = 6 and the number of outputs is p = 2. The system matrices

of order n3 = 722

are

[ —10.00 0 0 0 —1.14 0
0 —10.00 0 0 —0.19 0
A3 = 10.00 0 —10.00 -0 4.75 0
0 10.00 0 —10.00 0.79 0 ’
—1591 —-2.65 —-4295 -—-7.16 14.00 0
| 0 0 —0.15 2.73 0 —1.00
0
0
3 0 3 101
Mo=159 | Q :|:04><2:|
37
| 0

It is obvious that rank(C3M?3) = rank(M?), which confirms the initial check that
three observers are necessary and sufficient to reconstruct the fault f!. Finally, a
sliding mode observer can be designed based on A3, M3, C3, Q3 using Step 7 of
the algorithm. It is clear that a choice of

|

0 1
1 0
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0.12

0.1

0.08 7 B

-0.02

0 2 4 6 8 10 12 14 16 18 20

Fig. 5.2 The fault applied to the actuator (dashed) and its reconstruction (solid) for the case when
AA =0

places A3, M3 in the structure of (5.17)—(5.19). In minimising y subject to (5.58),
two additional inequalities were imposed so that the sliding motion of the third
observer has eigenvalues that lie the following regions:

e within a conic sector centred at the origin, symmetric about the real axis with an
incline of £60°, to ensure a damping ratio of no less than 0.5;

e to the right of a vertical strip at —20, so that the eigenvalues and gains do not
become excessively large.

Then by choosing ,43 = {6, 7} and minimising y, yields y = 1.6050 and

~1.14 029 0 —0.10
~0.19 —3.37 0 L2
3 | 475 —1.06 4 | o 003 ~
Gi=| 079 1267 | Gi=| 0 -_oas|  Wi=00669
2000 0.72 100 0
0 4.69 0 1.00

5.4.2 Simulation Results

For observer 1, the gains were chosen as wll = 1//21 = 12.65, ,811 = ,821 = 20, yll =
35.56 = y2] = 35.56. For observer 2 and 3, the same gains were chosen. Firstly, the
nominal uncertainty-free situation will be considered, where AA'=0= & I—o.
Figure 5.2 shows the applied fault, and its reconstruction. It is clear that the recon-
struction is a visually perfect replica of the fault, which shows that any degradation
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Fig. 5.3 The components of £! (solid) and the fictitious signal £3 (dashed)
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Fig. 5.4 The fault (dashed) and its reconstruction (solid) for when AA! as in (5.86)

in accuracy due to the cascade observer scheme is not significant. Next AA! was
set to be

010 0 0.05 0 0.07
0 0 0 0 0

AA'=1]-0.10 0 0.05 0 —020 (5.86)
0 0 0 0 0
0 0 0 0 0

and the same fault was applied. Figure 5.3 shows the disturbances &' that arise from
the applied fault, and £3, which is a fictitious signal obtained from &' by performing
the operation £ = %S Tpgl 3= %éz + £2 (which is the reverse of the fictitious
filtering of £3 to obtain &' using AL, = A2 = —101,, B, = B3 = 101,). It can be
seen in Fig. 5.3 that £ is almost identical to &' which implies the weighting function
for the disturbance using the values of AL = A?Q = —101, B}z = B_%z =101, is
valid for this example. Figure 5.4 shows the fault and its reconstruction. Although
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there is a slight degradation due to AA', the reconstruction is not severely affected
by &! (which is significant—being more than 10% of the magnitude of the fault)
because the fault reconstruction scheme has been designed to minimise the upper
bound of the £> gain from &3 to fl (where £3 ~ ).

5.5 Summary

This chapter has presented a scheme for robust fault reconstruction using multiple
observers in cascade. Signals from one observer are used as outputs of a fictitious
system, and the next observer is designed based on the fictitious system. The im-
portant consequence of this setup is that it can reconstruct faults for a wider class
of systems, compared to previous methods. In addition, the scheme is formulated
in a framework which enables the minimisation of disturbances on the fault recon-
struction. This is particularly useful in cases when the number of outputs is less than
the number of disturbances and faults combined, a scenario that will render many
other multiple observer methods inapplicable. Necessary and sufficient conditions,
in terms of the original system matrices, have been investigated. This enables the
designer to immediately determine if the scheme is applicable. In addition, the re-
sults in this chapter indicate precisely the number of observers in cascade that are
required. A simulation example verifies the effectiveness of the scheme.

5.6 Notes and References

Recently, there have been other developments in fault reconstruction for systems
whose first Markov parameter is not full rank. Floquet and Barbot [93, 94] trans-
formed the system into an ‘output information’ form such that existing techniques
can be implemented to reconstruct the faults. Higher order sliding mode schemes
have also been suggested [23, 54, 100]. The work in [100] uses the concept of
‘strong observability’ together with higher order sliding mode observers. Strong
observability has also been exploited in [23] using a hierarchy of observers. Chen
and Saif [54] use a bank of high-order sliding mode differentiators to differentiate
the outputs and estimate the faults from the output derivatives [54]. Floquet et al.
[95, 96] suggests the use of exact differentiators to generate derivatives of the mea-
surements to ‘create’ additional outputs to circumvent relative degree assumptions.
However all the work in [23, 54, 93, 94, 96, 100] does not consider disturbances or
uncertainty—unless the faults and disturbances are augmented and treated as ‘un-
known inputs’ in which case the number of disturbances plus faults must not exceed
the number of outputs. This results in stronger constraints which must be satisfied,
and hence a smaller class of systems for which the results are applicable. Ng et al.
[197] extended the work of Tan and Edwards [248] in Sect. 4.5 to relax the require-
ment of a full rank first Markov parameter, by exploiting two sliding mode observers
in cascade.






Chapter 6
Reconstruction of Sensor Faults

Sensor fault reconstruction will be discussed in detail in this chapter. The main
idea is to transform the sensor fault reconstruction scenario into an actuator fault
reconstruction problem, and therefore the ideas presented in earlier chapters can
directly be used. Furthermore, a design synthesis for sensor fault reconstruction in
non-minimum phase systems will be considered and its significance will be dis-
cussed at length. Simulation examples will be given for each approach, to provide
some insight into the design process.

6.1 Introduction

The previous chapters demonstrated the use of sliding mode observers for actuator
fault reconstruction. Sensor faults are faults associated with the sensors that measure
the system states and do not affect the process directly, but will do so when the
measured outputs are used for feedback control. The source of these faults could
be wear and tear of the sensor, prolonged use without calibration or even the total
failure of a sensor. This chapter presents techniques to reconstruct sensor faults. The
approaches are all based on the actuator fault reconstruction technique described in
the previous chapter. Existence conditions for each technique are also discussed.

6.2 Sensor Fault Reconstruction Schemes

In this section a number of different strategies for detection of sensor faults will be
discussed. The same structure of observer will be considered with suitable modi-
fications. Indeed one approach involves transforming the sensor fault problem into
a fictitious actuator fault framework so that the schemes discussed in the previous
chapter can be used directly. In this chapter a version of the sliding mode observer
from Sect. 4.6 will be used whereby the output estimation error is scaled by a sym-
metric positive definite matrix prior to use in the nonlinear injection signal.

H. Alwi et al., Fault Detection and Fault-Tolerant Control Using Sliding Modes, 129
Advances in Industrial Control,
DOI 10.1007/978-0-85729-650-4_6, © Springer-Verlag London Limited 2011
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6.2.1 Preliminaries

Consider initially a nominal system subject to sensor faults as follows:

X()=Ax()+ Bu(t) (6.1)

y(@) =Cx(1) + fo(t) (6.2)

where f, € R? is the sensor fault vector. In fault-free conditions f, = 0. Assume

that the pair (A, C) is detectable. A suitable sliding mode observer for the system
in (6.1)—(6.2) is

X(t) = A% (t) + Bu(t) — Grey (1) + G,v 6.3)

(1) =Cx(1) 6.4)

where ey (¢) := J(t) — y(¢) is the output estimation error and both G; € R"*? and

G, € R"™P are design matrices to be determined. The discontinuous vector v is
defined by

Pyey
”Poey”

V=—p ife, #0 (6.5)

where p is a positive scalar and P, = PoT € RP*P This represents the observer
formulation from Sect. 4.6

Assume without loss of generality that the system matrices A and C are in the
following form:

A11 A12

where Aj; € R#=PX=P) and T e RP*? is orthogonal. In the coordinates of (6.6),
the matrix G, has the structure
—LTT
Gp= [ 7T :| (6.7

where L € R"~P)*P is a design matrix.

Note that the matrix L in this section is not constrained to have the structure
in (4.54).

Define e(t) := x(¢t) — x(¢), and subtract (6.1) and (6.2) from (6.3) and (6.4),
respectively, to obtain the following pair of equations:

é(t) = Ae(t) — Grey (1) + Gpv (6.8)
ey(t) = Cet) — f,(1) (6.9)
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Introduce the change of coordinates x (t) — Ty x(¢) where

_|tn-p L
T, = [ 0 Ti| (6.10)
such that A and C from (6.6) are transformed to be
A A _
A_|:A21 .A221|’ C=[0 1I,] (6.11)

where Aj; = A1y + LAy, Ay = T Ap). Arguing as in Sect. 4.2.1, from the PBH
rank test on (A, C) in (6.6), it can be shown that the detectability of (A, C) implies
that (A1, Ap;) is also detectable. Therefore, a value of L exists such that A is sta-
ble. Then if col(e, e2) = Tre where e; € R"~7, (6.8) can be partitioned according
to (6.11) into the following:

é1(t) = Aner(t) + A (ey (1) + fo(t)) — Griey (1) (6.12)

éy () + fo(t) = Agie1(t) + Ana(ey (1) + fo1)) — Graey() + v (6.13)

Assuming that ||f0|| is bounded, for a large enough p a sliding motion can be at-
tained (ey(¢) = é,(t) = 0), and the error system (6.12)—(6.13) satisfies

e1(t) = Aner(t) + Az fo(t) (6.14)

fo) = Asier(t) + Az fo (1) + veg (6.15)

where v, is the equivalent output error injection that is required to maintain sliding
motion.

6.2.2 Reconstruction in the Steady-State

Assuming that A is full rank, define a reconstruction for f,(¢) as

fot) = (A A Arp — Azz)_lveq (6.16)

Note that since A is full rank, using the Schur complement it can be seen that
(.AzlAl—ll.An — A»)~ ! exists. At pseudo-steady-state é1 (1) &~ 0, and assuming the
sensor fault is a slowly varying drift' such that f,(¢) ~ 0, it follows from (6.14)—
(6.16) that

fot) = fo(1) (6.17)

To see the effect of neglecting f, and é; (i.e. analyzing only at steady-state), elimi-
nating e (¢) from (6.14)—(6.15), it can be seen that

Veq = folt) — Ast AT é1 (1) + (A1 A Arz — A2) £, () (6.18)

I'This is not a restrictive assumption because step sensor failures are relatively easy to detect using
sliding mode observers as they usually break the sliding motion which is readily apparent from
monitoring ey (¢) [86].
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fo(t)
u(t)‘ Nominal system J () Filter banks 21 (t)
(6.1) +'< > ™ in (6.20) _1

Augmented sliding .
mode observer for —> fo(®)
(Ag, Mg, Ca)

A

Y

Fig. 6.1 Schematic of the sensor fault reconstruction scheme using an augmented observer method

Substituting (6.18) into (6.16), it is straightforward to see that
fo0) = fo®) + (A AT Ay = A2) ™ (fo6) = A A er(0)  (6.19)

which demonstrates how the sensor fault reconstruction in (6.16) is corrupted by
fo(2) and é1 (). The following subsections of this chapter provide improvements to
this method of sensor fault reconstruction.

6.2.3 Dynamic Sensor Fault Reconstruction

Consider a new state z; € R” that is a filtered version of y(¢)

() =—Apzi(t) +Apa1y@) (6.20)
where —A s 1 € RP*7 is a stable matrix. Substituting for y(¢) from (6.2) yields
1) =—Ar1z1(0) + Ap1Cx(@) + A fot) (6.21)

Equations (6.1) and (6.21) can be combined to form an augmented state-space sys-
tem of order n + p:

|:21(t)] = [Af,lc _Af,1i| [Z](t)] + [O]M(I)+ [Af’l}fo(t) (6.22)
~—~—— ——

Aq B, M,

_ x(t)
z1(t)=[0 Ip][m(t)] (6.23)
Cq

Notice that z1(¢) is a (measurable) output of a ‘fictitious’ system (6.22)—(6.23)
which now treats the sensor fault as an ‘actuator fault’. Hence (6.22)—(6.23) are
in the same form as (4.43)—(4.44) and an observer of order n + p can be designed
for system (6.22)—(6.23) to reconstruct the fault f,(¢) using the fault reconstruc-
tion technique in Sect. 4.3. A schematic diagram of this arrangement is shown in
Fig. 6.1.

Compared with conditions Al and A2 in Sect. 4.3, the sensor fault can be recon-
structed accurately if and only if the following conditions are satisfied:
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B1. rank(C,M,) = rank(M,)
B2. The invariant zeros (if any) of (A,, M,, C,) are stable.

By construction, from (6.22)—(6.23) it can be seen that rank(C,M,) = rank(M,)
and hence condition B1 is satisfied. By constructing the Rosenbrock matrix for
(Aq, My, Cyp), it can be shown that the invariant zeros of (A,, M, C,) are the eigen-
values of the open-loop matrix A.

The invariant zeros of (A,, M,, C,) are given by values of s for which

sl — A 0 0
rank | —A71C slI+Af1 —Ag | <n+2p
0 I 0
It is clear that
sl —A 0 0
rank | —Ap1C sl+ Ay —Agy | =rank[s] — A]+2p
0 I, 0

Therefore the invariant zeros of (A4, M,, C,) are the eigenvalues of A.

Hence, in order to satisfy condition B2 for the observer formulation in this
section, it is necessary and sufficient that the open-loop system be stable.

Remark 6.1 Since system (6.22)—(6.23) is square i.e. the number of faults is equal
to the number of outputs, using the argument in Remark 4.4, there are no degrees of
freedom remaining to ensure a robust fault reconstruction in the presence of uncer-
tainties.

6.2.3.1 Example: A Stable Aircraft

The aircraft example from [124] is described by the following system matrices:

Y 0 1.0000 0 0 0 0 T
0 —0.1540 —0.0042 1.5400 0 —0.7440  —0.0320
0 0.2490 —1.0000 —5.2000 0 0.3370 —1.1200
A=0.038 —0.9960 —0.0003 —2.1170 0 0.0200 0
0 0.5000 0 0 —4.0000 0 0
0 0 0 0 0 —20.0000 0
. 0 0 0 0 0 0 —25.0000_
0 —0.1540 —0.0042  1.5400 0 —0.7440 —0.0320
C— 0 0.2490 —1.0000 —5.2000 0 0.3370 —1.1200
1.0000 0 0 0 0 0 0
| O 0 0 0 1.0000 0 0

The states are [¢, r, p, 8, x7, 8-, 8,] which represent bank angle (rad), yaw rate
(rad/s), roll rate (rad/s), sideslip angle (rad), washout filter state, rudder deflection
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0.06 T T T 0.06

o 20 40 60 g 2% 20 20 60 80
seconds seconds

Fig. 6.2 The fault on the first sensor (left) and its reconstruction using the single augmented ob-
server method in Sect. 6.2.3 (right)
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Fig. 6.3 The fault on the second sensor (left) and its reconstruction using the single augmented
observer method in Sect. 6.2.3 (right)

(rad) and aileron deflection (rad). The outputs are [r,, pq, ¢, x7] which represent
roll acceleration (rad/ sz), yaw acceleration (rad/ sz), bank angle (rad) and washout
filter state. This system is open-loop stable and so the methods described above
are applicable. The augmented observer has been designed using the method in
Sect. 4.4. The weights W, = 0.0111; and V, = I4 from (4.77) and the filtering
matrix Ay = 1014 from (6.20) were chosen in designing the augmented observer.
The parameters in (4.76) were chosen as p, =50 and §, = 1 x 10~%.

Figures 6.2 and 6.3 show the augmented sliding mode observer faithfully recon-
structing both the sensor faults.
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6.2.4 Reconstructions for Unstable Systems

The only condition imposed in this section is that the system matrix A is full rank,
implying that the system should not possess inherently any integral action. In the
analysis in this section, the derivative of the sensor fault is neglected i.e. fot) =0
which is acceptable for a slow incipient drift.

Assume a primary observer has been designed for the system (6.1)—(6.2) in
Sect. 6.2.1 and that a sliding motion has been attained. The error system is then
governed by (6.14)—(6.15). Consider a new state zo € R” which is a filtered version
of vy from (6.15)

2 =—=Ag222(t) + Afoveg (6.24)

where —A 5 € RP*P is a stable filter matrix. Using the expression for veg in (6.15),
and setting f,(t) =0, (6.24) becomes

2(t) =—Ap2z2(t) — Ao Azie(t) — Apa Ao fo(2) (6.25)

Combining (6.14) and (6.25), the following state-space representation is obtained:

e1(r) = Al 0 er(t) A
[220)} a [_Af,ZAZ] —Af,z] |:22(t)] + |:_Af,2«422:| fo®)  (6.26)
_—

Ap M

el (1)
20 =10 1] [m)} (6.27)
Cp

Equations (6.26)—(6.27) are now in a form similar to (4.43) and (4.44). Hence the
sliding mode observer in Sect. 4.3 can be used to reconstruct the sensor fault f, ()
using the concepts described in Sect. 4.3.2. A schematic diagram of this arrangement
is shown in Fig. 6.4.

From conditions A1-A2 in Sect. 4.3, the scheme described above is feasible if
and only if

Cl1. rank(CypMp) = rank(Mp)
C2. The invariant zeros (if any) of (Ap, My, Cp) are stable.

From (6.26)—(6.27), C, M, = —Af2A2, and hence the necessary and sufficient
condition for condition C1 to be satisfied, is that 4y, is invertible. Applying the
change of coordinates associated with the matrix

141
T, = |Inr AAnAp, (6.28)
0 I,

to the triple (Ap, My, Cp) yields

A — AnAy Ay *

Ap —
b |: —Apr A *

0
i|, Mb_>|:_Af,2~A22i|7 Cp,— [0 Ip]
(6.29)
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Fig. 6.4 Schematic of the sensor fault reconstruction scheme using the secondary observer method

where the entries » play no further part in the analysis. By constructing the Rosen-
brock matrix for (Ap, My, Cp), it is clear that the invariant zeros of (A, My, Cp)
are the eigenvalues of (A — -/412-/42_21 Ap1). Therefore the existence conditions for
the secondary observer are Ay, must be full rank and (A — A 12A2_21 A1) is stable.

Define v, as the equivalent output error injection associated with the secondary
observer. Since (Ap, Mp, Cp) is already in the observer canonical form in (4.63),
then from (6.29), the reconstruction for f,(¢) is defined as

fo(t) = _A2_21A212Veq,b (6.30)

which gives asymptotic reconstruction of f,(¢).

It is clear that L is the only design parameter that influences the partitions
A1, A1z, Az1, Azs. The next section will describe a method to synthesise the de-
sign matrix so that C1 and C2 are satisfied.

6.2.4.1 Design of a Primary Observer

The following section demonstrates a systematic method for designing L in the
primary observer (6.3)—(6.7) such that

e A is invertible (and hence Cl is satisfied);
o Ay — A12A2_21 Ap is stable (and hence C2 is satisfied);
e Ay is stable so that the primary observer has a stable sliding motion.

The problem now is to make A, invertible and A — A12.A2_21 Ay stable by
choice of L, whilst retaining the property that .41 is stable. All these requirements
will be incorporated with the design of the primary observer which in general can be
summarised as an LMI problem as follows: Find a value of P and G; that satisfies
the following inequalities:
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P(A—GIC)+(A—G,C)TP <0 (6.31)
Py P2

P= 0 6.32

[Plz Pzz} g (6.32)

with Pj; € R#=P)*#=p) The gain G, from (6.7) is then parameterised by L =
P P

It is assumed throughout this section that det(A) # 0.

The choice of L will be achieved by a two stage process. Suppose L in (6.7) is
written as

L=Li+ L, (6.33)

where L1 and L have no particular structure. The canonical transformation in
(6.10) can be decomposed as

Ly Ly|[I,_, L
Ty =Tp 2T =[ "0/’ TZH "OP 11] (6.34)
P

Applying the first change of coordinates 77, | to the system matrix A will yield

Q- 411 %12 — | Au+ LAy (=Anly—LiAaLi+ A+ LiA»)
Ay Ap Az A — ALy

(6.35)

Applying the second change of coordinates 77, > to A, A can be written as

A= |:A11 A12i| _ |:A~11 +~L2A21 (—A11L2 — L2~A~21L2~+ A~12 + LZAZZ)TT
Ay Ax T Ay T(Ayp — Ay Ly)TT
(6.36)

Based on these definitions the following lemma holds.

Lemma 6.1 The matrix (A1 — .Alegzl Ab1) can be expressed as N M~ where
N = A~11 — A12A;21A21 (6.37)
M =1, — LrA3} Ay (6.38)

Proof From the definitions in (6.36),
A — A Ay Ax
=Ay1 + LoAy — (A1 Ly — LaAy Ly + Arp + LyA)
x (A — Ay Ly) Ay
= A+ (A1 Ly — App)(Axy — Ay Ly) 7' Ay (6.39)
From the Matrix Inversion Lemma [228],

(App — Ay L)' = A5} + A3 Ay M7 Ly A3)
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where M is defined in (6.38) and hence the expression for A — A12A2_21 Ajp in
(6.39) becomes

A+ ALy — A)AS) Asy + (A1 Ly — A) Ay A MT La AL} Ay (6.40)
By pre-multiplying (6.38) with M~ it follows that
M LA Ay =M 1,
Then substituting for M’lezi;zlAgl in (6.40) and expanding yields
Al — A Ay As = Apy + (A Ly — Ap) Ay A M (6.41)
Post-multiplying (6.38) with M~ results in sziz_zlﬁzl/\/l_l =M"1- I,—p. Then
finally expanding (6.41) and substituting for L2A2_21f]21./\/l_1 results in
A — A Ay Ay = Ay — ApAy) A M~ 4 AnM™ = 1,_,)
= (A1 — ApAL) Ay)M™!
=NM™!
as claimed. U
Lemma 6.2 [fdet(A) # O there exists an L such that Ay = (Ay — Ax L)) is full
rank.
Proof Under the assumption that det(A) # 0 it follows
rank[ A21 Axn]=p

Thus the matrix pencil [ sI, — A2z A21 ] associated with the PBH controllability test
for the fictitious pair (Azz, A21) has full rank at s = 0. This implies that s = 0 is
not an uncontrollable mode of (A2, A21). Consequently, L can always be chosen
so that

Ay =Ap — AL

has nonzero determinant.
O

Since by assumption det(A) # 0 it will be assumed for the rest of this section
that L has been selected so that det(A»;) # 0.

Lemma 6.3 The matrix M defined in (6.38) is invertible if and only if Ay, defined
in (6.36) is invertible.

Proof The matrix M as defined in (6.38) is a Schur complement of

In—p L,
Ms:=| =% ~ 6.42
o=l B (642)
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since Ay is nonsingular. Therefore M is invertible if and only if M; is invert-
ible. However, M is invertible if and only if det(A2> — A1L3) # 0 (which also
represents a Schur complement). From the definitions of L, Ay and Ajp,

det(Azz — A~21L2) = det(TTAng) =det(Ay)

since T is orthogonal. This proves that det(M) # 0 < det. A5, # 0. O
Lemma 6.4 The matrix N defined in (6.37) is invertible if A is invertible

Proof If A is invertible, A defined in (6.35) is invertible for any choice of L. It can
be seen from (6.37) that A is a Schur complement for A. By design, L is chosen
to make Ay, invertible, and hence N is invertible. O

The problem is now to force Re(A (N M) <0 by choice of L,. However, this
can also be achieved by forcing the requirement Re(A(MN ~1)) < 0. (By impli-
cation, this would mean that MN ~! would have no eigenvalues at the origin, and
hence will be invertible. This in turn implies that M will be invertible, and from
Lemma 6.3, Ay, will be invertible.)

The problem of selecting a L, so that MN ! is stable is equivalent to finding a
symmetric positive definite matrix P € R"~P)*"=P) and L, satisfying

PMN' 4 (PMN Y <0 (6.43)
From the definition of M in (6.38), inequality (6.43) becomes
PN 4 (BN = PLyA AuN ™ = (PLyAR AN~ <0 (6.44)

Choosing P = Py; from the Lyapunov matrix in (6.32) and recalling that L = L +
L,, substituting for L, inequality (6.44) is equivalent to

Pu(NT' + LAY AN — PHLAL AN T + (%) <0 (6.45)

where * represents the transpose of the first two terms in (6.45) so that it is symmet-
ric. From (6.32) and P;1L = Pj» and hence (6.45) becomes

Py (N_l + LlAgzlAzl./\/'_l) — P12A£21 A21N_1 +(*) <0 (6.46)

Therefore if inequalities (6.46) and P;; > 0 have a feasible solution, then the eigen-
values of Ay — A12A2_21 Az have negative real parts by choice of L. Inequality
(6.46) can be added to inequalities (6.31) and (6.32) when designing the primary ob-
server. (The requirement Pj; > 0 is satisfied by ensuring inequality (6.32) holds.) In
forcing A — .Alz.A;zl Ajq to be stable, the LMI variables involved are P;; and Pj5.
The design problem for the primary observer to make A;; and A;| — A12A;2] Az
stable (and to incorporate the design methods from Sect. 4.4). Choose L to make
Azz invertible. Then the design can be summarised as an LMI problem as follows:
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Minimise trace(X p) with respect to the variables P;1, P12, P>y, Xp subject
to inequalities (6.46), (6.32) and

Tp _ ~Ty-I
[PA—i—A PP ctv-lc _sz—l}<0 (647)
[‘IP _I;P}o (6.43)
n

where Xp > P! while W € R"" and V € RP*? are symmetric positive
definite user-defined matrices.

Rather than lying in the open left-half-plane (LHP), the eigenvalues of the matrix
(A1 — A12A2_21 Ap1) can be forced to lie in a circle centred on the real axis at (g, 0)
with a radius r.. If g. < 0 and |g.| > r., then the entire circle lies in the LHP.

Let . represent an eigenvalue of MN !, and A} is its complex conjugate. The
eigenvalues of M ~! will lie in the circle centred at (., 0) with a radius . if the
following inequality is satisfied:

1
R R
[1 ¢ % q‘}<o (6.49)
E_‘Ic —re

From the Schur complement, inequality (6.49) implies

+1 ! ! 0

—re+—|—— — — <

T e )\ T

_2_@+qc2<0 (6.50)

AAE Ao AE
It is clear that A2} > 0 and consequently multiplying (6.50) by A.A} yields
(g2 — r)heri — gehe — qeri+1 <0 (6.51)

= -2+

If the entire circle lies in the LHP, g2 — 2 > 0 and dividing (6.51) by g2 — r? yields
(ke = Go)(ME —Ge) — 72 <0 (6.52)

where 7, = ﬁ and g, = - Zq‘:,Z' Using the Schur complement, inequality (6.52)

¢

is equivalent to the inequality
_fc )\c - éc
~ ~ <0 6.53
I:)”? —4c e i| ( )
From [55], there is a one-to-one mapping
(1, hes 22y = (P, PMN Y (PMN YT

and hence the eigenvalues of N'M ™!, i.e. the eigenvalues of Ay — A12A2_21A21,
can be forced to lie in the original circle if the inequality

_;cf) ﬁMN71—~Cﬁ
[(ﬁMN*)T—c;cﬁ 7P ! ] <0 (6.54)
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is satisfied. As in (6.44)—(6.45), P is chosen to be P;; and hence
PMN = P]]N_l — P12A2_21A21./V’_1
which is affine in the LMI variables P;j; and Pj;.

Lemma 6.5 For the sensor fault reconstruction method in this section, the recon-
struction of the sensor fault satisfies

fo) = fo(t) + G(s) fo (1) (6.55)
where G(s) = AgzlAzl(Sln—p — (A1 — A12A2721A21))7]A12A2721 - Agzl

Proof If fo (t) is not neglected in the analysis, then (6.26) becomes
e | _ An 0 e1(t) Az 0 |,
|:Zz(t):| - [—Af,zAzl _Af,21| |:Zz(t):| + |:—Af,2A22:| fo® + |:Af,21| Fo®
(6.56

Applying the change of coordinates (6.28) to the system in (6.56), and assuming
that the secondary sliding mode observer has been designed and a sliding motion
has been achieved, then the error system associated with the secondary observer (in
the observer canonical coordinates of (6.11)) will be

é1p(1) = (A — A Ay Aar)er (1) — A Ay, fo(t) (6.57)
0=—AsrAnerc+Ap2Anfolt) — Arafolt) +vegp  (6.58)

where e; 5, (¢) is the vector that governs the sliding motion of the secondary observer.
From the definition of f,(¢) in (6.30), it is easy to show from (6.58) that

Fo) = folt) = A5 fo) — Ayy Aaters (6.59)
and hence combining (6.57) and (6.59) results in (6.55) as claimed. O
Lemma 6.5 shows how the sensor fault reconstruction signal in this section is

corrupted by the fault derivative (which has been neglected in the analysis). From
the Matrix Inversion Lemma [228],

(At A AR — Azz)_l = — Ay — A5 A (Arg — A12A2_21A21)_1A12A2_21
and hence the fault reconstruction (6.19) can be re-expressed as
fo®) = fo) + G1 fol®) + Gaér () (6.60)
where
G1 =—A5) Ani (A — AnAy) An) T ApAs) — A (6.61)
G2 = Ay Aot (A1 — A Ay Axr) ™! (6.62)

This can now be directly compared to the result in Lemma 6.5. In the method pre-
sented in this section, the reconstruction f,(¢) in (6.55) is not affepted by e1(t). The
other difference is the way the reconstructions are corrupted by f,(¢).
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6.2.4.2 Example: Unstable Helicopter (All Sensors Faulty)

Consider an eighth order model of a helicopter with six outputs and four inputs,
taken from [84]. The states are [0, ¢, p, g, r, u, v, w] which represent pitch atti-
tude (rad), roll attitude (rad), body roll rate (rad/s), body pitch rate (rad/s), body
yaw rate (rad/s), forward velocity (ft/s), lateral velocity (ft/s), normal velocity
(ft/s). The measured outputs are [fz, 0, ¢, w q, p] which represent heave ve-
locity (ft/s), pitch attitude (rad), roll attitude (rad), heading rate (ft/s), body pitch
rate (rad/s), body roll rate (rad/s). The matrices A and C that define the model are
given by

0 0 0 0.9986  0.0534 0 0 0
0 0 1.0000  —0.0032  0.0595 0 0 0
0 0 —11.5705 —2.5446 —0.0636 0.1068 —0.0949  0.0071
A= 0 0 0.4394  —1.9982 0 0.0167  0.0185 —0.0012
0 0 —2.0409 —0.4590 —-0.7350 0.0193 —0.0046  0.0021
—32.1036 0 —0.5034  2.2979 0 —0.0212 -0.0212 0.0158
0.1022  32.0578 —2.3472 —0.5036 0.8349  0.0212 —0.0379 0.0004
| —1.9110 1.7138  —0.0040 —0.0574 0 0.0140  —0.0009 —0.2905 |
0 0 0 0 0 0.0595 0.0533 —0.9968]
1.0000 0 0 0 0 0 0 0
C— 0 1.0000 0 0 0 0 0 0
0 0 0 —0.0535 1.0000 0 0 0
0 0 1.0000 0 0 0 0 0
0 0 0 1.0000 0 0 0 0 |

The open-loop poles of the system are
{—11.4968, —2.3036, 0.2342 + 0.5513i, —0.1593 4+ 0.5990i, —0.7104, —0.2923}

In the following example, it is assumed that all sensors are potentially faulty. Note
that det (A) # 0 and so the method described in this section is appropriate. By
transforming the pair (A, C) to the coordinates of (6.6), the following sub-matrices
can be extracted:

[ —0.0000 —0.0000 0.0792  —0.0127  1.0001 0.0010
0.0000  0.0000  0.1336 0.9919  —0.0006 —0.0298
—0.0000 -0.0000 -—-0.7244  0.0760 —0.0199 —-0.0279

AR=100000 00000 —1.8671 —10.9450 43139  0.2854
0.0000  0.0000 0.1526  1.0816 —2.6711 —0.0206
| 0.0001  0.0000 0.1074 05664 —0.0174 —0.3060
™ 0.0000  0.0000
—0.0000 —0.0000
—0.0002 —0.0114

Ay =

—0.1044 —0.0960
0.0345 —0.0019
| 0.0070  —0.0102
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] 100 200 0 100 200 ] 100 200
seconds seconds seconds

Fig. 6.5 The fault on the first sensor (left), its reconstruction using the secondary observer using
the method in Sect. 6.2.4 (middle) and its reconstruction using the method in Sect. 6.2.2 (right)

which shows clearly that Ay is rank deficient. The first step is therefore to choose
1 1 1 1 1 1
Li= [1 1111 1}
so that Azz = Ay — Ao Ly from (6.35) is full rank.
The primary observer was designed using the method in Sect. 6.2.4. The weight-
ing matrices W = 0.1/g and V = 0.1/¢ were used. The spectrum of A;; —
A12A2_21 Ay is required to lie in a circle centred on (0, —5) with a radius of 4.5.

Implementing the synthesis procedures in Sect. 6.2.4 yields the eigenvalues of the
sliding motion of the secondary observer as

A(A1 — ApAy) Axr) = —8.1326 £ 3.2306

which are stable, and lie in the required circle.

The secondary observer was designed using the LQG-like procedure in Sect. 4.4
where the weighting matrices W, = Ig and V;, = I and the filter A s> = 10I6. In
the simulations that follow, p = pp =50, § =1 x 1072 and 8, = 1 x 10™*. For
comparison purposes, the fault reconstruction method in Sect. 6.2.2 will also be
shown.

Figures 6.5-6.10 show the faults acting on the sensors and their reconstruction
signals. For the fault reconstructions using the method in this section, clearly the
quality of the reconstruction is not perfect. Some coupling exists between the re-
construction channels, in particular in Fig. 6.9, where the reconstruction of a fault
in the fifth sensor is affected by the derivative of a fault in the third sensor, and in
Fig. 6.10 where the reconstruction of a fault in the sixth sensor is affected by a fault
in the second sensor. However, the faults are still reasonably well reconstructed. Im-
portantly, all sensors could be potentially faulty. The fault reconstructions using the
single observer method in Sect. 6.2.2, by comparison, are worse, in particular in the
cases of the second and third sensors (Figs. 6.6-6.7).
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Fig. 6.6 The fault on the second sensor (/ef?), its reconstruction using the secondary observer using
the method in Sect. 6.2.4 (middle) and its reconstruction using the method in Sect. 6.2.2 (right)
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Fig. 6.7 The fault on the third sensor (/eff), its reconstruction using the secondary observer using
the method in Sect. 6.2.4 (middle) and its reconstruction using the method in Sect. 6.2.2 (right)

0.02 0.02 0.02
0 0 0
-0.02 -0.02 -0.02
-0.04 -0.04 -0.04
-0.06 -0.06 -0.06
-0.08 -0.08 -0.08
-0.1 -0.1 -0.1
-0.12 -0.12 -0.12

014, 100 200 0145 100 200 0145 100 200

seconds seconds seconds

Fig. 6.8 The fault on the fourth sensor (/eft), its reconstruction using the secondary observer using
the method in Sect. 6.2.4 (middle) and its reconstruction using the method in Sect. 6.2.2 (right)
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Fig. 6.9 The fault on the fifth sensor (/eft), its reconstruction using the secondary observer using
the method in Sect. 6.2.4 (middle) and its reconstruction using the method in Sect. 6.2.2 (right)
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Fig. 6.10 The fault on the sixth sensor (/ef?), its reconstruction using the secondary observer using
the method in Sect. 6.2.4 (middle) and its reconstruction using the method in Sect. 6.2.2 (right)

6.3 Robust Sensor Fault Reconstruction

This section considers the situation in which the model of the plant is uncertain. To

this end consider an uncertain system affected by sensor faults described by
X(@)=Ax({t)+ Bu(t) + Q&(t,x,u) (6.63)
y(@) =Cx(t) + Nfo() (6.64)

where A e R"" B e R C e RP*", N e RP*" and Q € R"*" withn > p > r.
Assume that the matrices C and N are full row and column rank, respectively, and
the function f,: Ry — R” is unknown but bounded so that

[ fo®| <) (6.65)
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where « : Ry — R, is a known function. The signal f,(¢) represents (additive)
sensor faults and N represents a distribution matrix (with columns usually formed
from the standard basis for R”), which indicates which of the sensors providing
measurements, are prone to possible faults. The function £ : R4 x R? x R — R”
encapsulates any uncertainty or nonlinearities present and is assumed to be unknown
but bounded and subject to [|£(¢, x, u)|| < B where the positive scalar 8 is known.

Whilst the assumption that only certain sensors are fault prone is a limitation, in
some practical situations, certain sensors may be more vulnerable to damage or may
be more sensitive or delicate in construction than others, and so such a situation is
not unrealistic.

The idea here is to re-formulate the sensor fault reconstruction problem such
that the fault reconstruction scheme in Sect. 4.5 can be used to estimate f,(¢). The
objective is to reconstruct the faults f,(¢) as accurately as possible despite the un-
certainty. As shown in Sect. 6.2.3 an effective way to do this is to first introduce a
filter. Consider a new state z y € R” that is a filtered version of y, satisfying

() =—Aszp(t)+ ArCx(t) + ApNf, (1) (6.66)

where —A y € RP*? is a stable matrix. Equations (6.63) and (6.66) can be combined
to form an augmented state-space system of order n 4 p given by

x@® | | A 0 x() B 0
[Zf(f)}_[AfC —Af}[Zf(t)]Jr[O}u(tH[AfN]f"(t)
—_— = ~——

Aq Xa B, M,
+ [g} £0) (6.67)
—
Qll
_ x(1)
2 0=10 1] [Zf (t)} (6.68)

Ca

Define x, € R*P) to be the augmented state and note that equations (6.67)—(6.68)
treat the ‘sensor faults’ f,, as ‘actuator faults’. By construction rank(C, M,) =r and
it will be shown (in Proposition 6.1) that the invariant zeros of (A,, M,, C,) € A(A)
and so if the open-loop plant is stable, the system (A4, M, C,) is minimum phase.’

Proposition 6.1 The invariant zeros of (Aa, My, Cy) are given by values of s for
which

sl,—A O

rank |: C N

i| <n+r (6.69)

Furthermore, the invariant zeros of (Aa, My, Cy) C L(A).

2In fact, in the set-up considered here, if p > r, the system (A,, M,, C,) has strictly more outputs
than inputs and it would be expected that the system (A,, M,, C,) would have no invariant zeros.
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Proof From (6.67)—(6.69), the invariant zeros of (A,, M,, C,) are given by the val-
ues of s for which

sl,— A 0 0
Pi(s)=| —AfC sI,+Ay —AyN
0 I, 0

loses normal rank. It is straightforward to see that P,(s) loses normal rank if and
only if

sl,— A 0

rank|: _A;C —AN

}<n+r
Pre-multiplying by the invertible matrix diag(/,, —A;l) it is easy to see that the

invariant zeros of (A,, M,, C,) are given by the values of s when

sl,b,—A O

rank |: C N

:| <n+4r (6.70)

Notice that if s is not an eigenvalue of A, then det(s/, — A) # 0 and

slb,—A O

rank |: C N

]:n+r
Hence the invariant zeros of (A,, M,, C,) C AL(A) as claimed. O

Remark 6.2 1If the original system matrix A is stable, then the fact that the invari-
ant zeros of (A,, M,, C;) € A(A) causes no difficulty. The only implication is that
certain modes of the sliding motion are fixed.

For the uncertain system in (6.67)—(6.68) a sliding mode observer of the form
X(t) = Agk(1) 4 Bau(t) — Grey (1) + Gpv 6.71)
will be considered. In (6.71) the discontinuous output error injection term

P,e

”Poey”

v=—p(t,y,u) fe, #0 (6.72)

where ey (t) := CX(t) — y(z) is the output estimation error and P, is a symmetric
positive definite matrix.

Equations (6.67)—(6.68) are of the same form as in Sect. 4.5 and therefore the
observer design schemes from Sect. 4.5 apply.
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6.3.1 An Example

The robust FDI scheme in this paper will now be demonstrated with an example,
which is a VTOL aircraft model taken from [219, 276] described in Sect. 4.5.2. In
the notation of (6.63)—(6.64)

1000 0
c=[0 100, N=|O0]|, 0=
000 1 1

S = O O

The (parametric) uncertainty £ is given by

E=10 Aazx, Aaxuly

where Aazy = 0.5 and Aazg =2.

The following parameters were chosen for the design of the observer associated
with the method described in Sect. 4.5. The filter matrix from (6.66) was chosen as
Ay =2013. In the notation of (6.67)—(6.68) the augmented system is described by

[[—9.9477 —0.7476  0.2632 5.0337 0 0 0
52.1659  2.7452 5.5532 —24.4221 0 0 0
26.0922  2.6361 —4.1975 —19.2774 0 0 0
A, = 0 0 1.0000 0 0 0 0
20.0000 0 0 0 —20.0000 0 0
0 20.0000 0 0 0 —20.0000 0
L 0 0 0 20.0000 0 0 —20.0000 |
[ 0.4422 0.1761 ]
3.5446  —7.5922
—5.5200  4.4900 0 00O0OT1TO0O0
B, = 0 0 , C4=(0 0 0 0 0 1 0],
0 0 0 0 0 0 0 0 1
0 0
- O O -
m 0] 0 ]
0 0
0 1
M, = 01, Qa= 0
0 0
0 0
| 20 | |0 |

The observer design method proposed in Sect. 4.5 was adopted. The tuning param-
eter for the linear component of the observer, D, from Sect. 4.5.1, was chosen
as 10013 and y,, was chosen to be unity (where the subscripts ‘a’ indicate the
parameters are for the observer associated with sensor fault reconstruction). The
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Fig. 6.11 The left subfigure is a fault on the third sensor, and the right subfigure is the reconstruc-
tion of the fault for the noise free simulation

optimisation routine yields a value of y, = 1.6697 x 10~*. The optimal choice of
weighting matrix for the equivalent control

Wiea =[0.1951  0.0002 —0.0500]
and the Lyapunov matrix associated with the unit vector component is

0.0316  0.0010 —0.0074
P,.=1] 0.0010 0.0001 —0.0005
—0.0074 —0.0005  0.0035

The matrix which specifies the sliding motion is

—1.6362 0.1615
4.7423 0.2166
—0.3648 —1.0119
—-0.9112 0.0034

L,=

(=il el

and finally
Eyq= [1.9247 0.1526 —0.001 1]

For this simulation, p, =50 and §, = 1 x 10753,

Figure 6.11 shows the observer faithfully reconstructing the sensor fault, reject-
ing the effect of the uncertainty. In Fig. 6.12 the same scenario is used except that
the sensor signals were subject to white noise of standard deviation of 5 x 1074,
As before, the augmented observer replicates the sensor fault, except with noise
overlaying the reconstruction.

6.4 Reconstruction in Non-minimum Phase Systems

This section also considers a method for the analysis and design of sliding mode
observers for sensor fault reconstruction. The proposed scheme addresses one of
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Fig. 6.12 The left subfigure is a fault on the third sensor, and the right subfigure is the reconstruc-
tion of the fault

the restrictions inherent in the earlier sliding mode estimation approaches for sensor
faults which effectively require the open-loop system to be stable. For open-loop un-
stable systems, examples can be found, with certain combinations of sensor faults,
for which the earlier sliding mode (and unknown input linear) observer schemes
cannot be employed, to reconstruct faults. The method proposed in this section over-
comes these limitations.

Consider a dynamical system affected by sensor faults described by

x(t) = Ax(t) + Bu(t) (6.73)
y(&)=Cx()+ Nf,(1) (6.74)

where A € R"" B e R"™™ C e RP*" and N € RP*" and the matrices C and
N have full row and column rank respectively. Also assume that the triple (A, B, C)
is a minimal realisation of the fault-free input/output behaviour of the system.

Without loss of generality, it can be assumed that the outputs of the system have
been reordered (and scaled if necessary) so that the matrix N has a structure

0
N= [ L } (6.75)

The objective is to design a sliding mode observer in order to reconstruct the faults
fo(t) using only measurements of y(¢) and u(z). Suppose the signal f,(¢) is smooth
and so assume

Q1) == folt) (6.76)

In this section it is assumed that the sensor faults are incipient and so [l¢(f)| is
small in magnitude, but over time the effects of the fault compound, and become
significant. Equations (6.73) and (6.76) can be combined to give a system with states
Xg :=col(x, f,) in the form

x@® | _[A O] x(») B 0
[fo(t)] N [0 0} |:f0(t):| + [0 ] u(t) + [Ir]w(t) (6.77)
— —— Nl

Aq By M,
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x(1)
() —Evﬂ[fo(t)] (6.78)
Ca
Equations (6.77) and (6.78) represent an unknown input problem for the triple
(Aq, My, C,) driven by the unmeasurable signal ¢(¢). If a good estimate of x,(¢)
can be computed, then f,(¢) can be estimated as the last r states of x,(¢).
From (6.78), and based on the structure of N in (6.75),

c,=[C N]:[g 2} (6.79)

where C; € R(P=")>" and C, € R"*". Notice that the triple (A4, M,, C,) is inher-
ently relative degree one since C, M, = N and rank(N) = r by assumption.

Lemma 6.6 The triple (A,, My, C,) is minimum phase if and only if (A, C1) is
detectable.

Proof Consider the Rosenbrock system matrix associated with (A4, Mg, Cy):
sI—-A O 0

R(s) = é’l SOI ‘Olf (6.80)
Cy I, 0

The invariant zeros of (A,, M,, C,) are given by the values of s € C where R(s)
loses normal rank. It is clear from (6.80) that

sI—A O
rank R(s) = rank Ci 0 f(+r
Cy I,

and so R(s) loses rank if and only if
sl —A
rank[ C :| <n

It follows from the PBH rank test that the invariant zeros of (A,, M,, C,) are the
unobservable modes of (A, C1). Consequently (A,, M,, C,) is minimum phase if
and only if (A, C) is detectable.

O

Lemma 6.7 The pair (A,, C,) is observable if (A, C1) does not have an unobserv-
able mode at zero.

Proof From the PBH test and the definition of A, and C, in (6.77) and (6.78), the
pair (A4, C,) is observable if and only if

=n+r, forallseC (6.81)
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For s #0
sI—A O sl — A
0 I
S M =0 m=0=| € |m=0=m=0 (682
Cl 0 n2 C
C I, 2

since (A, C) is observable, and so for s # 0, the rank of the PBH matrix in (6.81) is
n-+r. When s =0,

rank Str —rank | C; 0 | =rank 1 (6.83)
C] 0 Cl
Cy, I
Cy I

s=0
Consequently (6.81) holds if and only if

—A
rank|: C ] =n

A sufficient condition for this is that (A, C1) does not have an unobservable mode
at s =0. O

Corollary 6.1 If the open-loop system in (6.73) is stable the pair (A,, C,) is ob-
servable.

Assume without loss of generality that C from (6.74) is given as

(G _ [0 0 Iy,
C_|:C2i|_|:0 I 0 i| (6.84)
For any system with C of full row rank, this canonical form can be achieved by a

change of coordinates in (6.73)—(6.74). Change coordinates in the augmented sys-
tem in (6.77) and (6.78) according to x, — Tx, where

|4 O
T = |:C2 Ir] (6.85)
The system triple in the new coordinates is (TAaT_l, TM,, CaT_l) where
-1 _ |14 0]]A O I, of A O
TAT _I:Cz Lo oll=c, 1|7 ca o (6.86)
and
-1_|C1 0 I, Of _[C1 O] _
c,T _|:C2 Lll-c, n.|=lo 1 =[0 Ip] (6.87)

from the definition of C in (6.84). It is also easy to check that

TM, =M, = [? } (6.88)
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where M, is defined in (6.77). In the original x, coordinates, the states correspond-
ing to f, are given by the last r components i.e.

Jo@®) = Crxa(t) (6.89)
where
Cf =[0rxn Ir] (6.90)

After the change of coordinates x, — T x, the new matrix relating the states to the
fault signals f, is

I 0
C, I

using C, as defined in (6.84).

CfT_l =[0 I ] |:_ i| = [Orx(nfp) =1, Orx(pfr) I ] (691)

Remark 6.3 Although the problem tackled here is similar to the one considered in
Sect. 6.2.3 and 6.2.4, the approach is different. The work in Sect. 6.2.4 employed
observers in cascade, and both consider filtered output measurements as the basis of
the observer design. The net effect is that, in both cases, the sensor signal estimation
problem becomes an unknown input problem. This unknown input is then recon-
structed using the concept of equivalent output error injection. In this section, the
robustness properties of sliding mode observers will be exploited. In this respect,
the approach taken here is more akin to the unknown input approaches [52, 219]
whereby the fault signal to be estimated is augmented with the plant state vector,
then the augmented state vector is robustly estimated using an observer.

6.4.1 Main Results

This section will consider a system, arising from the augmented sensor fault system
(6.77)—(6.78), of the form

Xq (1) = AgXa(t) + Bau(t) + Mag(1) (6.92)

y(1) = Caxq(t) (6.93)

where the faults f;,(#) = Crx,(t) and Cy is defined in (6.90). Without loss of gen-

erality (following the series of transformations described above) the matrices A,

M,, C; and Cy are assumed to have the forms given in (6.86), (6.87), (6.88) and
(6.91), respectively. Write

(6.94)

where Ajp € R =Px+r=p) Define Ayp as the top p — r rows of Azj. By
construction, the unobservable modes of (Aj;, A>11) are the invariant zeros of
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(Ag, My, C,) (see Lemma 4.3 in Sect. 4.3). Also define M, € RP*" as the bottom
p rows of M, so from (6.88)

My = [00’7)”] (6.95)

r

Assumption 1 Assume that the system triple (A, B, C) is such that the new pair
(A, Cy) resulting from the reordering and partitioning of the outputs as shown in
(6.77)—(6.79), does not have any unobservable modes at the origin.

Remark 6.4 1t follows from Assumption 1 and Lemma 6.6 that the pair (A,, C,)
is observable. Using the results of Lemma 6.6, Assumption 1 is equivalent to the
assumption that (A,, C,) is observable. It is then straightforward to show using the
PBH test that the pair (A1, Az1) from the partition in (6.94) is also observable.

6.4.1.1 Observer Analysis

For the system in (6.77)—(6.78) a sliding mode observer of the form
X(t) = Agk (1) + Bau(t) — Grey (1) + Guv (6.96)
will be considered. In (6.96) the discontinuous output error injection term

Pyey,
”Poey”

v=—p(t,y,u) ife, 20 (6.97)
where ey (1) := C,X(t) — y(¢) is the output estimation error and P, is a symmetric
positive definite matrix. The matrix Gy is a traditional Luenberger observer gain
used to make (A, — G;C,) stable. The function p(-) must be an upper bound on the
uncertainty and the faults; for details see Sect. 4.5.

An appropriate gain G,, for the nonlinear injection term v in (6.96) is

an[;L} where L=[L, L] (6.98)
p

and L| € RO =P X(P=7) and L, € RO+ =P X" represent design freedom [82, 256].
In particular the gain L must be chosen so that Aj; + LA»; is stable.
If e := X — x, is the estimation error, then from (6.92) and (6.96)

é(t)=(Ay — GiCple(t) — Myp + G,v (6.99)

where ¢ is defined in (6.76) and represents the derivative of the sensor fault signal.
For an appropriate choice of p(z, y, u) in (6.97), it can be shown using arguments
similar to those used in Sect. 4.5 that an ideal sliding motion takes place on

S={e:Che=0}

in finite time. During the ideal sliding motion e, = ¢, = 0 and the equivalent output
error injection term

Veg = —(CaGp) ™ (CaAge — CaMap) (6.100)



6.4 Reconstruction in Non-minimum Phase Systems 155

Substituting from (6.100) into (6.99), it follows the sliding motion is governed by
the system

é(t) = (Aq — Gu(CaGn) ' CuAa)e(t) — (M — Gn(CaGp) ™' CaMa) (1) (6.101)

Ideally the effect of the unknown disturbance ¢ on the state estimation, particularly
on the states which correspond to estimates of f,, needs to be minimised.

The effect of ¢ on the estimate of f, is given by Cre(t), where e(t) evolves
according to (6.101) since fo — fo=Cye() if fo(t) = Cff(t). Therefore, the
impact of ¢ on the estimate of f, can be expressed as G(s)¢ where

(Aa — Gn(caGn)_lcaAa) I (Ma _ Gn(CaGn)_ICaMa)
Cy 0

For accurate estimation of the faults f,, the transfer function matrix G(s) must be
‘small’, and for complete decoupling G(s) = 0. Here, the Hoo, norm of G(s) will
be minimised by choice of G,,.

Partition the state error vector e from (6.99) conformably with the canonical form
in (6.94) as col(ey, ey). One way to identify the reduced order sliding motion is to
perform a further change of coordinates according to the nonsingular matrix

G(s) := [ ] (6.102)

_ In+r7p L
T, = |: 0 Ip] (6.103)
so that
e=(e1,ey) > (e1 + Ley,ey) =(e1,ey) =:¢ (6.104)

It can be easily verified that in the coordinate system in (6.104), during the sliding
motion, the error system i.e. (the reduced order sliding motion) can be written as

é1(t) = (A1 + L1Aoi + LaA2n)éi (1) + Lag (6.105)

éy(t)=e,(t)=0 (6.106)

The gain matrices L and L, must ensure Aj; + LAs11 + LaAza is stalzle for the

sliding motion to be stable. Therefore the effect of ¢ on the estimation f, is given
by Cre=Cye where Cy =Cy TL_1 and Cy is given in (6.90). It can be verified

Cr=1[0upxr I, =] (6.107)

where x represents a matrix which plays no part in the subsequent analysis. During
the sliding motion,

Cre=[0n_pxr Ir | *][:ﬂ =[Ouepxr Ir]é (6.108)
Ce
since ey = 0 during sliding. Consequently,
G(s)p =G(s)g (6.109)

where

A+ LA + LaAo, | L2} (6.110)

G(s):= |: C. | 0
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and C, is defined in (6.108). As argued in Remark 6.4, the pair (A, A21) is observ-
able, and so from the partition of A, in (6.94) to obtain A1y and Ajj», it follows
that there exist matrices L and L, so that Aj; + LjA11 + LoA»jo is stable.

Proposition 6.2 If (Aq, M, Co) from (6.92)—(6.93) is minimum phase, then a slid-
ing mode observer of the form in (6.96) exists such that f, = C fx, — f, ast — oo.

Proof If the system (A,, My, C,) from (6.92)—(6.93) is minimum phase, the pair
(A1, Ap11) is detectable since it can be shown that the unobservable modes of
(A11, Az11) correspond to the invariant zeros of (A,, My, C,;) (Lemma 4.3 in
Sect. 4.3). Consequently there exists an L, such that (A1; + L,A»211) is stable.
Therefore, the selection L1 = L, and L, = 0 is a feasible choice which makes
Ayl + L1Azy1 + Ly Azip = Ay + Lo Azpy stable. Since Ly = 0, equation (6.105)
collapses to e1(t) = (A11 + L,A211)e; (¢). Asymptotic tracking of the states takes
place since (A1; + L,A>211) is stable and therefore e (t) — 0 as t — oo. It follows
f,,(t) — f(t) = Cye(t) — 0 since e(t) — 0, and the fault is estimated asymptoti-
cally. O

Proposition 6.3 If the plant system matrix A from (6.73) is stable, then a sliding
mode observer of the form in (6.96) exists such that f, = Cy%, — f, ast — oo.

Proof 1If the plant system matrix A from (6.73) is stable, then (A, Cp) is detectable
and from ALemma 6.6, (Ay, My, C,) is minimum phase. Therefore from Proposi-
tion 6.2, f, = CyX, — f, since e(t) — 0. |

Remark 6.5 If A from (6.73) is unstable then for certain fault conditions, (A, Cy)
may be unobservable and perfect reconstruction is not possible. An example of this
is discussed in Sect. 6.4.2 in the sequel. Furthermore if (A, C1) is undetectable
then from Lemma 6.6, (A,, M,, C,) is non-minimum phase. Then as argued in
[87] classical unknown input observers UIOs also cannot be employed to reject the
unknown input ¢(z): see for example [52, 219]. The next subsection considers the
ramifications of this.

6.4.1.2 Observer Design

The observer described in this section embodies the same design philosophies as
those proposed in the earlier sections of this chapter. In this section, however, the
major difference is the results are no longer predicated on the assumption that
(Aq, My, C,) is minimum phase, and as a consequence, the fault signal cannot be
perfectly replicated even if no uncertainty is present. The full block structure in
(6.98) considered in this section allows the triple (A,, M, C,) to be non-minimum
phase thus broadening the class of systems for which the results are applicable.
Define a Lyapunov matrix for the error system in (6.99) to have the form

| Pu P2
P_[Psz PZJ 6.111)
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where P € RO =P)x(+r=p) 5 symmetric positive definite. Let G; € R +7)x»
be any matrix which satisfies

P(Ay— GiCo)+(Aa — G1C))TP <0 (6.112)
N—
Ao
Here, the design of the linear gain G; for the sliding mode observer from (6.96) will
be chosen to satisfy
PAo+ AP  P(GD-By) ET
(GID—B)'P —yolpir 0 |<0 (6.113)
E 0 —volr
The matrices By € R"H*(+1) p e RP>*(PH7) in (6.113) are defined as

B;:=[0 M,] (6.114)
D:=[D; 0] (6.115)

where Dy € RP*P M, is defined in (6.88), and
E:=[C. Mj] (6.116)

where C, is defined in (6.108) and M, is defined in (6.95). From the Bounded Real
Lemma, if (6.113) holds, then ||Ga(s)||Oo < Y0, where the transfer function ma-
trix Ga(s) := E(sI — Ag)~"(G;D — By). This represents an H, filtering problem
[297] associated with the linear part of the observer from (6.96) obtained from set-
ting p = 0. The matrix D; in (6.115) represents design freedom used to trade-off
the speed of response of the observer versus the magnitude of the gain matrix Gj.
As argued in Sect. 4.5, inequality (6.113) is feasible if and only if

PA,+ AP —yCl(DD")"'Cc, —-PB, ET

—BJP —y0d(p+r) 0 <0 (6.117)
E 0 vl
in which case
G =P~ 'cl(pD")'C, (6.118)
is a choice of the Luenberger gain. Let
PAs+ATP:= [;i i;] (6.119)
where P is defined in (6.111) and X1 € R+ =P)X(1+7=0) Tt follows that
X11 = Pi1A + PiaAg + (P A + PraAa)T (6.120)

From (6.114)

PBy = P[0 Ma]:|:8 giz] 6.121)
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where P22 and P»); are the last r columns of Pjy and P from (6.111), respec-
tively. Using (6.119) and (6.121), inequality (6.117) can be written as

X1 X2 0 —Pi  CT
XL Xn—yd@DH' 0 —Pm M
0 0 —vol, 0 0 |<o (6.122)
T T
—Piy =Py 0 ~Yolr 0
C. My 0 0 -

A necessary condition for this inequality to hold is

X1 —Pmm C!l

e

-PL, —wIl, 0 |<O (6.123)
C. 0 —Yolr

If L:= Pﬂl P, then Pj1Ly = Pjop and (6.123) can be re-written as

Pii(A1 +LAy) + (A + LA)TPy —Pul,  CF
N —wl, 0 | <0 (6.124)
* * —vol;

which is the Bounded Real Lemma associated with the transfer function G(s) =
Ce(sI — (A1 + LA21)) "' L, and implies [|G(s)llo < 0.
Formally the design problem is

For a given matrix D; and scalar yy, minimise y with respect to P, subject to

Xy —Pip CT
-PL, -y, 0 |<O (6.125)
C, 0 —y I
P>0 (6.126)

and (6.117).

This is a convex optimisation problem. Standard LMI software can be used to
synthesise numerically y and P. Once P has been determined, L can be determined
as L = Pl_l1 P1>. The observer gain G; can be determined from (6.118) and G, is
determined from (6.98). As argued in Sect. 4.5 a possible choice of the symmetric
positive definite matrix P, associated with the unit vector term in (6.97) is P, =
Py — P12P1_]1P12-

6.4.1.3 System Uncertainty

Suppose the system in (6.73) is subject to uncertainty:

X(@)=Ax(t)+ Bu(t) + Q&(t, x,u) (6.127)
y(@) =Cx(1) + Nfo(1) (6.128)
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where £(-) represents a bounded unknown disturbance. The term Q& (, x, u) is as-

sumed to capture the mismatch between the model about which the observer is de-

signed, and the real plant which is to be monitored. Therefore the augmented system
in (6.77)—(6.78) becomes

Xq(t) = Aaxa(t) + Bau(t) + Map(t) + Qa&(t, x, u) (6.129)

y() = Caxa(t) (6.130)

where the term Q,&(¢, x, u) represents the effect of additive bounded uncertainty.

Again the fault to be reconstructed is given by f, = C rx,. The idea now is to rep-
resent (6.129) as

K1) = Aa¥a(D) + Bau()) + [My Q4] [E(f;’)u)] (6.131)

and to minimise the effect of (£, ¢) on the reconstruction of f,. In this new opti-
misation problem, the disturbance matrix By from (6.114) must be augmented and
becomes

By=[0 M, Q] (6.132)
and the matrix D from (6.115) becomes
D=[D; 0] (6.133)

The new optimisation problem becomes

For a given matrix D; and y, minimise with respect to  and P, inequalities
(6.125), (6.126) and
PA,+ATP —ycTDD""'Cc, —-PB; ET
—BIP —yol 0 | <0 (6.134)
E 0 —vol

Again this represents a convex optimisation problem and LMI solvers can be
employed to synthesise y and P. Note that Q, needs to be pre-scaled appropriately
so that & and ¢ are of the same order—or suitably weighted to reflect the relative
importance of rejection of uncertainty compared to the effect of the fault derivative.

6.4.2 Examples

6.4.2.1 ADMIRE Simulations

An unstable fighter aircraft will now be used to demonstrate the theory which has
been developed in the earlier sections. The ADMIRE model represents a rigid small
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fighter aircraft with a delta-canard configuration based on a real fighter aircraft.
The ADMIRE aircraft model has been used by several researchers (e.g., [122])
and within the Group for Aeronautical Research and Technology in Europe (GAR-
TEUR) AG11 and AGI12. Details of the model can be found in [97]. The linear
model used here has been obtained at a low speed flight condition of Mach 0.22 at
an altitude of 3000 m [122] and is similar to the one in [122]. The state, input and
output distribution matrices are

T —0.5432  0.0137 0 0.9778 0
0 —-0.1179  0.2215 0 —0.9661
A= 0 —10.5128 —0.9967 0 0.6176 [, (6.135)
2.6221  —0.0030 0 —0.5057 0
0 0.7075  —0.0939 0 —-0.2127

70.0069 —0.0866 —0.0866 0.0004
0 0.0119 —0.0119 0.0287

B= 0 —4.2423  4.2423 1.4871 |,
1.6532 —1.2735 —1.2735 0.0024
0 —0.2805 0.2805 —0.8823 (6.136)
[0 01 00
C=|0 0 0 0 1
00 01O

The states are angle of attack (AoA) (rad), sideslip angle (rad), roll rate (rad/s),
pitch rate (rad/s) and yaw rate (rad/s). The outputs are roll rate (rad/s), yaw rate
(rad/s) and pitch rate (rad/s). The control surfaces represent the deflections (rad) of
the canard, right elevon, left elevon and rudder, respectively. The linearised model
is obtained from [122]. The obtained linear model is open-loop unstable, which is
a typical characteristic of fighter aircraft to allow high manoeuvrability. It is as-
sumed that the sensor for the pitch rate is prone to faults. This system is an example
where the fault estimation scheme in Sects. 6.2.3 and 6.2.4 will not work because it
can be shown that if N =[00 117 in (6.74), then the associated augmented system
(Aq4, My, C,p) is non-minimum phase with a zero at {1.0769}. Note that the C matrix
has been reordered to comply with the requirements in (6.75) where the sensors that
are prone to faults are in the lower part of the C matrix. However, the approach pro-
posed in Sect. 6.4.1 is applicable for this particular system. The design parameters
for the observer were chosen as yp = 10 from (6.113) and D; = I3 from (6.115).
The LMI solver yields a y and P such that ||G(s) || = 1.2212. The nonlinear gain
in (6.97) has been chosen as p = 1.

The simulations in Figs. 6.13 and 6.14 have been obtained from the full nonlin-
ear ADMIRE model with the aircraft undergoing a change in altitude (Fig. 6.13).
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Fig. 6.13 Manoeuvre on ADMIRE full nonlinear model

Figure 6.14 shows the results of the fault reconstruction using different sensor fault
shapes, to show the effectiveness of the method.

6.4.2.2 Large Transport Aircraft Simulations

The large transport aircraft model used in this section is based on a linearisation
from the FTLAB747 software running under MATLAB®. FTLAB747 has been de-
veloped over the years for the study of fault tolerant control and FDI schemes. This
software has recently been used in the GARTEUR FM-AG16 as a benchmark model
for investigating state of the art FTC schemes. Details of the software can be found
in [80, 183, 234]. A linearisation has been obtained around an operating condition of
263,000 kg, 92.6 m/s true airspeed, and an altitude of 600 m at 25.6% of maximum
thrust and at a 20 deg flap position. The linearised model is given by

—0.6284 0 —0.0000 1.0064 —0.0000
0.0000 —0.0999 0.1014 0 —0.9887
A= —-0.0000 —-1.6478 —1.0579 0 0.1718 (6.137)

—0.5831 —0.0000 0.0000 —0.5137 0.0000
0.0000  0.2767 —0.1186 0 —0.2066
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Fig. 6.14 Sensor fault reconstruction on the pitch rate sensor on ADMIRE full nonlinear model

C =

The output

[—0.0116 —0.0116 —0.0352 0
0 0 0 0.0174
—03118 03118 0 0.1187 |,
—0.0617 —0.0617 —0.6228  0.0000
| —0.0276  0.0276 0 —0.2478 (6.138)
00 1 00
0000 1
(00010

distribution matrix is the same as in (6.136). The states from the

FTLAB747 software have been reordered and now represent x = [a 8 p ¢ r]T as in
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Fig. 6.15 Sensor fault reconstruction on the pitch rate (¢) sensor

the ADMIRE example. The control surfaces are § = [8,, 847 8e 8,17, which represent
the deflections (rad) of the right and left aileron, elevator and rudder, respectively.
The linear model given above is open-loop stable, which is a typical characteristic
of passenger transport aircraft. Again, it is assumed that the sensor for the pitch rate
(g) is prone to faults.

Without Uncertainty The design parameters for the observer were chosen as,
yo = 1.1 from (6.113) and D; = I3 from (6.115) to yield 1G()loo = 2.9092 x
10~8. This result is to be expected since the plant is open-loop stable, and there-
fore the results from Sects. 6.2.3 and 6.2.4 could be used to achieve perfect recon-
struction. Here the fact that ||G(S)||oo =2.9092 x 108 indicates almost perfect
fault reconstruction. The reduced order eigenvalues for the observer are given by
{—0.5710 4 0.7639i, —0.7457}. The nonlinear gain in (6.97) has been chosen as
p = 1. During the simulations the signum function from (6.97) has been approxi-
”+6 where § = 0.001.

As in Sect. 6. 4 2.1, the aircraft undergoes a change of altitude followed by a
banking manoeuvre with a similar sensor fault test. In both tests (Fig. 6.15), the
proposed scheme provides satisfactory fault reconstruction for the ¢ sensor.

P
mated using TPoes 55



164 6 Reconstruction of Sensor Faults

estimated fault
— — - actual fault

Sensor fault (deg)

_5 i i i i i i i i i
0 20 40 60 80 100 120 140 160 180 200

time (sec)

(a) Ramp fault

5 i
[7)
Z
§ estimated fault B
= — — -actual fault i
o
(7}
c
[ -
7]
_5 Il I Il I Il I I Il I
0 20 40 60 80 100 120 140 160 180 200

time (sec)

(b) Smooth step fault

Fig. 6.16 Sensor fault reconstruction on the pitch rate (¢) sensor

With Uncertainty A similar test as above is repeated, now with the inclusion of
uncertainty. The matrix Q in (6.127) is assumed to have a structure given by

o=[1 0 0 0 0]

The parametric uncertainty £(-) from (6.127) is given by

Edt,x,u)=[AAn AAp AA;z AAy AAis]x(@)
=[-0.3142 0 0.0000 0.6039 —0.0000]x(t)

The design parameters for the observer were chosen as, yp = 1.1 from (6.113) and
D1 = I3 from (6.133) to yield 1G()]lse = 0.2652. The reduced order eigenvalues
for the observer are given by {—0.7062 + 0.7031i, —0.7467}. The nonlinear gain in
(6.97) has been chosen as p = 1. Again during the simulations the signum function
from (6.97) has been approximated.

A similar test to Fig. 6.15 has been repeated, now with the inclusion of the un-
certainty. Figures 6.16(a) and 6.16(b) show a small degradation in the fault recon-
struction at the beginning of the simulations due to the initial manoeuvre. However,
generally Fig. 6.16 shows satisfactory fault reconstructions on the g sensor in the
presence of uncertainty.
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6.5 Summary

This chapter has discussed techniques for reconstructing sensor faults using sliding
mode observers. Various techniques and observer configurations have been devel-
oped for different situations and systems. The techniques/schemes described are
based in the main on the actuator fault reconstruction technique presented in the
previous chapter, where by appropriate filtering of the measured plant signals, the
filtered versions are considered as the (measurable) output of a system which treats
the sensor fault as an ‘actuator fault’. As the existence conditions for the actuator
fault reconstruction technique described in the earlier chapters have been thoroughly
investigated, the existence conditions for each of the sensor fault reconstruction
techniques presented here have been easily established.

6.6 Notes and References

The problem formulation in (6.77)—(6.78) constitutes a ‘classical’ unknown input
observer situation. However, the form in (6.77)—(6.78) is very specific, in that it is
inherently relative degree one by construction (rank(C,M,) = r). There has been
extensive recent research into the use of sliding mode observers for unknown input
problems—although the focus has been primarily directed at the situation where the
relative degree one requirement is not met: see for example [21, 54, 93, 96, 101,
197]. As far as the authors are aware, much less attention has been directed towards
the problem of obviating minimum phase limitations [15]. Thus, although the main
motivation in this section was to tackle the problem of sensor fault reconstruction,
the problem may also be viewed as one of unknown input reconstruction in non-
minimum phase systems. It is important to note that classical linear unknown input
observers (UIO) also cannot be employed in this situation [52, 87, 219].






Chapter 7
Case Study: Implementation of Sensor Fault
Reconstruction Schemes

The previous chapter discussed the synthesis of sliding mode observers for sensor
fault reconstruction, which included a rigourous stability analysis for different situ-
ations and systems. In this chapter, two examples of implementations of the theory
described in the previous chapter (especially from Sect. 6.3) are described.

7.1 Application to a Crane

The crane rig shown in Fig. 7.1 has a rail of traversable length of 1 m for the cart
which suspends the pendulum. The length of the pendulum is 0.35 m and the mass,
attached to its non-supported end, is 0.5 kg. The cart itself, of mass 2 kg, is acceler-
ated by a DC motor which drives a belt and pulley system. The DC motor is rated
at 200 W and is of a ‘flat’ design (sometimes known as a ‘pancake motor’), with
a high torque to speed ratio. The DC motor is powered by a servo-amplifier which
can provide 38 V at 7 A unregulated supply.

A potentiometer attached to the cart provides a measurement of angular displace-
ment from the vertical of the pendulum. Another potentiometer attached to the belt
and pulley system that drives the cart provides a measurement of truck position.
A tacho-generator connected to one of the two pulleys gives the truck velocity.

Although for this system well understood nonlinear models can be developed
(see for example [99]), for many systems such a task would be too complex and
an uncertain linear model with a well understood ‘unknown input’ uncertainty dis-
tribution matrix may be the best that could be expected to be achieved in terms
of modelling [51, 207]. Here, the model has been developed through a mixture of
experimental measurement and (subspace) identification [171]. In the model it has
been assumed that the dynamics of the motor itself are sufficiently fast that they can
be neglected and the relationship between the voltage applied to the motor and the
resulting torque can be modelled as a fixed gain. The static friction effects associated
with the motor and cart have also been investigated. By experimentation, the small-
est voltage applied to the motor necessary to cause an acceleration of the cart was
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Fig. 7.1 Laboratory crane rig

measured, and the static friction effects modelled as a symmetric dead-zone func-
tion ¢ : R — R representing the applied motor voltage versus the effective motor
voltage.

7.1.1 Modelling of the Crane System

In this case study, the system under consideration is modelled as

X(1) = Ax(1) + Bu(r) + Q&(1, y, u) (7.1)
y(0) =Cx(1) + Nfo(?) (7.2)

where A € R¥4 B e R*¥!, C e R¥* N e R¥*? and Q € R*. The function
f» : Ry — R? is unknown but bounded so that

[ fo®| <) (7.3)

where « : R4 — Ry is a known function. The signal f,(¢) represents sensor faults
and N represents a distribution matrix (with columns usually formed from the stan-
dard basis for R3), which indicates which of the sensors providing measurements
are prone to possible faults. The map & : Ry x R? x R — R encapsulates any un-
certainty or nonlinearities present and is assumed to be unknown but bounded and
subject to ||£(¢, y, u)|| < B where the positive scalar 8 is known.

The data collection and (subsequent) controller implementation has been
achieved using MATLAB® and dSPACE®. Taking as states the angular position
of the pendulum 6, angular velocity 6, plus the position d and velocity d of the cart,
a fourth order linear model relating the effective motor voltage to the states has been
developed. The following state and input distribution matrices have been obtained:

0 100000 0 0 0
3026237 —0.1482 0 11.6541 12,3537
A= 0 o o 10000 | B=| o (7.4)

0.9816 02791 0 —3.1228 —9.1153
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associated with state vector x = [0 6 d d ]T. Because of the choice of sensors and
the state-space representation, the output distribution matrix

1 000
c=(0 010 (7.5)
000 1

and (7.4)—(7.5) represents a controllable and observable representation of the crane
system. As described above, assumptions and simplifications have been made in the
modelling process to obtain the linear representation in (7.4)—(7.5). At the design
stage for the FDI scheme, the plant model mismatch will be accounted for by as-
suming an unknown disturbance signal acts through a known distribution matrix
similar to [207].

It will be assumed that the pendulum angular position and the cart velocity sen-
sors are potentially faulty and therefore

1 0
N=|0 0 (7.6)
0 1
As described in Sect. 6.3, the observer is designed based on the augmented sys-

tem resulting from augmenting the plant with a new state z 5 € R3 that is a filtered
version of y. The new state z 5 € R? is given by

Zr(0)=—Arzp(t) + ApCx(t) + Ap Ny (1) (1.7)

where —A € R3*3 is a stable matrix. The augmented system (A,, My, C,) is given

by
] [ A 0 x(1) B 0
[xf(t)} B [AfC _Af] [Xf(t)] * [O}M(I) * [AfN} Jo®
—_— ~—— —

Aa Ba M(l
0
+ [ 0 } §() (7.8)
0.
_ x(1)
(0 =10 1] [xf (t)} (1.9)

Ca

where x, € R is the augmented state.
For the uncertain system in (7.8)—(7.9) a sliding mode observer of the form

£a(t) = AgRa(t) + Bau(t) — Grey(t) + Gpv (7.10)
will be considered. In (7.10) the discontinuous output error injection term

Pyey
”Poey”

v=—p(t,y,u) ifey (1) #0 (7.11)

where e (f) := Co%4(t) — y(2) is the output estimation error and P, is a symmetric
positive definite matrix. Note that this observer is different from the one presented
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Fig. 7.3 Schematic of the sensor fault implementation

in Sect. 6.3. The above variation is based on the design discussed in Sect. 4.6 where
the symmetric positive definite matrix P, forms part of the unit vector output error
injection signal.

7.1.2 Implementation

For the experiments which follow, a simple classical controller was designed based
on the measurements of 6 and d. It comprises a phase advance compensator with
a zero at —0.1 and a pole at —1 driven by 6, and a proportional component driven
by the truck position error. A saw-tooth profile was used as a reference signal for
the truck to follow. This constitutes a ramp from 0.25 m to 0.65 m and back, over
a period of 240 s (Fig. 7.2). As a result the control signal is dynamically changing
and the crane system itself is not at rest at an equilibrium position.

The use of dSPACE® allows well defined fault scenarios to be introduced: actu-
ator faults were introduced as sinusoidal disturbances to the control signal between
the controller output and the D/A operation. Likewise sensor faults were incorpo-
rated as disturbances acting between the A/D operation and the signal used by the
controller (Fig. 7.3).

The sine wave injections are not meant to represent realistic faults. They do,
however, provide a periodic dynamic signal with a well defined shape against which
the quality of the reconstructions can be judged.
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The (augmented) uncertainty distribution matrix was chosen as

o[

where B represents the input distribution matrix from (7.1). In this way £(¢, y, u) in
(7.8) represents uncertainty and faults in the actuator channels and so the optimisa-
tion process will seek to minimise these effects on the sensor fault reconstructions.
Specifying the filter matrix from (7.7) as Ay = 20/3 and choosing D; , = I3 and
Yo.a = 25, the synthesis procedure yields y, = 5.100. In this case the design pa-
rameters D; , and y, , do have a significant effect on the resulting optimal y,. In
this example, it can be verified that (A,, M,, C,) does not possess invariant zeros.
Hence the fact that A has an eigenvalue at the origin does not present any difficul-
ties. The observer gains and the scaling matrix for the unit vector injection are given
by

[ 551.3307  4087.7373  1334.27227]
3252.3143 24113.6678 7870.9066
39.2589  291.0776  95.0102

G;=| 312.3164 2315.6111  755.8352

1932.9348  25.1044  645.5233
25.1044 186.1322  60.7551

| 6455233 60.7551 346.3602 |

[0.0000 21.9615 0
0.0000 129.5513 0
0.0000  1.5638 0

G, = 0.0000 12.4407 0
1.0000 0 —0.0000
0.0000  1.0000 0
0 —0.0000  1.0000 |

and

3.6465 1.8313 —7.1173
P,=| 18313 15.1668 —6.0735
=7.1173 —6.0735 21.5480

The sensor reconstruction signal is given by f, = WSC,L,TT Va5 Where

We - 0.0500 —3.1981 0
se.a = 0 —1.1538 0.0500

and T is the orthogonal matrix defined in (4.46) in Sect. 4.3 associated with the
canonical form for observer design. The signal v, s is the smooth (equivalent) in-
jection signal from the augmented observer given by

(9.t ) 2 (7.12)
Vg =—p(y, 1, U) —————— .
“ [ Poey ]| + 8

The gains of the unit vector injection term p from (7.12) must be large in this sce-
nario. As argued in the last chapter, the gain must satisfy o > [|A¢N|||| f, . Here
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Fig. 7.4 Sensor fault reconstruction: fault in sensor 1

J[AsN| =20 and faults in the speed transducer channel up to the order 1 m/s
have been explored. In the following series of experiments the scalar p, = 100 and
8, = 0.0001. The first reconstruction signal is associated with sensor 1 (the angu-
lar displacement of the pendulum) and the second reconstruction is associated with
sensor 3 (the tacho-generator). In the first experiment a sinusoidal disturbance of
amplitude 0.1 and frequency 1 rad/s was used to corrupt the measurement signal of
angular position. Figure 7.4 shows the reconstruction signals together with the true
faults. It can be seen in Fig. 7.4 that the sinusoidal disturbance is well replicated.
There is also minimal coupling with the other sensor fault reconstruction.

Figure 7.5 shows the reconstruction signals for a sinusoidal disturbance of am-
plitude 0.25 on the tachometer signal. It can be seen in Fig. 7.5 that the sinusoidal
disturbance is very well replicated and is almost indistinguishable from the true
fault. However, there is some coupling on the reconstruction signal for the angular
position sensor. In practice therefore a threshold level on the reconstruction signals
would need to be set for detection purposes. Heuristically thresholds of the order
£0.05 would be appropriate. The fact that these signals have a purely physical in-
terpretation enable sensible choices to be made: so for example setting a threshold
of £0.05 radians on the first reconstruction implies directly that faults in the pen-
dulum angle sensor of up to 3° would be completely ignored before an alarm would
be raised. Sensible levels for these thresholds can be computed by examining recon-
structions from known fault-free data.
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Fig. 7.5 Sensor fault reconstruction: fault in sensor 3

If the probability of the occurrence of simultaneous incipient faults in both sen-
sors was considered to be negligible, then the fact that the coupling between the two
reconstruction signals is unidirectional could be exploited. Logical signature infor-
mation could be used in addition to the absolute sizes of the reconstruction signals
and would allow tighter thresholds to be set on the sensor 1 fault reconstruction
signal.

Figure 7.6 shows the reconstruction signals fo for an out of phase set of sinu-
soidal disturbances on both sensors. Again it can be seen in Fig. 7.6 that the sinu-
soidal disturbance of amplitude 0.1 and 0.75 are well replicated.

7.2 Application to a DC Motor

The theory described in Sect. 6.3 will now be applied to a small DC motor rig which
has been used as a safe and practical demonstrator for these ideas. The objective will
be to control the speed of rotation of a disk attached (rigidly) to the shaft of the motor
subject to an eddy current brake. Control will nominally be achieved in the fault-
free case by a simple Proportional+Integral (PI) controller based on the difference
between the reference signal and the measurement of angular speed from a tacho-
generator. For the purpose of demonstration, however, the measurement from the
tacho-generator will be assumed to be prone to faults.
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Fig. 7.6 Sensor fault reconstruction: simultaneous faults in sensors 1 and 3

7.2.1 Preliminaries

A slightly modified representation of the problem formulation compared to the one
in Sect. 6.3 and in (7.1)—(7.2) will be considered here. Specifically the uncertain
system about which the FDI scheme will be designed is given by

X(t) = Ax(1) + Bu(r) (7.13)
Y(0) =Cx(t) + Nfo(r) + Q§(t, y, u) (7.14)

where A e R"*" B e R™™M C eRP*" N eRP*and Q € RP*" withn > p=>r.
Assume that the matrices C and N are full row and column rank, respectively, and
the function f, : Ry — R’ is unknown but bounded so that

| f®] <@ (7.15)

where o : Ry — Ry is a known function. The signal f,(¢) represents (additive)
sensor faults and N represents a distribution matrix (with columns usually formed
from the standard basis for R”), which indicates which of the sensors providing
measurements are prone to possible faults. The map & : Ry x R” x R — R” en-
capsulates any uncertainty or nonlinearities present and is assumed to be unknown
but bounded and subject to [|£(¢, y, u)|| < B where the positive scalar § is known.
The objective is to reconstruct the faults f,(¢) as accurately as possible despite
the uncertainty. As argued in the last chapter, an effective way to do this is to first
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introduce a filter. Consider a new state xy € R” that is a filtered version of y(¢),
satisfying

X)) =—Apxr@) +ArCx(®) +ArNf,(t) + ArQ&(t, y, u) (7.16)

where —A ; € RP*? is a stable matrix. Equations (7.13) and (7.16) can be combined
to form an augmented state-space system of order n 4+ p given by

x@®) || A 0 x(t) B 0
[*f(f)} B [AfC _Af] [Xf(f)] * [O}Mm * [AfN} Jo®
—_— ~—— —

Aq B, M,

0
+ |:AfQi|é(.) (7.17)
—_——
Qa

_ x(1)
xp@)=[0 1,] [xf(t)} (7.18)

Ca

Define x, € R®*P) to be the augmented state and note that as earlier, (7.17)—(7.18)
treat the ‘sensor faults’ f, as ‘actuator faults’. By construction rank(C,M,) = r and
as shown in the last chapter (Proposition 6.1), the invariant zeros of (A,, My, Cy) C
A(A) and so if the open-loop plant is stable, the system (A,, My, Cy) is minimum
phase.

For the uncertain system in (7.17)—(7.18) a sliding mode observer of the form

2(t) = Agz(t) + Bu(t) — Grey(t) + G,v (7.19)
will be considered. In (7.19) the discontinuous output error injection term
Poey .
v=—p(t, y,u) ifey(r) #0 (7.20)
I Poey I :

where ey (1) := Cz(t) — y(¢) is the output estimation error and P, is a symmetric
positive definite matrix. The scalar function p(-) must be an upper bound on the un-
certainty and the faults, and must ensure a sliding motion can be maintained despite
the faults and uncertainty.

7.2.2 Description of the Motor Set-up

The rig which has been used in these experiments is based around a 30 W permanent
magnet DC motor. The motor is powered by a servo-amplifier which provides a
24 V at 2 A unregulated supply. The motor shaft is connected in line to a rotating
eddy current disk brake via a flexible coupling and also to a tacho-generator, the
latter providing the measurement of angular speed used for feedback purposes. The
servo-amplifier also provides a voltage output which is directly proportional to the
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load current in the armature coils. These two measurements will be used in the fault
tolerant control scheme which is proposed.

The control law and the sliding mode observer for the system have been im-
plemented using dSPACE®. The specific set-up runs MATLAB® 6.1 on a Windows
platform with a DS1102 card fixed in one of the expansion ports of the PC and
connected directly to the interface bus. The two analogue signals from the sensors
have been connected to the first two 16 bit A/D converters in the DSP card. The first
14 bit D/A converter output from the card has been connected to the servo-amplifier.

7.2.3 Modelling

For the purposes of observer design an uncertain linear model representation has
been developed. A standard (linear) description of the system has been formed from
the state variables i and w which represent the current in the armature circuit and
the angular velocity of the motor shaft, respectively. The armature current circuit is
assumed to satisfy
di(t

LQ% + Ryi(t) =u(@) — Kow(t) (7.21)
where L, and R, represent the inductance and the resistance, respectively, and K,
represents the gain associated with the back e.m.f. The mechanical equation gov-
erning the rotation of the shaft is taken as

dw(t)
dt

where J represents the inertia, K, represents the motor torque constant and K ; the
dynamic friction coefficient plus the effect of the eddy current brake. Rather than
trying to directly measure or estimate the parameters within the motor model, a sys-
tem identification approach has been adopted. A continuous-time state-space model,
with the structure of the equations given in (7.21)—(7.22), was fitted to the logged
data using the methodology described in [171]. Specific known data associated with
the motor were used as a starting point for the estimation algorithms [171]. A nom-
inal state-space representation of the form

J =K,i(1) — Kfw() (7.22)

X(t)=Ax(t) + Bu(t) (7.23)

has been obtained in which

—3.6239  1049.3257 0
Az[—2.7147 —216.2070]’ B=[445} (7.24)

where x = col(w, i). No attempt was made to explicitly account for the dead-zone
nonlinearity resulting from Coulomb friction, which is known to be present in the
system.
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In the experiments which follow it is assumed that both states are measured. It is
also assumed that the tacho-generator signal measuring shaft velocity is prone to er-
ror, but that the current sensor is reliable. In terms of the general system architecture
in (7.13)—(7.14), the output distribution matrix

0.0239 0
cz[ o 1] (7.25)

which reflects a change from the ST units for the speed and current, respectively, into
voltages obtained from the sensors. The sensor fault distribution matrix is

[}

The signal £(-) in (7.13)—(7.14) represents an additive ‘unknown input’ and is meant
to encapsulate the plant model/mismatch. The distribution matrix Q, however, is
assumed to be known. The identification approach does not generate the matrix Q
and so it needs to be estimated separately. The value of Q is important since the
sub-blocks Q; and Q> play an important role in the transfer function G(s) from
(4.123) in Sect. 4.5, and hence in the optimisation procedure to obtain the observer
gains. The requirement of obtaining an appropriate value for Q is a well-known
problem in the application of robust FDI methodologies which rely on knowledge
of the directions associated with the unknown inputs [51]. One of the most practical
approaches to estimate the distribution matrix Q is the one proposed in [207]. The
approach described in [207] involves estimating in the first instance the quantity
Q¢&, i.e., the discrepancies between the output of the plant and the model. Then,
essentially, principal component analysis is used to obtain the distribution matrix Q
[207]. A sinusoidal input has been injected into both the model and the motor rig and
Fig. 7.7 shows the discrepancy in each output between the model and the measured
data in terms of voltage. In SI units, this corresponds to an actual discrepancy of
approximately £0.05 amps for the current and 42 rad/s for the measured speed.

In this example, a suitable pragmatic choice for the distribution matrix has been
found to be

since both error signals in Fig. 7.7 are visually similar. This has proved to be suffi-
ciently accurate for this example. A complete model of the motor system has now
been obtained in the form of (7.13)—(7.14) with all the matrices known. It can be
verified that both assumptions Al and A2 are satisfied and therefore the approach
described in Sect. 7.2.1 can now be employed.

7.2.4 Observer Design

The observer design involves the introduction of an output filter. After some design
iteration, a value of Ay = 30/, was selected. This choice of Ay results in numer-
ically well-conditioned solutions for G; and P,. This is especially important when
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Fig. 7.7 Plant model mismatch in each state-space channel

implementing the observer in real-time using a fixed time-step integration routine
(as discussed later in Sect. 7.2.6). The only remaining user defined parameter is
a weight used in the optimisation to reflect a trade-off in the state-error tracking
performance of the full order observer and the impact of measurement noise (this
parameter is represented as D; € R”*? in Sect. 4.5. Here the parameter has been
chosen as an identity matrix. Once the parameters A s and Dy have been specified
the algorithm described in Sect. 4.5 yields the following optimal design gains for
the observer in (7.19)—(7.20):

—0.0586 —0.0591 0.0000 —0.0034
G = 0.0054  0.0055 G. — 0.0000  0.0003
=1 175769 17.4085 |- 71 1.0000  0.0000

17.4085 17.5690 0.0000  1.0000

The symmetric positive definite matrix which scales the output error in the injection
term (7.20) is

P — 3.0545 —3.0266
7] -3.0266 3.0559

The sensor reconstruction signal is given by f, = Wsc,aTT Vs Where

Wie.a =10.0333  —0.0333]
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Fig. 7.8 Schematic of the fault implementation

and T is the orthogonal matrix defined in (4.46) in Sect. 4.3. The signal v; is the
smooth (equivalent) injection signal from the augmented observer given by

vy = —ply tau) — 0 (7.26)
T | Poe yll +8 .

The Hoo norm of the transfer function matrix é(s) in (4.123) is 5.9126 x 1074,
In the implementation results which follow, the modulation function in (7.26) is
p = 4.0 and the smoothing parameter is § = 0.0001. From a theoretical standpoint
the gain p must be large enough to bound the uncertainty and the fault signals, whilst
ideally the term § should be small. This quantity, plus the gain G;, will determine
the accuracy of the estimate fo. The online performance will be reduced further by
the fact that a fixed time-step integration routine must be employed for the real-
time implementation. The final choice of the smoothing coefficient has been arrived
at following off-line testing with a fixed time-step integration routine to ensure this
value presents no difficulty to the integration routines (too small a value will register
as a ‘discontinuity’ and cause numerical problems).

7.2.5 Implementation

A dSPACE® set-up has been used to implement the (simple) speed feedback con-
troller and the sliding mode observer used to monitor the system. The dSPACE®
set-up allows easy and repeatable realisation of the required faults without the need
to directly affect the hardware. The fault has been implemented at a ‘software level’
as shown in Fig. 7.8.

For control purposes a simple PI controller has been designed using only the
measured angular velocity w. The input voltage to the motor amplifier is given by

u=F(s)(w, —w) (7.27)
where
Fg)= 819 (7.28)
2s

and the reference speed signal is w,. This controller will be used to provide a bench-
mark performance level for the fault-free closed-loop system. The objective will be
to recover the performance of this controller in the presence of sensor faults.
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Fig. 7.10 Nominal PI performance

Remark 7.1 The approach that is used to recover the performance in the presence of
sensor faults is independent of the controller law and could be ‘retro-fitted’ to any
output feedback controller driven by the error signal between the measured speed w
and the reference w,.

7.2.6 Results

In the experiments, the reference signal w, comprises a series of steps driving the
angular speed from approximately 80—160 rad/s and back as shown in Fig. 7.9.

7.2.6.1 Real-Time Results

The control law described in (7.28) provides the nominal performance in the fault-
free case. A typical response to one of the step changes in reference speed is given
below (Fig. 7.10).
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Fig. 7.12 Real motor speed tracking error (no correction)

In these experiments the sampling interval used is 0.001 s. The nominal PI con-
troller gives a rise-time of approximately 0.15 s to a step change input and so the
sampling interval gives approximately 150 sample points during the transient re-
sponse. As argued by [13], this represents an adequate sampling time from a control
theory perspective. For the controller in (7.28) the RMS value of the speed track-
ing error over the 160 s profile in Fig. 7.9 is 2.1415 rad/s. This will be used as the
benchmark performance which the sliding mode scheme will attempt to recover in
the presence of a sensor fault.

In the following experiments (unless otherwise stated) the speed sensor signal
which is used in the controller online calculations has been corrupted by a symmet-
ric saw-tooth signal of amplitude 0.5 volts which, in SI units, corresponds to a peak
error of 20.9440 rad/s (Fig. 7.11).

This models a slow drift error in the sensor. As such it represents a difficult to
detect incipient fault [51] which is typically used to test the efficacy of FDI/FTC
schemes [51, 110, 205]. If the nominal PI controller is used in the presence of this
speed sensor fault, whilst the measured output appears to track the reference signal,
the actual tracking error is shown in Fig. 7.12. This corresponds to a RMS tracking
error of 12.5584 rad/s and significantly degraded performance.
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Fig. 7.14 Reconstruction of the fault signal

The fault tolerant control scheme as described in Fig. 7.8 has been implemented
to attempt to recover the fault-free performance in the presence of the sensor fault
in Fig. 7.11. Specifically the control law in (7.27) has been modified to be

u=F(s)(w —w+ f,) (7.29)

This will be discussed more formally in the sequel. Figure 7.13 is concerned with
the online sliding mode observer response and represents a plot of [|ey (¢)|| versus
time.

This quantity is indicative of whether a sliding motion is taking place (and also in
this situation of course, the accuracy with which the output of the observer tracks the
measured speed and current signals). As a result of the fixed step integration, a re-
duction in the predicted tolerance of 0.002 can be observed in Fig. 7.13. Figure 7.14
represents the reconstruction signal fa compared with, in this case, the known fault
signal f, from Fig. 7.11. A very good reconstruction is obtained.

Using the sliding mode estimation scheme, Fig. 7.15 shows the extent to which
the actual speed tracks the reference signal w, (which can be calculated in this
situation because the exact value of the fault is known). It can be seen that now
very good tracking is still maintained despite the presence of the fault (Figs. 7.15
and 7.16). The RMS speed tracking error now is 2.8869 rad/s. This is not as good
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as the nominal performance but is significantly better than in the unaccommodated
case in Fig. 7.12.

For interest, the measured output is shown in Fig. 7.17. Obviously, apparently
poor tracking is being demonstrated here because of the influence of the faults.
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Fig. 7.18 Sensor fault reconstruction (with a fault on current)

7.2.6.2 Remarks

The nonlinear term in the observer prevents explicit analytical integration to gen-
erate an exact expression for the discrete time system suitable for implementation
in real-time. Numerical integration methods must therefore be employed. The sam-
pling rate and the type of integration routines used to implement the observer will
obviously be limited by the hardware. For this reason the online integration rou-
tines are forced to be fixed time-step in nature. In this particular case a fifth order
‘ode5 Dormand-Prince’ routine has been used. For simulation purposes, off-line,
a variable time-step routine would be chosen. These schemes are best suited for the
‘stiff systems’ resulting from the nonlinear term in the observer which effectively
has high gain characteristics. Because of the ‘stiff’ nature of the observer system,
low order integration Euler methods are known to encounter difficulties [46], hence
the choice of a high order integration routine.

The results in this section have been based on the pretext that a certain subset
of the measurements (in this case the armature current) are reliable whilst other
measurements (in this case the speed sensor) are fault prone. A fault on the current
sensor would invalidate all the analysis presented here, and the reconstructions ﬁ,
obtained from the sliding mode scheme would be inaccurate. To demonstrate this,
in the following experiment, a fault has been introduced into the current sensor.
Again this takes the form of a saw-tooth wave—this time of amplitude equivalent to
0.25 amps. No speed sensor fault is present, however, a speed sensor fault estimate
fo is produced by the sliding mode observer as shown in Fig. 7.18. This of course
would significantly degrade the performance of the controller. However, it is possi-
ble to design an FDI scheme (using any robust method of choice), utilising only the
armature current measurement, to independently flag the onset of a current sensor
fault and thus isolate the situation in which the proposed fault tolerant scheme is not
valid. The signal in Fig. 7.18 does, however, indicate the presence of a fault but does
not by itself provide fault isolation.

In the present scheme the sensor correction signal ﬁ, is a permanent feature.
This is deliberate since the focus of this work is to demonstrate that sliding mode
estimation can be implemented online and reconstructions of the unknown fault
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signals can be made with sufficient fidelity to maintain good tracking performance.
However, since the fault estimates are not perfect, the effect of the reconstruction
error will affect the nominal performance of the controller even when the sensor is
operating perfectly.

7.3 Summary

In this chapter sliding mode observers for the reconstruction of sensor faults have
been implemented (in real-time) for fault detection and isolation, as well as to
achieve fault tolerant control. An estimate of the sensor fault, obtained from an
online sliding mode FDI scheme has been used to correct the measured output from
the sensor. This ‘virtual sensor’ has then been used in the control algorithm to form
the output tracking error signal which is processed to generate the control signal.
This idea has been implemented successfully on a laboratory crane and a DC motor
rig, which were chosen as demonstrators. The scheme is not specific to such systems
and is applicable to a reasonably wide class of engineering systems which can, at
least in an operating region of interest, be adequately represented by an uncertain
linear system.

7.4 Notes and References

There are many descriptions of implementation work on DC motors especially for
FTC and FDI in the literature e.g., [191, 283]. Survey papers such as [136, 294] pro-
vide an excellent overview of the current literature. The popularity of DC motors as
real-time implementation test platforms (especially in the academic and research
community) is due to their convenient laboratory scale size, availability and low
cost. This allows newly developed FTC and FDI schemes to be tested cheaply in
a safe laboratory environment compared to safety critical systems like an aircraft.
In [145], an implementation of model-based condition monitoring of an actuator
system driven by a brushless DC motor is presented. This paper presents real-time
implementation tests under laboratory conditions for a cabin pressure control out-
flow valve system for aircraft. Most recently, [103] has provided a survey for various
techniques of fault tolerant control and diagnosis for induction motors.

Acknowledgements The authors are extremely grateful to Peter Barwell, Peter Clarke and
David Dryden for their considerable assistance in the development and maintenance of the lab-
oratory crane rig. The efforts of Justin Lado Lomoro in terms of the data collection for the crane
are acknowledged.






Chapter 8
Adaptive Sliding Mode Fault Tolerant Control

In this chapter the benefit of using SMC, especially when handling actuator and
sensor faults/failures, will be demonstrated using a realistic high fidelity nonlin-
ear aircraft model. The switching surface design and the control law are presented.
A simple idea to ensure the SMC can also handle total actuator and sensor fail-
ures is presented, based on a specific example involving control of the longitudinal
dynamics of the aircraft.

8.1 Introduction

In this chapter, sliding mode schemes for FTC are developed and applied to a high
fidelity model of a large civil transport aircraft which has been used by other re-
searchers as a test bed for their developments: see for example [105, 177, 183-185].
The design of the sliding mode switching surface for the controller uses LMI meth-
ods building on previous work from the sliding mode literature. An adaptive gain
is used in the nonlinear part of the control law which reacts to the occurrence of a
fault and attempts to keep the switching function as close as possible to zero, thus
trying to maintain nominal performance. If the total failure of an actuator is detected
a switch is made to a ‘back-up’ control surface but the linear component of the con-
trol law remains unchanged. This controller is then tested in a number of different
actuator fault scenarios. The sliding hyperplane is designed to minimise the effect of
unmatched uncertainty on the sliding motion arising from actuator failures. A sim-
ple adaptive scheme for the nonlinear unit vector scaling gain is also proposed.
The FTLAB747 software running under MATLAB® has been developed for the
study of fault tolerant control and FDI schemes. It represents a ‘real world” model
of a B747-100/200 aircraft, and the technical data and the underlying differential
equations have been obtained from NASA [118, 119]. The software was originally
initiated at Delft University of Technology by van der Linden (Delft University Air-
craft Simulation and Analysis Tool, DASMAT) [259] and Smaili (Flight Lab 747,
FTLAB747) [233], and later developed and enhanced for use in terms of fault detec-
tion and fault tolerant control by Marcos and Balas [183] (FTLAB747 V6.1/V6.5).

H. Alwi et al., Fault Detection and Fault-Tolerant Control Using Sliding Modes, 187
Advances in Industrial Control,
DOI 10.1007/978-0-85729-650-4_8, © Springer-Verlag London Limited 2011
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The high fidelity nonlinear model has 77 states incorporating rigid body variables,
sensors, actuators and aero-engine dynamics. All the surfaces and engine dynamics
are modelled with realistic position and rate limits. The specific aerodynamic coef-
ficients are taken from [119], which have been obtained from extensive wind tunnel
experiments, simulations and test flights. The capabilities of this software as a real-
istic platform to test FTC and FDI schemes is demonstrated by its subsequent use
by many researchers. More recently this software has been upgraded and modified
to V6.5/7.1/2006b by Smaili et al. [234] and used as a test bed for the GARTEUR
AG16 group [80].

Sliding mode methods have been applied to high performance prototype aircraft
such as the tailless aircraft [226, 269] in which redundant actuators have been pur-
posely built into the aircraft for performance and fault tolerance reasons. This is
one of the motivations behind the research in this book: to develop sliding mode
methods to exploit all the actuators available in large passenger transport aircraft to
achieve fault tolerance especially when total actuator failures occur.

8.2 Actuator Fault Tolerant Control

This section will concentrate on the design of a fault tolerant controller to handle
actuator faults. Consider the nth order linear time invariant system with m inputs
subject to uncertainty given by

Xp(1) = Apxp (1) + Bpu(t) — By K (u(t) + Qp& (1, xp) 8.1

where A, e R"", B, e R"™" and Q, € R"*?. Equation (8.1) may be thought
of as arising from a linearisation process about a specific operating condition. The
matrix K (t) = diag(ki(¢), ..., kn(¢)) is composed of scalar functions k; () which
satisfy O < k; (t) < 1. These model a decrease in effectiveness of a particular actu-
ator: if k; (#) = 0, the ith actuator is working perfectly whereas if k;(¢) > 0, some
level of fault is present. Since by assumption k; (¢) < 1, this excludes the possibility
of the actuators failing completely (although this issue will be addressed in detail
separately later in the chapter). Without loss of generality it can be assumed that the
input distribution matrix B, has full rank and the pair (A, B),) is controllable. The
function &(, x,) is assumed to be unknown but bounded and represents uncertainty
in the system. Here, it is assumed to satisfy

et xp)|| <ci|xp®] + 2 (8.2)

where C; and C, are known constants. This uncertainty structure has been con-
sidered in Section 3.6 in [85]. Only longitudinal control is considered: all lateral
and directional states have been set to trim values. The controller is designed for
an ‘up and away’ [105] flight envelope and the main objective is to obtain good
tracking of flight path angle (FPA) and true airspeed (Viss). The nominal (fault-
free) sliding mode controller has first been designed using a linear model obtained
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switch

to actuators

Command “
signals
u, elevator
State
feedback u, stabilizer|
______
From FDI

Fig. 8.2 Controller interconnection

from FTLAB747 (Fig. 8.1). The linearisation has been obtained around an operating
condition of 300,000 kg, 184 m/s true airspeed, and an altitude of 4000 m at half
maximum thrust. The result is a sixth order model associated with pitch rate ¢, true
airspeed Vi, angle of attack o, pitch angle 6, altitude &, and horizontal position
along the earth x-axis x,. For design purposes, only the first four states have been
retained and the four individual engine thrusts have been aggregated to produce a
single control input. The two other inputs represent elevator deflection and horizon-
tal stabiliser deflection. In the following state-space representation, the three inputs
have been individually scaled which results in a system and input distribution matrix
pair (A, B,) with

[—0.6803 0.0002 —1.0490 0
A _ | 01463 —0.0062 —4.6726 —9.7942 83
P=1 10050 —0.0006 —0.5717 0 '
1 0 0 0
[—1.5539  0.0154 ~1.5760
0 1.3287 0
Br=1_0.0398 —0.0007 |  P*=| —0.0398 84
L0 0 0

where the states represent pitch rate (rad/s), true airspeed (m/s), angle of attack
(rad) and pitch angle (rad), respectively. The inputs associated with B, are elevator
deflection (rad) and total thrust (N) (scaled by 10°), and by is the distribution matrix
associated with the horizontal stabiliser.

During normal operation, the aircraft would be controlled using the thrust and
elevator, however, in the event of an elevator failure, the horizontal stabiliser can
be used as ‘back-up’ (see Fig. 8.2). In this situation by will be used to replace the
first column of B, when the ‘back-up’ controller is activated (this will be discussed
later). When implementing the controller on the nonlinear model a simple gain block
(10° for thrust and 0.5 for horizontal stabiliser [105]) is used to recover the signal
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sent to the actuator (see Fig. 8.2). The controlled output distribution matrix is

0 0 -1 1
CC:|:0 1 0 Oj| (8.5)

which represents flight path angle (FPA)! and true airspeed (V). This linear model
will be used to design the controller scheme which will be described in the sections
which follow.

8.2.1 Sliding Mode Controller Design

Integral action (as discussed in Sect. 3.5.1) will be included to add a tracking facility
for the two controlled outputs FPA and Vi,. The uncertain faulty system from (8.1)
has been augmented with integral action states x; € R™ satisfying

Xq(t) = ye(t) — Cexp (1) (8.6)

where the differentiable signal y.(¢) satisfies

Je(t) =T (ye(t) = Ya) (8.7)

In (8.7) the design matrix I" € R™*™ is stable and Y, is a piecewise constant de-
mand vector. Augmenting the states from (8.1) with the integral action states and
defining x = col(x4, xp) it follows that

x(t) = Ax(t) + Bu(t) + Bgy.(t)—-BK (t)u(t) + Q&(t, x) (8.8)

where

0 —C. To I Y
e S F B L A N

Since the pair (A, Bp) is controllable, if (A, B, C.) does not have any invariant
zeros at the origin, then (A, B) is controllable (see Sect. 3.5.1). For the analysis
which follows, define an augmented version of by from (8.4) as

0
Bsz[bs:| (8.10)

Although B; does not directly appear in (8.8), it represents the distribution matrix
associated with (8.8) when the horizontal stabiliser is employed as a ‘back-up’ con-
trol surface if a total failure in the elevator occurs. Define a switching function

s(t) = 8x(t) (8.11)

IFlight path angle is the difference between pitch angle and angle of attack [36].
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as a linear combination of the states, where S € R™*@+m) If 3 control law can
be developed which forces the closed-loop trajectories onto the surface s(¢) =0 in
finite time (despite faults), and constrains the states to remain there, then an ideal
sliding motion is said to have been attained. Suppose the matrix S is designed so that
the square matrix S B is nonsingular (in practice this is easily accomplished since B
is full rank and S is a free parameter). Then, as discussed in Sect. 3.5.1, the ideal
sliding motion is given by

2(t)= (I —B(SB)"'S)Ax(t) + (I — B(SB)™'S) Q&(t, x)
+ (I — B(SB)™'S)Byyc(1) (8.12)

for all > t; where Sx(#;) = 0. It can be seen from (8.12) that the sliding motion is
a control independent free motion which depends on the choice of sliding surface.
If O, belongs to the range-space of the matrix B, then (I — B(SB)™'S)Q =0and
the sliding motion is independent of the uncertainty. Several approaches have been
proposed in the literature for the design of the matrix S (see Sect. 3.4) and without
loss of generality, the surface can always be designed so that SB = I;,.

The proposed control law comprises two components; a linear component to sta-
bilize the nominal linear system; and a discontinuous component. Specifically

u(t) =u(t) + un(r) (8.13)
where the linear component is given by

ui(t) = —(SB) "N (SA— @8 x(t) — (SB) ' SBy y.(1) (8.14)

Ly Lg

where @ € R™*™ is any stable design matrix and u, () is a discontinuous compo-
nent which is a function of s (7).

In this chapter, the choice of the nonlinear term u, (¢) is facilitated by choosing
S such that SB = I, which effectively decouples the components of the sliding
surface and associates with each element of S a particular control input. Compo-
nentwise, the proposed control structure has the form

wi(t) =uy (1) — (pi®) +mi)sgn(si (@), i=1,....m (8.15)

where the 7; are positive constants,> uy, (t) is the ith component of u; (t) and s; (¢) is
the ith component of s(¢) = Sx(¢). It is easy to see from (8.14) that u;, (¢) is bounded
by |u (t)| < Iillx(#)|l + [> where /1 and /5 are known positive constants. The gains
0i () in each of the control channels are defined as

i (1) =ri (@) (Fan || x O] +7i2) (8.16)

2The ; could be chosen as functions of the state, large enough to bound the uncertainty in the
fault-free case when K (t) = 0.
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where the fixed constants are
Fon =+ 1S0lc1),  Fao=(L+1SQlc2) (8.17)

and C; and C, are from (8.2). The variables r;(¢) are adaptive gains which vary
according to

Fi(t) =i (Fan | x| +Fi2)) De(|si @0)]) — Biri (1), ri(0)=0 (3.18)

where the «; and §; are positive design constants. The function D, : R — R is the
dead-zone function

De(s) = {O if |s| <.e (8.19)

s otherwise

where € is a positive scalar. Here, € is set to be small and helps define a bound-
ary layer about the surface S = {x(¢) : Sx(¢) = 0} inside which an acceptably close
approximation to ideal sliding takes place. Provided the states evolve (with time)
inside the boundary layer, no adaptation of the switching gains takes place. If a fault
occurs, which starts to make the sliding motion degrade so that the states evolve out-
side the boundary layer, i.e., |s; (¢)| > €, then the dynamic coefficients r; (¢) increase
in magnitude (according to (8.18)) to force the states back into the boundary layer
around the sliding surface.

Remark 8.1 In a fault-free situation it is not necessary and indeed is not advisable
to have a large gain on the switched terms u, (t)—therefore ideally the term p(-)
should adapt to the onset of a fault and react accordingly. This adaptation scheme
differs from the one in [270] and is more akin to the scheme from [278].

The choice of the design parameters n;, o;, 8; and € depends on the closed-
loop performance specifications and requires some design iteration. In general, the
n; need to be chosen as the nominal (no fault) gains for the nonlinear component
of the control law (8.15) to ensure that sliding occurs in the fault-free system. The
parameter € is chosen to be small to form a boundary layer about S, but not too
small to cause ‘false alarms’ and unnecessary increases in p;(¢). Thus € dictates
how sensitive the adaptive gains r;(¢) are to changes in s(¢). The gain «; dictates
the rate at which r; (¢) increases in reaction to faults: a large value for ; indicates a
fast increase of r; (¢). On the other hand B; dictates the rate at which r; (z) decreases
to the nominal gain 7; when the fault has been rectified. A relationship between
€, ni, o; and B; will be determined in the proof of the proposition which follows.
The choice of these design parameters will be discussed further in Sect. 8.3. The
following proposition shows that the gain functions are bounded and motion inside
a boundary layer around S is obtained.

Proposition 8.1 Consider the potentially faulty augmented system represented
by (8.8) with the control law in (8.15); then each of the components r;(t) remain
bounded and the switching states s(t) enter a boundary layer around S in finite
time.
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Proof Consider k = max{k(¢) ...kn(t)}. Notice that by assumption k < 1. From
the decoupled structure which results from SB = I,,,, it follows that

$i = —isi — (1 = ki) (pi (1) + ;) sgn(si) — ki (Duy, (1) + S; Q& (1, x)  (8.20)

where it has been assumed that @ = diag(—¢y, ..., —¢,,) and the ¢; are positive
scalars. Therefore

sidi < —is7 — L=k (pi (1) +mi)Isi| + 5 (S Q& (1, x) — ki (Duy, (1) (8:21)
Using (8.17), and the fact that k = 1 — (1 — k), by construction
|(8; Q8 (1. %) — ki Dy, (D) | < [S; Q& (1, )| +k|uy, ()
< (Fan[x® ] +762) = 0 =B |u, @] (8.22)
fori=1,...,m, since from (8.2), |£(, x)|| < C{[|x(t)|| 4 C». Define a scalar
c=1/(01—k)>0 (8.23)

and component-wise Lyapunov functions

1 1 _
Vi=3 (s? + a_,-(l — k) (ri(t) — ;)2) (8.24)

where «; is the positive scalar from (8.18). Clearly V;(-) is positive definite with
respect to s;, the adaptive gain errors r; () — ¢, and is radially unbounded. Taking
derivatives

Vi = i+ 20— B () — 60 (8.25)

then substituting from (8.16), (8.18), (8.21) and (8.22) into the above and using the
fact that (1 — k)¢ =1, it follows that

Vi < —isi — Isil(1 = k) (ni + |, (1))
— Isil (1 = k) (Fa. 1y | x O | + 7)) (ri (1) = €)

1 _
+ ;(1 — k) (ri(0) = ¢) (i (Fi, 1y | x (O | + Fi.2)) De ([si (0]) — Biri (1))
(8.26)

If |s;| > € then D¢(|s;|) = |s;| and so substituting in (8.26) and simplifying terms
yields

Vi < —¢is? — Isil (1 = k) (ni + |ug; (1)]) — %(1 —b)(ri) = )iy (827)
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Notice by construction k <1 and r;(t) > 0. Further manipulation of (8.27), and
using (8.23), yields

Vi < —gis? — Isil(1 = k) (ni + |ug; (1))
/31 2 ,Bi
D — 1_ - i e —— .
o k)( ¢ r(t)) rvovieys (8.28)

since expanding the quadratic term on the right-hand side of (8.28) gives (8.27). If
|si| > €, then |s;|(1 — k)n; > (1 — k)en;. The quantities €, n;, o; and B; are design
parameters and so if they are chosen to satisfy

Bi

1—k)en; > — 2
(I —k)en Z4ai(1_k) (8.29)

then

2
Vi < —gis? — Isi|(1 =) |uy, ()| — —(1 —k)< —ri(t)) <0 (3.30)
If |s;| < € then D¢ (|s;]) = 0 and so substituting in (8.26) and simplifying terms yield

Vi < —ist — Isil(1 = k) (ni + |ug, D)) — —(1 — k) (ri(t) = ¢)ri (1)
— Isil(1 = &) (7,1 | x O || + F.ip) (ri (1) — ¢) (8.31)

Notice again, by construqtion, k <1 and r;i(t) > 0 and therefore for |s;| < € and
ri(t) > ¢, it follows that V; < 0. Define a rectangle in R? as

Ri={(si,ri) | Isil <€, 0<ri <¢} (8.32)

Also define Ry = {(s;, r;) | r; > 0}. By construction of the adaptive gains, r; () >0
for all time and so the trajectory of (s;(¢), r;(t)) € R4+ for all time, and so outside
Ri N R4+ =TR;, from (8.28) and (8.31), V; < 0. Let V,; denote the truncated ellip-
soid

Vri ={(si.r) | ViGsi.ri) <r} Ry

where V; (-) is defined in (8.24). Because R; in (8.32) is a compact set, there exists
aunique r; o > 0 such that 7; o = min{r e Ry | R; CV,;} and in fact r; o = %(62 +
-

" As shown in Fig. 8.3, since R; C Vrio
of the Lyapunov function V; < 0 and so Vr, o 18 an invariant set which is entered
in finite time f9. Since V,, , is entered in finite time, V;(s;, r;) < ri o for all £ > #g

it follows that outside V), , the derivative

which implies |s;| < ,/2r; o for all time ¢ > #, and hence s; enters and remains in a
boundary layer of size /2r; o around the ideal sliding surface S. 0
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Fig. 8.3 Level set of the Si
Lyapunov functions V;

From the arguments above, for an appropriate choice of «;, B; and €, close ap-
proximation to ideal sliding can be maintained even in the presence of faults. The
reduced order sliding motion is then governed by (8.12). The motion depends on the
uncertainty, but using arguments similar to those in Section 3.6 in [85], for a small
enough Cj, ultimate boundedness of the states x(#) can be proved.

Remark 8.2

e If ¢ =0 and B; = O then ideal sliding can be guaranteed since it follows from
(8.27) that V;(s) < —¢;s? — |s;|(1 — k)(n; + |uy; (t)]). This means ideal sliding
can be attained and maintained in finite time. However, this adaptive scheme has
disadvantages in practice since the gains r; () may become unbounded in the
presence of noise [270].

e The adaptive gains act as a measure of severity of the actuator fault. Once the
adaptive gain p; (t) from (8.16) exceeds a predetermined maximum value Pmax.;,
a very severe fault or failure can be declared and a ‘backup’ control strategy can
be initiated if required.

e From (8.23), as k— 1, ¢ becomes infinitely large. In the case of total failure
(ki (1) = 1 = k = 1), an alternative control strategy must be employed.

8.2.2 Sliding Mode Hyperplane Design

The first step in sliding mode controller design is the selection of the sliding surface
matrix S. One methodology is the quadratic cost function approach which was dis-
cussed in Sect. 3.4.1. A modification of this approach is considered here to take into
account the occurrence of failures. The design approach adopted here is described
specifically for the aircraft system. However, its underlying philosophy is generic
and could be adopted in other systems.

First consider the problem of designing a sliding surface matrix S for the nomi-
nal linear system associated with (8.24). Assume there are no faults (i.e., K (t) = 0)
and there is no reference demand (y. (1) = 0).> Also for the purpose of design, ig-

3As argued in Section 7.3.3 in [85], since y.(t) — Y, the effect of the demand signal can be
removed by a change of coordinates which considers the system states relative to their steady-state
values.
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nore the uncertainty term. For this nominal linear system, as discussed previously
in Sect. 3.4.1, consider the problem of minimising the quadratic performance index

J= % / Oox(t)TQx(t)dt (8.33)
1

s

where Q is a symmetric positive definite matrix and #; is the time at which the
sliding motion commences. Define a change of coordinates

2(t) =Ty x(1) (8.34)

where T is an orthogonal matrix, so that the system in (8.8) is in regular form: i.e.,

T_|Aun An [0
T, AT, _[Am el nB=|p (8.35)

where A1 € R™", B, € R™*™  Also assume that (in regular form) the matrix
T,QT,T associated with equation (8.33) has a block diagonal structure TrQTrT =
diag(QTQ1, Q1Q2) where QTQ| = 0 and the matrix Q] Q, € R™*™ is nonsingu-
lar. It follows that

1 o
=3 / 20TQTQiz1 (1) + 2 ()T QTQaza (1) di (8.36)
tS

where z = col(z, z2) with z; € R". As a result of the assumption of regular form,
under nominal fault-free operation, the differential equation constraint (8.8), whilst
sliding, may be written as

z1(t) = Anz1 () + Apza(t) (8.37)
where the ‘virtual control’ z, satisfies
Kz1 +22=0 (8.38)
Here (8.38) represents the hyperplane equation Sx = 0 where
S=%[K ,1T,

and S; € R™*™ and is nonsingular. Substituting for z, from (8.38) in (8.37) gives
an autonomous reduced order sliding motion. The matrix L € R™*”" must be cho-
sen to make (A1 — A12K) stable. This is always possible since (A, Aj2) is con-
trollable if (A, B) is controllable. As argued in [33] the optimal cost is given by
J = z1(t)T P,z (t;) where P, is the symmetric positive definite solution to the Ric-
cati equation

—1
PAn+ Al Pe— PeAR(QIQ2) AL P +Q[Q1 =0 (8.39)
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and z; () is the value of the state component z; at the time at which sliding occurs.
Furthermore the optimal choice of

K=(Q3Q) AL P

This problem can be posed as an LMI optimisation: Minimise trace(X ~!) subject
to

[A“X + XAT, — AN —NTAT, (QiX - QzN)T] -0
—1I

Qi X —Q2N (8.40)

X>0

where X € R"™*" and is symmetric and N := KX. As argued on page 114 in [33],
any solution to (8.40) satisfies X “I>p. Consequently trace(X ~1) > trace(P,) and
hence the minimisation process results in X ! = P,.

In the ‘back-up’ case, the input distribution matrix is perturbed by the change in
actuator. Now the new input distribution matrix B (say) is formed from replacing
the first column from B in (8.9) associated with the elevator, with By in (8.10) which
is associated with the horizontal stabiliser. In the regular form coordinates

~ Bl
B = |:BzRi|

where By € R"*™, R € R™*™ and B is given in (8.35). Provided a sliding motion
can be maintained with the new actuator set, in the regular form coordinates, the
uncertain reduced order motion can be represented as

21(1) = (A11 — AK)z1(8) + Q1€ + Biuey (1) (8.41)

where u.4 (¢) is the equivalent control signal necessary to maintain a sliding motion
on S and Q; represents the top n rows of 7, Q i.e., the unmatched uncertainty dis-
tribution matrix in the regular form coordinates. The signal u,, (¢) will be a function
of the states z; and will include the effects of any additional mismatched distur-
bances resulting from the failure (such as turning moments generated from stuck
actuators). The objective is to minimise the effect of u.4(#) and & on the nominal
performance of the system in (8.41) in an £ sense. Under the constraint that a
common Lyapunov function for both the quadratic cost problem and the £, gain
problem is sought, from the Bounded Real Lemma, the £; gain between u,, (t) and
& and the state z1(¢) is less than y if

AnX+ XA, —ApN—-NTAl, [B 011 X
[B; 011" —yl 0 |<o0 (8.42)
X 0 —yI

The overall optimisation problem used here is
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Minimise (a; trace(Z) + apy) subject to (8.40), (8.42) and

[_IZ _IX} <0 (8.43)

The matrix variable Z is a ‘slack variable’ which satisfies Z > X~! and so
trace(Z) bounds trace(X —1y. Here a; and ay are positive scalars which determine
the relative weighting between the quadratic cost and the £, problem. This repre-
sents a convex optimisation problem in terms of X, Z, N and y and can be solved
using standard LMI packages. The matrix which determines the hyperplane is com-
puted as KL = N X! and finally (in the original coordinates), the matrix

§=%[K InlT; (8.44)

The nonsingular matrix S; is then chosen to ensure SB = I,,. Although the develop-
ment above is specific to the B747 backup stabiliser scenario, the approach is more
flexible and could be used in more general situations.

8.3 Simulation Results

This subsection describes the actuator fault tolerant controller designed for the
B747-100/200 aircraft. The controller is designed for longitudinal axis control in
the ‘up and away’ flight envelope [105]. The main objective is to obtain tracking of
flight path angle (FPA) and true air speed Vi,s. The settling time when there is no
fault/failure should be approximately 20 s for FPA and 45 s for V. If a fault/failure
occurs, the tracking requirement is 30 s for FPA with no difference in the Vi, track-
ing. These specifications are adopted from [105].
The weighting matrix for the hyperplane design has been chosen as

05 0 0 00 0
005 0 00 0
T |0 0 2 -10 0
LQL=1 o 0 -1 10 o0 (845)
00 0 05 0
0 0 0 0 0 20

The last two elements of 7,Q7." multiply the z; term in (8.36) and hence weight
the ‘virtual control’ term. Thus, by analogy to a more typical LQR framework, they
affect the speed of response of the closed-loop system. The last state is weighted
heavily to reduce the gains in the engine channels. The first two terms in (8.45) are
associated with the integral action states and are less heavily weighted. The non-
diagonal term in (8.45) arises from the fact that flight path angle is the quantity of
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interest. In the following design, the parameters a; = ay = 1 i.e., equal weighting of
the quadratic cost performance and the £, robustness. In this example, the choice
of ay is not crucial because the degree of mismatch between B and B, represented
by || B1]l, is small. The LMI optimisation software gives a unique solution for /C in
(8.44) which results in

g— 0.2163 —0.0013 —0.6524 0.0077 0.3471 —0.9034
~[—=0.0000 —0.1192 0.0000 0.7526 —0.0005 —0.0000

Note the original sliding surface matrix S obtained from the optimisation software
(8.44) has been scaled using S7 in order that SB = I». The poles associated with the
sliding motion are {—0.6786, —0.3566 £ 0.3802i, —0.1584}. From (8.14) the stable
matrix has been chosen as @ = — I, which gives faster poles than those associated
with the reduced order sliding motion. This results in

Lo— —0.2163 0.0013 0.7643 —0.0086 —1.0891 1.1956
7] 0.0000 0.1192 0.1107 —0.8672 —3.8542 7.3710

L _[-02163 0.0013
4=10.0000 0.1192

The pre-filter matrix from (8.7) has been designed to be

_[-02400 0
L 0 —0.1250

This may be viewed as representing the ideal response in the FPA and the Vi, chan-
nels. Again the FPA response is faster than the Vi, response. In the simulations
the discontinuity in the nonlinear control term has been smoothed, as in Sect. 3.2.2,
by using a sigmoidal approximation where the fixed scalar § = 0.01. This removes
the discontinuity and introduces a further degree of tuning to accommodate the ac-
tuator rate limits, especially during actuator fault or failure conditions. The initial
fixed gains for the ‘back-up’ controller (using the horizontal stabiliser) are given by
ps.1 = 0.4 and p; 2 = 0.05. Here the smoothing parameter is chosen as §; = 0.1.
The larger value of §; is used to accommodate the smaller positional movement and
lower rate limits of the horizontal stabiliser. In this chapter, only the gains in the el-
evator channel are allowed to adapt: the gains associated with the thrust channel are
fixed. When employing the adaptive gain for the controller from (8.15), it was found
for this particular example the 7(; 1)(¢) in (8.17) have no significant effect on the
closed-loop performance and so /; = C; = 0 was chosen and therefore r(; 1)(t) = 0.
The parameters, /; and C; have been chosen as I, = 0.5 and C; = 0.9117 and
therefore 7(; 2)(¢) = 1. The upper and lower limits for p;(¢) have been chosen as
Pmax,1 =5 and pmin,1 = 11 = 0.2, respectively. Here n; = 0.2 is chosen to be larger
than the uncertainty in the no fault condition. The choice of pmax,1 dictates how fast
a severe or total failure can be detected. Here, pmax,1 has been chosen large enough
to compensate for the worse case fault on the elevator (before the switch to the sta-
biliser is activated) at a 70% decrease in effectiveness. The adaptation parameters
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are o) = 600 and By = 0.02 and the tolerance ¢ = 0.0005. Appropriate values for
a1, By and € involve some design iteration. The parameter € was chosen to be able
to tolerate the variation in s(¢) due to normal changes in flight conditions but small
enough to enable the adaptive gain to be sensitive to deviations from zero in the
switch term s; when a fault or severe disturbance occurs. The term « dictates the
rate at which p;(#) increases and reacts to the faults. Here, it needs to be large to
enable small changes in s to cause significant changes in the gain so that the control
system reacts quickly to the onset of a fault. From (8.29), (1 — k)en; =3.0 x 107
and B;/(4a; (1 — k)) =2.78 x 107 and therefore the condition in Proposition 8.1
is satisfied.

The simulations presented in this chapter are all based on the full nonlinear
model. For the ‘up and away’ flight condition, the elevator is used to track FPA
demands.

8.3.1 Fault-Free Simulations

In this section, simulations are presented for the nominal controller design as de-
scribed in Sect. 8.3. The simulation covers the entire ‘up and away’ flight region,
from an altitude of 4000 m with a velocity of 184 m/s, to the end of the region at
an altitude of 8500 m and with a velocity of 280 m/s. A series of 3 degree FPA and
10 m/s Vias commands are issued during the simulation to take the aircraft through
the entire envelope. Figures 8.4(a), 8.4(c) and 8.4(d) show the results associated
with the controller designed for the elevator and thrust, whilst Fig. 8.4(b) shows
the performance with the horizontal stabiliser as the control surface (together with
thrust). In these responses the adaptive gain in each channel has been fixed through-
out the simulation. Figure 8.4 shows that both controllers are able to maintain satis-
factory tracking performance (using either the elevator or horizontal stabiliser) over
the range of the ‘up and away’ flight region even though these conditions become
increasingly distant from the design condition. This indicates the robustness of the
single fixed sliding mode controller.

8.3.2 Changes in Effectiveness Gain

This section shows how the controller with an adaptive gain p(t), as defined in
Sect. 8.2.1, copes with different percentages of faults as modelled in (8.1). This
section also demonstrates the fault detection capability of the controller. The sim-
ulations have been conducted at an altitude of 4000 m and a Vi,s of 184 m/s with
a 3 degree of FPA (0.5-30 s) step change and a 20 m/s Vi, step change at 55 s as
command signals. The ‘effectiveness gain’ has been implemented as a simple but
unknown (as far as the controller is concerned) gain between the output of the con-
troller block and the actuator dynamics. These simple tests indicate the effect of a
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Fig. 8.4 Nominal fault-free performance

loss of efficiency of the elevator due to damage or faults. Figure 8.5 shows compar-
isons of the adaptive gain controller with k1 =0, 0.5, 0.6,0.7,0.7, 0.8, 0.9 (indicat-
ing 0, 50, 60, 70, 80, 90 percent failure, respectively). It can be seen that there is
a slight variation in FPA tracking but no visible difference in Vi tracking. Overall
FPA tracking is still possible (although with some degradation in performance) even
with a 90% fault. This indicates that the adaptive gain controller is robust and has the
ability to maintain good tracking even for severe faults. Looking at the signal s (the
switching signal associated with the elevator channel) in Fig. 8.5(c), its value is still
relatively close to zero even when the percentage of fault increases. The adaptive
gain signal shows that at 70% failure, the gain reaches the maximum allowable set
gain (Pmax,1 = 5). At this point it would be possible for a warning signal to be sent



8.3 Simulation Results 203

FPA — (deg)
N

i E,éo,‘eo,m,eo_,éo percent fault ‘
0 50 100 150
(a) Controller performance: FPA tracking

210
@ 2001 i R
£ i
8 I — — refcmd
£ 190t ) 4
| elevator fault
180 : !
0 50 100 150
(b) Controller performance: V45 tracking
x10°
— 6 T
2 0,50,60,70,80,90 percent fault
—_ G
9 5
g2
<2
[CA
0
0 50 100 150
6 T T
0,50,60,70,80,90 percent fault
£c S~
86 4 T~ 1
]
=2 T
83 2f
T
0 t 1
0 50 100 150

Time (sec)

(¢) Switching function |s1| and adaptive gain p1

Fig. 8.5 Responses of different effectiveness gains

to the pilot or an automatic change to the ‘back-up’ controller could be initiated.
Notice that even though the nominal adaptive gain controller is still able to main-
tain stability up to 90% failure, early failure detection is more desirable to provide
advanced warning and to avoid potentially irrecoverable instability.

8.3.3 Total Elevator Failure Simulations

This section shows the results of nonlinear simulations when the elevator develops
floating and/or lock type actuator failures. These simulate total failure of the eleva-
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tor and therefore require stabilization of the aircraft using the ‘back-up’ controller
(which uses the horizontal stabiliser). A similar flight scenario is considered. The
failure is set to occur during the climb (pitch up) manoeuvre at 10 s for both fail-
ure scenarios. To simulate a floating actuator type of failure, the elevator signal is
replaced with the angle of attack [105]. This simulates the ineffectiveness of the
elevator to provide a moment, and therefore the aircraft is unable to perform a pitch
manoeuvre. Figure 8.6(a) shows that FPA tracking performance is slightly degraded
and the response is slower. Figure 8.6(c) shows that the failure is detected at 11.38 s
when the adaptive gain reaches its maximum value. Some peaks can be seen in the
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120 140

horizontal stabiliser signal (Fig. 8.6(b)) after activation due to the sudden change of
control signal, but this stabilises after a few seconds. Once the controller is switched
to the horizontal stabiliser, that surface is used for the remainder of the simulation.
Opverall performance is satisfactorily maintained after detection of the failure and
after the change to the ‘back-up’ controller. To simulate lock failures, the elevator
position is held at its value at 10 s. Figure 8.7(a) shows that, as before, the FPA
tracking is slightly degraded. The failure is detected at 13.45 s (Fig. 8.7(c)) and the
horizontal stabiliser is activated (Fig. 8.7(b)). A high peak occurs in the horizontal
stabiliser signal but disappears after a few seconds (Fig. 8.7(b)). Overall tracking

performance is maintained.
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8.3.4 Total Elevator Failure with Wind and Gusts

The same set of flight conditions and tests has been repeated in the presence of
nonzero wind and gust (turbulence) conditions. The nonzero wind condition is set
as —11, —12,0 (m/s) for the u, v, w wind axis, respectively. As in [183], the turbu-
lence parameter is set as white noise with a variance of 1. Figures 8.8 and 8.9 show
the simulation results for float and lock type failures with wind and turbulence dis-
turbances. As in the previous test, all the plots show that the controller has been able
to maintain stability and tracking performance even in the presence of disturbances.
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8.3.5 Combined Loss of Effectiveness and Elevator Failure

The simulations have been conducted at an altitude of 4000 m and a Vi,g of 184 m/s.
The reference command requests a change in flight path angle of 3 deg for 20 s
followed by a 20 m/s change in speed over a period of 45 s (in two steps). The
command sequence for the FPA demand is then reversed after 250 s so that the air-
craft is returned to (approximately) the initial flight conditions. These simple tests
indicate the effect of a loss of efficiency of the elevator due to damage or faults.
Figures 8.10 and 8.11 show the results of nonlinear simulations for various fault
conditions: a nominal (no fault) period for the first 150 s, followed by degradation
of the elevator effectiveness (150-260 s) and finally total failure (260-400 s). From
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150-260 s, as shown in Fig. 8.10(e) and 8.11(e), the elevator effectiveness degrades
from (normal) 100% to 40% effectiveness. Subsequently the elevator develops float-
ing and/or lock type actuator failures at 260 s. These simulate total failure of the ele-
vator and therefore require stabilization of the aircraft using the ‘back-up’ controller
(which uses the horizontal stabiliser). The failure is set to occur during the descent
(pitch down) manoeuvre at 260 s. To simulate a floating actuator type of failure,
the elevator signal is replaced with the angle of attack signal. Figure 8.10(a) shows
that FPA tracking performance is slightly degraded and the response is slower. Fig-
ure 8.10(d) shows that the failure is detected at 261.71 s when the adaptive gain
reaches its maximum permissable value. Some spikes can be seen in the horizontal
stabiliser signal (Fig. 8.10(c)) after activation due to the sudden change of control
signal, but this stabilises after a few seconds. Once the controller is switched to
the horizontal stabiliser, that surface is used for the remainder of the simulation.
Overall performance is satisfactorily maintained after detection of the failure and
the change to the ‘back-up’ controller. To simulate lock failures, the elevator posi-
tion is held at its value at 260 s. Figure 8.11(a) shows that FPA tracking is slightly
degraded. The failure is detected at 262.62 s (Fig. 8.11(d)) and the stabiliser is acti-
vated (Fig. 8.11(c)). Overall tracking performance is maintained.

8.4 Sensor Fault Tolerant Control

In the following sections, the idea of using fault reconstruction signals as a means
of achieving fault tolerance (as in Fig. 8.12) when a sensor fault occurs, will be
presented. The model and the controller from the last section will be used. In this
section, the fault reconstruction will be based on the robust method proposed in
Sect. 6.3.

In the previous section, a controller was developed which copes with actuator
faults and failures. The scheme assumes that accurate fault-free measurements of
the states are available. Here the possibility of faulty state measurements will be
considered. The idea is to use a sliding mode observer to reconstruct the fault signals
and to use these signals to correct the measured values before they are used in the
control law.
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8.4.1 Preliminaries

Consider an uncertain dynamical system affected by sensor faults described by

xp(t):Apxp(t)+Bp”(t)+Qp$(tsxp) (8.46)
(&) =xp(t) + Np fo(2) (8.47)

where A, e R"*", B, e R"™" N, e R"™" and Q, € R"*Y with n > r. In (8.47),
it is assumed that all states are available for measurement. Assume that the matrix
N, is full column rank and the function f, : R — R is unknown but bounded so
that

| fo®| < a0 (8.48)

where a : Ry — Ry is a known function. The signal f,(¢) represents (additive)
sensor faults and N, represents a distribution matrix, which indicates which of the
sensors providing measurements are prone to possible faults. Notice in this special
case, all the states are assumed to be measured by sensors—which is normal for
modern civil aircraft.

The objective is to design a sliding mode observer in order to reconstruct the
faults f,(¢). As argued in Chapter 6, an effective way to do this is to first introduce
a filter. Consider a new state x y € R" that is a filtered version of y(¢) from (8.47),
satisfying

i) = —Apxp(t) + Af(xp(0) + Np fo()) (8.49)

where —A y € R"*" is a stable matrix. Equations (8.46) and (8.49) can be combined
to give a system of order 2n with states x, = col(x,, x r) in the form

Xq(t) = Aaxq(t) + Bau(t) + My fo (1) + Q4& (2, xp) (8.50)
xf(t) = Cyxq (1) (8.51)

for appropriate matrices A, € R@V*x20 B e R@Wxm e R M, €
RCD*" and Q, € R@M*4  For the uncertain system in (8.50)—(8.51) a sliding mode
observer of the form

)éa(t) = AyXq(t) + Bau(t) _Gley(t)+GnV (8.52)

will be considered. In (8.52) the discontinuous output error injection term

b= —po(tsy )2 i e, £0 (8.53)
”Poey” !

where e, (1) 1= C,X,4(t) — x £ (¢) is the output estimation error and P, is a symmetric
positive definite matrix.

As argued in Sect. 6.3, the gains G; and G, are chosen to generate a stable
sliding motion on S, = {e : C,e = 0} in finite time, where e is the state estimation
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Fig. 8.13 Schematic of the sensor fault implementation

error (X, — x,). Furthermore, the gains G; and G,, can be chosen to minimise the
impact of £(¢, x,) on the reconstruction of f, obtained as f(, = Wyeveq in an Lo
sense. In fact only r x (n —r) elements in Wj, are freely assignable since Wy, must
be chosen to ensure that Wy C, M, = I,.. The signal v,, can be approximated to any
degree of accuracy, and is computable online as

Pyey,

- (8.54)
||P0€y|| + 8

Vs = —po(t,y,u)

where §, is a small positive scalar. Then if fo = W;cvs, by straightforward manipu-
lation, it can be shown that the fault reconstruction signal from (8.4.1) satisfies

fot) = fo(0) + G(s)E(t, xp) (8.55)

where G(s) is a transfer function matrix which depends on the plant matrices A,
Q., the observer matrix G, and the weighting matrix Wj,.

A general configuration representing the proposed sensor fault tolerant control
scheme which will be used in this chapter is shown in Fig. 8.13. In this particular
figure, the specific output of the FDI component is the sensor fault estimate fo.

8.4.2 Closed-Loop Analysis

In this chapter, the estimated sensor fault fo will be used to correct the measured
output signal so that y — N, fU will be the output of a ‘virtual sensor’ that will be
used in the control law calculations to generate u. Suppose the corrected output
measurement is given by X, then

Rp =y = Npfo=xp+Np(fo— fo) (8.56)
Also the integral action states from (8.6) are corrected so that

%q=Ye — Cekp =y — Cexp — CeNp(fo — fo) (8.57)
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After the coordinate change x +— T, x = z to induce regular form, and assuming for
stability analysis purposes that y. = 0, then

Z1 Al Az 0 01 B! .
2| + + - - 8.58
|:Z2:| |:A21 A22i| |:sz| I:Bz:| u |:Q2 § B,% (fo—fo) ( )
S——— ———— N -
4 TrAT,T z T-B T, 0 T,B4CcNy,
where zo € R™. By construction

fo— fo=—G(8)E(t, xp) (8.59)

Suppose G(s) has a state- space realisation (A, B, C, D) with states é € R"—P)
which implies f, — fO =—Cé— DE During a sliding motion, since x is used in
place of x in the control law, it follows that 5(¢) = Sx = 0 and so

Si=0 & ST Tx+SNy(fo— fo) =0

& SIK Inlz+ SN, (fo — fo) =0 (8.60)

where ]\A/g = [0 xm N};] to account for the augmentation of the integral action
states. From (8.60), during a sliding motion,

22(1) = —Kz1(1) + S5 ' SN, (Cé(t) + DE(t, xp)) (8.61)

Consequently, from (8.58), the reduced order sliding motion is governed by
210) = (A — AK)z1 (1) + 018(, x)p)
+ (A12S5 SN, + BY) (Cé(r) + De(t, xp)) (8.62)

é(t) = Aé(r) + BE(t, xp) (8.63)

By assumption [|&(z, xp) || < C1llzp(#) || + C2. Consequently, since
(@l 0] +c2)” <20} |0 | +203
it follows from (8.61) that
e xp ) =2¢i(Ja @]+ 220]) +2¢3

<2 ((1+4IK12) 210> + 4] S5

+2] 87 SN, |1 DI 6, xp) %) + 263
Let o2 := max{1 +4[K|1%, 4]|S; ' SN,C||?}. Using the fact that

|G|, <7 =Dl <7
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means
1E1% < 2c (@ (Iz1 1% + 1812) + 2| S, ' SN, | P2 116 1%) + 2¢3 (8.64)

Suppose 4C%]72||S; 1SZ\A/,,H2 < 1, which will always be satisfied for a small

enough y, then rearranging (8.64) yields
117 < 2y | 2]+ 25
- ¢ (1—4Cip2IS; SN |1?)
& &

(1 —4cip2118, ' SN, I1%)
2
A Zl A
= (Cl |: ¢ :|H + Cz) (8.65)
Notice that ¢; — 0 as C; — 0, and so as the plant uncertainty decreases, the uncer-
tainty in (8.62)—(8.63) diminishes. If £(¢, x,) = O then (8.62)—(8.63) is stable since
both Aj; — A12K and A are stable by design. Consequently using Lyapunov argu-

ments similar to those in Section 3.6 in [85], there exists a value of C; > 0 for which
the system (8.62)—(8.63) retains stability.

2

8.5 Robust Sensor Fault Reconstruction for the B747

This section describes the development of the fault reconstruction scheme for the
full nonlinear high fidelity model of the B747-100/200 aircraft from [183]. As
in Sect. 8.2, a linearisation of the B747 model about an operating condition of
300,000 kg, 184 m/s true airspeed, and an altitude of 4000 m at half maximum
thrust has been obtained. The system matrices (A, B) are given in (8.3)—(8.4) and
the output distribution matrix is given by

Cp=

S oo~
SO = O
SO = O O
- o O O

A key aspect of the design is to establish the matrix Q, from (8.46) which captures
the discrepancy between the nonlinear and linear models. A much more accurate
model is required here for analytical redundancy purposes than for the controller
design. Prior to obtaining the matrix O, the second state (Via5) has been scaled by
0.1 and therefore the plant system triple (A, By, C)) is transformed by the matrix
given by Ty = diag(1, 0.1, 1, 1). This has been done so that the magnitude of each
of the states is comparable. Uniformly sampled data at 10 Hz were collected from
the nonlinear (open-loop) simulation which was excited using a PRBS signal (see
Fig. 8.14) of amplitude 1 deg in the elevator channel. An estimate of the derivatives
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of each of the state-space vector components was obtained numerically (off-line)
and an error vector e, := x — Ax — Bu was computed for each sample.

In terms of the uncertainty model from (8.46) the time series data {e,} = O, {£}.
Figure 8.15, shows the four components of the signals e),. Principal component
analysis on the signals e, using singular value decomposition of the matrix e;ep
has been employed to compute Q. This is based on the procedure proposed by
Chen and Patton [51]. The singular values of the matrix ele p € R**# are given by
{3.2332,1.9011, 0.3644, 0.0001}. The first two are significantly larger than the last
two and so Q) has been chosen as the eigenvectors associated with the first two
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singular values giving

08562 0.4262
03149 —0.8786

Qp=1|_04049 —0.2155 (8.66)
0.0000  —0.0000

Details of the raison d’etre for this appear in [51]. Note that the elements in the last
row of Q, are small compared to the others. This is in accordance with the obser-
vation that pitch (the last state) is the integral of pitch rate, and therefore no mod-
elling uncertainty is present. Once the matrix Q, from (8.50) has been obtained, the
observer gains G; and G, and the reconstruction weighting matrix W, can be syn-
thesized using the LMI optimisation proposed in Sects. 6.3 and 4.5. The choice of
the filter matrix A y impacts on the performance of the system. If the absolute value
of the eigenvalues of A are small then the bandwidth of the filtering properties is
decreased. Consequently, during sliding, although the output of the observer may
track the filtered outputs of the plant perfectly, the outputs of the observer no longer
necessarily track the true output of the plant as accurately—consequently there is
a reduction in performance in terms of the state estimation properties. Conversely,
large negative eigenvalues for A y improve the state estimation performance. How-
ever, the state estimation performance is not the key criteria here. More importantly,
the choice of Ay affects the optimal value of y = ||é(s)||m. Often if the band-
width of the filter associated with A s is lower than the natural frequency of any
oscillatory modes in the plant, then the optimal value of y which is obtained from
the LMIs may be reduced/improved, and consequently smaller eigenvalues for A ¢
maybe preferable. Therefore the selection of A f is a crucial part of the initial design
iteration. Here A y from (8.49) has been chosen as A y = 0.01 x I4. Assume that the
pitch rate g, true air speed Vi,s and angle of attack o« measurements are fault-free
and therefore N, from (8.47) is defined as

T _
NI=[0 0 0 1]

Using the fault reconstruction method based on the observer described in Sect. 8.4.1
applied to the augmented system, and choosing

Dy =diag(0.1 0.11 0.1 0.1)

and 7, = 0.003 the following observer gains have been obtained:

[ 0.3325 —4.5479 —1.3616 —0.6191 |
—8.0016 74.7746  —1.1413 —12.9629
1.8657  —0.0352  1.4094 1.7649

G — 32872  —11.6213  2.6326 4.8176
=1 00324 —0.1128 0.0248 0.0461

—0.1365 1.6228 —0.0029 —0.2522
0.0248  —0.0024  0.1640 0.1631

| 0.0461  —0.2084  0.1631 0.3181 |
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[ 8.0739 —2.2555 —9.5628 —0.0000]
—81.3037 40.4364  6.0311 0.0000
85.9276 59437 —4.2736  0.0000

G. — 99.8244  —0.2224  0.9782 0.0000

" 1.0000 0 —0.0000  0.0000

0.0000 1.0000 0.0000 0.0000

0 0 1.0000 0
| —0.0000  0.0000 —0.0000 1.0000 |
where

157240 1.0217 —1.8273 —0.53137]

P 1.0217 0.2582 —0.4207 0.2724

27| —1.8273 —0.4207 4.4240 —2.3378
—0.5313  0.2724 —2.3379  2.4352 |

and the injection scaling matrix from (8.4.1) is
Wie = [0.8295 1.0211 —2.5213 100.0000]
It can be shown that with this choice of gains
|G(s)],, =5.8668 x 107

The choice of the design matrix Dj has been used to fine tune the observer gain Gy,
while y, is chosen to be small to ensure that the Hs, norm of é(s) from (8.55) is
small (which means that the fault reconstruction will be less affected by the uncer-
tainty). When trying to ensure that the Ho, norm of G(s) is small (using a small
Vo), the observer gain G; might become large and unrealistic for implementation.
Therefore in terms of design, there is a trade-off between obtaining a small 7 and
a realistic observer gain G;. The simulation parameters from (8.54) were chosen as
po =50 and 5, = 0.005. A large p, is required to ensure that sliding still occurs
in the presence of uncertainty and faults; and a small §, is necessary to closely ap-
proximate the discontinuous switching injection signal. The v, signal used for the
reconstruction is filtered using a first order low pass filter with time constant 0.1
before being scaled by the weighting matrix W;.. This filtering operation is quite
in keeping with the notion of the equivalent injection being the low frequency com-
ponent of v [256]. In the same way, other observers can be designed to specifically
reconstruct faults on the angle of attack and pitch rate measurement signals.

8.6 Sensor Fault Tolerant Control Simulation Results

The effect of feeding faulty sensor signals into the controller has been investigated.
For comparison purposes, the performance of the scheme in Fig. 8.13 has been mea-
sured using the root mean square (RMS) of the FPA tracking error. As in Sect. 8.3.5,
the same flight conditions and controller have been used. The following subsections
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Fig. 8.16 Fault-free controller responses

will discuss the different scenarios for testing the observer-based schemes which
have been designed. First a nominal no fault condition is considered. Then the sce-
nario in which a fault occurs and fault reconstruction is not used is discussed, to
see the effect of the corrupted signals on the performance of the controller from
Sect. 8.3. Finally, the FTC scheme from Fig. 8.13 is employed in the presence of
faults, using a sliding mode fault reconstruction scheme. Note that the simulations
are done on the full 77 state nonlinear high fidelity model of the B747-100/200.

8.6.1 Fault-Free Simulation

The fault-free performance of the controller is given in Fig. 8.16. The reference
command requests a change in flight path angle of 3 deg for 20 s followed by a
20 m/s change in speed over a period of 45 s (in two steps). The command sequence
for the FPA demand is then reversed after 250 s so that the aircraft is returned to
(approximately) the initial flight conditions. (The results presented in the following
figures do not include the trim values for ease of interpretation.) Since the design
of the FDI scheme assumes that the measurement for Vi, is free from faults, only
the FPA tracking error is shown, and the RMS value is used as a measure of the
controller performance. Figure 8.17(a) shows the FPA tracking error when no fault
is present. The RMS of the error signal is 0.0150.
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Fig. 8.17 Fault simulation: FPA tracking error: fault-free and with fault (FDI switched off)

8.6.2 Fault Simulations: FDI Switched Off

Figure 8.17(b) shows the FPA tracking error when the corrupted pitch signal (from
a faulty sensor) is directly used by the controller. The fault signal was set as a sensor
drift represented by a positive ramp signal starting from zero at the beginning of
the simulation, with a peak of 5.73 deg at 250 s and then a negative ramp back to
zero at 500 s (as in Fig. 8.19(a)). When the corrupted pitch signal is used directly
by the controller, Fig. 8.17(b) shows a significant degradation in the performance
of the FPA tracking error. A RMS value of 0.1969 is observed compared to 0.0150
in the fault-free case (Fig. 8.17(a)). In the subsequent tests, the FDI scheme will
be switched on and the performance of the FTC from Fig. 8.13 will be evaluated
when the fault reconstruction signal is used to correct the corrupted sensor signal
before being used by the controller. As before, the same set of flight conditions and
tests, using the same controller and command references, will be performed in the
scenario that there is a fault on the 6 measurement.

8.6.3 Fault Simulation: FDI Switched On

Figure 8.18 shows the corrupted plant output with an error on the pitch () measure-
ment. Figure 8.18 also shows that the observer states track the filtered plant outputs
closely. The filtering effect is clearly visible in Fig. 8.18 where the filtered plant
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Fig. 8.19 Fault simulation responses: FDI switched on (without trim values)

and observer output are different from the (actual) plant output. Here, the objective
of the observer is to provide a good estimate of the faults; however, the plant state
estimates are compromised by the low pass filter. Figure 8.19(a) shows the recon-
structed 8 sensor fault. The corrupted measured pitch signal (Fig. 8.18) is corrected
by the fault estimation signal in Fig. 8.19(a) before being used by the controller. The
closed-loop performance of the aircraft is given in Fig. 8.19(b). The RMS of 0.0154
in Fig. 8.19(b) is better than the one in Fig. 8.17(b) (0.1969), which shows that
the sensor fault reconstruction has enabled the controller to maintain the required
performance in the presence of a sensor fault.

8.6.4 Fault Simulations with Sensor Noise

Figure 8.20 shows the simulation results under similar conditions to the previous
tests but with the addition of (bounded) sensor noise. The noise has been imple-
mented using a scaling of the band limited white noise block in SIMULINK® with a
noise power of 0.01 and sampling time of 0.1. Figure 8.20 shows satisfactory sensor
fault reconstruction in the presence of noise.
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8.6.5 Threshold Selection

The reconstruction schemes above have been implemented on the full nonlinear
model of the B747-100/200 using FTLAB747 V6.5. The observers have been run
under the assumption that the measurement of true air speed Vi is fault-free. In
the event of a pitch sensor fault, a reconstruction from the FDI provides the fault
estimation. Note that in a nominal fault-free scenario, the FDI will not be switched
on to correct the signals used in the controller because this would degrade the per-
formance since the reconstructions are not perfect. The simplest approach would
be to use the correction signals only if the fault estimate exceeds a predetermined
threshold value indicating the presence of a fault. An initial estimate of the required
threshold can be obtained using the reconstruction scheme in a fault-free situation.
Figure 8.21 shows the fault reconstruction signals when no fault is present. The se-
lected threshold values need to be larger than the ‘normal’ variations in the fault
estimation signals, to avoid false alarms, but not too large to miss faults. In the
above simulations, the threshold values can be chosen as +0.3 deg for the pitch
angle sensor.
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8.7 Summary

The first part of this chapter presented a SMC scheme for fault tolerant control of a
civil aircraft. Only longitudinal control with a fault and/or failure occurring in the
elevator channel has been considered. The controller is based on a state-feedback
sliding mode scheme and the gain associated with the nonlinear term was allowed
to adaptively increase when the onset of a fault was detected. Compared to other
FTC schemes which have been implemented on this model, the controller proposed
here is simple and yet is shown to work across the entire ‘up and away’ flight en-
velope. It is not scheduled with respect to any variables and its structure remains
fixed (except for the adaptive gain associated with the nonlinear switching term).
Unexpected deviation of the switching variable from its nominal condition initiates
the adaptation mechanism. Total failure can also be detected from the switching
function, and in this example has been used to trigger the use of a ‘back-up’ con-
trol surface. A range of realistic fault scenarios was considered and the results of
simulations using the full nonlinear aircraft model have been presented.

The second part of the chapter has highlighted the capabilities and benefits of
sliding mode observers as a means of fault reconstruction and sensor fault tolerant
control. The scheme involved the reconstruction of the sensor faults using a sliding
mode observer. The fault reconstructions were then used to correct the measured
outputs before they were used in the controller calculations and therefore the con-
troller does not need to be reconfigured.

8.8 Notes and References

The representation of actuator faults/failures in (8.1) indicates a reduction in the
effectiveness of a particular actuator via the diagonal structure of K. This repre-
sentation is used by many other researchers such as [32, 148, 251, 296]. Posing
the faults/failures as in (8.1), makes the stability analysis and FDI integration much
simpler.

In terms of improving the safety of large passenger aircraft, there is already sig-
nificant literature investigating FTC, see e.g., [35, 105, 177, 184, 298]; including
the successful NASA work on propulsion controlled aircraft (PCA) which involved
a successful flight test. Apart from [35], all these papers describe work on the same
high fidelity nonlinear model of a B747 aircraft based on software called FTLAB747
[183, 233, 234]. In [105], an LPV controller is proposed for FTC, however, only
longitudinal control is considered. Marcos and Balas [184] investigated robust inte-
grated controller design and diagnosis for the longitudinal axis. The work in [298]
considered both longitudinal and lateral control, but is only applied to the linear
model of the aircraft. In [120] an integrated propulsion controlled aircraft has been
proposed using a modified version of the FTLAB747 software. However, this paper
considers thrust vectoring,* which is currently not available in any large passen-

4Thrust vectoring refers to the capability of the nozzle of the jet engine to be directed at any angle.
Typically most jet engine nozzles are fixed and not movable.
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ger transport aircraft. (Although thrust vectoring is currently available in advanced
fighter aircraft such as the Saab JAS 39 ‘Gripen’ [97] and Sukhoi Su-30MKM.) Re-
searchers in [222] use SMC on a similar aircraft but not the validated FTLAB747
high fidelity model.



Chapter 9
Fault Tolerant Control with Online Control
Allocation

In Chap. 8, SMC was shown to be able to handle actuator faults without requiring
any FDI. However, sliding mode methods are still hampered by one drawback; the
inability to directly handle total actuator failures.! In Chap. 8, a simple example
showed that when an elevator fails, the horizontal stabiliser can be used to generate
the same pitch manoeuvre. In Chap. 8, the control signal to the elevator was simply
rerouted to the stabiliser as the relationship between the stabiliser and the eleva-
tor is known. The idea of using a single controller which can redistribute the control
signals to ‘redundant’ actuators is appealing. It avoids the need of having many con-
trollers (or a bank of controllers) for each type of fault or failure as required by many
other strategies in the FTC literature. It also removes the requirement of switching
between controllers when faults/failures occur and the associated bumpless transfer
issues. This chapter will further explore the ideas from Chap. 8 for rerouting con-
trol signals, using a strategy called control allocation (CA). CA provides SMC with
access to redundant actuators enabling the SMC to handle actuator failures directly,
thus opening new and exciting ways of achieving FTC. In this chapter, a novel con-
trol allocation strategy is considered whereby the control signal distribution is based
on the actuator effectiveness level.

9.1 Introduction

In most safety critical systems, e.g., passenger aircraft [35] and modern fighter air-
craft [97], there is actuator redundancy. This gives freedom to design FTC systems
to maintain stability and acceptable performance during faults and failures. CA is
one approach to manage the actuator redundancy for different control strategies han-
dling actuator faults (see for example [38, 63]). In this chapter, a combination of
SMC and CA will be explored to achieve FTC. A rigorous design procedure is de-
veloped from a theoretical perspective. The proposed scheme has been tested in

I This drawback is also inherent in almost all traditional feedback control paradigms such as LQR,
Hoo and p-synthesis.

H. Alwi et al., Fault Detection and Fault-Tolerant Control Using Sliding Modes, 225
Advances in Industrial Control,
DOI 10.1007/978-0-85729-650-4_9, © Springer-Verlag London Limited 2011
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simulation on an aircraft model which has been used in the literature to demonstrate
a CA scheme [122]. The control strategy uses the effectiveness level of the actuators
and redistributes the control to the remaining actuators when faults/failures occur.

9.2 Controller Design

Consider the nth order linear time invariant system with m inputs given by
X(t) =Ax(t) + Bu(t) (.1

where A € R™" and B € R™ "™ with 1 <m < n. In most of the CA literature, it is
assumed that B can be factorised as

B=B,N 9.2)

where B, € R"™! N e R/*™ and both have rank [ < m [122]. Then the ‘virtual
control input’ [122] is defined as

V(1) := Nu(t) 9.3)

where v(7) € R! can be interpreted as the total control effort produced by the ac-
tuators [122]. Typically the control law v(¢) is designed based on the pair (A, B,)
which is assumed to be controllable. Direct manipulation of (9.3) gives

u@)=N"v() 9.4)

where NT e R"* i a right pseudo-inverse of matrix N, so that NN T = I;. Note that
the choice of N is not unique. One choice for N is obtained from the following
minimisation problem:

minuT W1y subject to Nu = v 9.5)
u
where W € R is a symmetric positive definite diagonal weighting matrix [122,
203]. This minimises at each time instant the ‘weighted sum of squares’ cost, asso-
ciated with the control vector u. The optimal solution to (9.5) is u = N v where

Nt = wWNT(NWNT)™! 9.6)

Often in the literature, W from (9.5) and (9.6) is set to the identity [222, 226, 269],
which gives the classical Moore—Penrose pseudo-inverse [129]. Another approach
is to choose the weighting W to be a diagonal matrix formed from the control sur-
face limits squared [38, 63]. In this way, W scales each control surface based upon
deflection limits to equally distribute the control effort [38] (assuming symmetric
position limits and no rate limits).
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Fig. 9.1 Control allocation strategy

9.2.1 Problem Formulation

This chapter considers a situation where a fault develops in system (9.1) associated
with the actuators. It will be assumed that in the event of actuator faults or failures,
(9.1) can be rewritten as

x(t) =Ax(t) + Bu(t) — BK()u(t) 9.7

with K (¢t) = diag(k(?),...,kn(¢)) where the k;(¢) are scalars satisfying 0 <
ki(t) < 1. These scalars model a decrease in effectiveness of a particular actua-
tor. If k; (r) = 0, the ith actuator is working perfectly whereas if k; (f) > 0, a fault is
present, and if k; (r) = 1, the actuator has failed completely.

In this chapter, a novel choice of weighting matrix W will be considered. If in-
formation about the actuator faults is available from a fault detection and isolation
(FDI) scheme so that the actuator effectiveness values k; are known, the control
signal from the ‘virtual control’ v(¢) can be redistributed to the remaining working
actuators using W in (9.6). Here, the weight W has been chosen as

W=1I-K 9.8)

As a direct consequence, W = diag(wy, ..., w,) and the diagonal elements w; =
1 —ki. As k; — 1, w; — 0 and so the associated control component u; in (9.5)
is weighted heavily since 1/w; becomes large. Note that in a fault-free situation
W =1 (a common choice in the CA literature [222, 226, 269]).

Figure 9.1 illustrates the proposed FTC control allocation strategy. The control
allocation will depend on the effectiveness of the actuators. The information nec-
essary to compute W online can be supplied by a fault reconstruction scheme as
described in Chap. 4 for example, or by using a measurement of the actual actuator
deflection compared to the demand which is available in many systems, e.g., passen-
ger aircraft [35]. Alternatively other fault reconstruction schemes based on Kalman
filters [296] can be used. From (9.8) if an actuator fault occurs, the weighting W
will be changed online and the control input u () is reallocated to minimise the use
of the faulty control surface. In the event of total failure of the ith control surface,
ki — 1 and therefore the ith component of W' becomes large. Hence, u;(¢) is
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totally rerouted to the other actuators (provided there is enough redundancy in the
system).

In many systems with actuator redundancy, the assumption in Sect. 9.2 that
rank(B) = is not valid, and hence the perfect factorisation in (9.2) cannot hold.?
However, the system states can always be reordered, and the matrix B from (9.2)

can be partitioned as
B
B = [ BJ 9.9)

where By € R®=)>™ and B, € R!*™ has rank /. The separating of the control law
from the control allocation task comes naturally with design methods like feedback
linearisation and backstepping, which employ intermediate ‘virtual control’ signals
[20, 121]. In most aircraft and submersible systems the control objectives can be
achieved by commanding some desired moment to be generated by the control sur-
faces [20, 121]: in aircraft systems for example, the channels associated with B;
are the equations of angular acceleration in roll, pitch and yaw [122]. Here it is as-
sumed that the matrix B> will represent the dominant contribution of the control
action on the system. This will be discussed formally later in the chapter. In [222],
it is assumed that By = 0. This represents the extreme situation where the total ef-
fect of the control is through B, only. Here By # 0 will be considered explicitly in
the controller design and in the stability analysis. It will be assumed without loss
of generality that the states of the system in (9.1) have been transformed so that
By BY = I; and therefore || By || = 1. This is always possible since rank(B;) =1. Let
the ‘virtual control’

v(t) = Bou(t) (9.10)
so that
u(t) = Bjv(r) ©.11)
where the right pseudo-inverse is
- —1
Bl :== WB] (B,WB)) (9.12)

The fault term from (9.7), BKu(t) = BK B2T v(t), and therefore (9.7) becomes

+ il
)'c(t):Ax(t)+|:BllBZj|v(t)— |:B1KB%f:|v(t) (9.13)
1 B>K B,
\"f_’/
B,

The objective is to use SMC techniques, to synthesise the ‘virtual control’ v(z).
Define a switching function s(¢) : R* — R to be

s(t) =Sx(t) 9.14)

2See for example (9.70), where rank(B) = 4 and [, which relates to the choice of B, in (9.9), is
| =rank(B;) = 3. Similarly in (11.2) and (11.4), rank(B) = 3 whilst [ =rank(B;) = 2.
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where § € R™*” and det(SB,) # 0. Let S be the hyperplane defined by S = {x (1) €
R"™ : Sx(t) = 0}. If a control law can be developed which forces the closed-loop
trajectories onto the surface S in finite time and constrains the states to remain
there, then an ideal sliding motion is said to have been attained. The selection of the
sliding surface is the first part of any design and defines the system’s closed-loop
performance. The sliding surface will be designed based on the nominal no fault
condition (K = 0). The second aspect of the control design is the synthesis of a
control law to guarantee that the surface is reached in finite time and a sliding mode
is subsequently maintained.

Using the fact that K =1 — W and BzB;r = [;, it follows that (9.13) can be
written as

i =ax+ | DV B EWE) T 9.15
HO=AxO+| ot gyt | YO 9.15)

If
(1) == (BaWBy") "' v() (9.16)

then it is easy to see that (9.15) can be written as

o BlBg}_ | Bl -WHB] |
x(t)—Ax(t)+|: ] v(t) |:BZ(I—W2)Bg v(t) 9.17)

In the fault-free case W = I and the nominal system is

T
%(t) = Ax(t) + [Blle ] (1) 9.18)

Notice that the virtual input distribution matrix in (9.17) and (9.18) is indepen-
dent of W. From the representation in (9.18), a coordinate transformation x >
T,x(t) = x(t) will be introduced to obtain the so-called ‘regular form’ as discussed
in Sect. 3.1.1, which is a convenient representation from which to design the hyper-
plane. If

_[r —-BiBI
T,._[O ! ] (9.19)

then it is easy to check that (9.17) becomes

30 —AAt)Jr[O]‘t BiBy (I = W*)By b(t 9.20)
x() = Ax( ] V(1) Ba(1 — W) BT v (1) .
b
By

where A := T,AT, ! and
BY :=(1- B} B)) 9.21)
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Because by construction the matrix BngT = [;, it follows that Bé\' Bg = -
B) By)B; =0, and

Bi1BY (I — W?)B] =B BYW?B] (9.22)

Therefore (9.20) becomes

[Bl B) OWZBZT ] Bt (9.23)

X(t) = Ax(t) + |:B2V[(/)ZBT:| B(t) +
2

The last term in (9.23) is zero in the fault-free case, but is treated as (unmatched)
uncertainty when W # I. Define another nonsingular scaling of the virtual control
signal as

D(1) == (BaW?By )i (1) (9.24)
therefore, (9.23) becomes

J?l(t) _[An An][&ai@) 0], BlBévB;i| A
[}22(0] = |:AA2] A22:| |:)22(t):| +|:Ii|v(t)+|: 0 v(t) (9.25)

where
-1
By :==W?B] (B,W?*B]) (9.26)
It is important to point out that there is an upper bound on the norm of the pseudo-
inverse B;‘ in (9.26) which is independent of W. Formally:
Proposition 9.1 There exists a scalar yy which is finite and independent of W such
that
-1

IBS | = |W?B) (B.W?B3)™ | <w (9.27)
forall W = diag(wy, ..., wy) such that 0 < w; < 1.
Proof This follows from a modification of the proof of Theorem 1 in [241]. The

work in [241] considers left pseudo-inverses but since (32+ 7T = (B2T )T, the result
follows. O

Remark 9.1 As shown in [241], if W is not diagonal, ||B;r || is no longer necessarily
bounded.

The virtual control law will now be designed based on the nominal fault-
free system in which the top partition of the last term in (9.25) is zero since
B Bév B; |w=; = 0. In the x(¢) coordinates in (9.25), a suitable choice for the slid-
ing surface is

S=sT'=[K 1] (9.28)
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where K € R/*"=D represents design freedom. Introduce another transformation so
that (X1, X2) > (X1, s(¢)), associated with the nonsingular matrix

I 0
Tsz[lc 1] (9.29)

Equation (9.25) then becomes

A ~ e A B BNB+
[3{1(l):|:[1‘}11 412] |:X1(l)]+ 15, 1%] NEG (9.30)
5(t) Ay Axn ]| s(®) I + KB B B
where B;_ is from (9.26) and A]] = AAM — A]z/C, Az] = /CA]] + Az] — AQQIC. If
a control law can be designed to induce sliding, then during sliding s(¢) =s(t) =0

and so the equivalent control necessary to maintain sliding is obtained from solving
for D4 (t) from the lower equations of (9.30) to give

Deg (1) =—(1 + KB BY BY) ™' A1 21(0) (9.31)

where BY is defined in (9.21).
Define

n = KB BY| (9.32)

It follows that || KBy BY B || < [IIKKBiBY I B || < yoy1. Since By is independent
of IC, the term yp can be calculated a priori using the boundedness result from Propo-
sition 9.1. If (A, B,) is controllable, then as argued in Proposition 3.1, (An s Alz)
is controllable and so K can always be chosen to make All — AlglC stable. If the
design matrix /C can also be chosen so that y; from (9.32) satisfies ypy; < 1, this
guarantees that the inverse in (9.31) exists for all W.

Substituting (9.31) into the top partition of (9.30), yields the following reduced
order system which governs the sliding motion:

A ~ A 17
X1(t)=Anxi(t) — BiBY By (I + KBBY B) ™ Az #1(t) (9.33)

Remark 9.2 In a fault-free condition, W = I and therefore B;r lw=1 = BzT since
ByB) =1. Also

BYBf =(I— B} B))Bf =(I — B} B))B) =0

and the system in (9.33) ‘collapses’ to P (1) = A1 %1 (r) which is the nominal sliding
mode reduced order system for which K has been designed to guarantee stability.
The system in (9.33) depends on W and so stability needs to be established. The
stability analysis which follows examines what will happen to the reduced order
sliding motion when the system is subjected to faults and failures. The idea is to
use available design tools from the literature e.g., [85, 256], to design the sliding
surface for the fault-free condition, and then extend the stability analysis to the faulty
situation.
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9.2.2 Stability Analysis

The stability of the sliding mode is dependent on the reduced order system (9.33).
Typically in SMC the stability of the system only depends on Ay which is guar-
anteed to be stable by choice of K. Note that C can be designed using standard
sliding hyperplane design methods (such as Sect. 3.4) assuming a nominal no fault
condition—i.e., W = [ in (9.25). To facilitate the subsequent analysis, define

G(s) = Ay (sl — Aj)) "' B1BY (9.34)

where s represents the Laplace variable. By construction the transfer function ma-
trix G(s) is stable. Suppose

n=|[G)|, (9.35)
Proposition 9.2 During a fault or failure condition, for any combination of 0 <
w; < 1, the closed-loop system will be stable if

0< Y2Y0

< PN (9.36)
I—y1v0

where the positive scalar yy is defined in Proposition 9.1, the positive scalar y, is
defined in (9.32) and y» = |G (8) | 0o-

Proof Consider the reduced order system from (9.33) rewritten as follows:

x1(0) = A& (1) — BiBY (1) (9.37)
§(1) = Ay 21(1) (9.38)

where
i(t) =B} (I +KB1BYBS) '5(0) (9.39)

Let G(s) be defined as (9.34). Consequently (9.33) may be viewed as the closed-
loop dynamics of the negative feedback interconnection of G(s) and the varying
(with respect to W) ‘feedback gain’ associated with (9.39). Since (9.36) is assumed
to hold, yoy1 < 1 and it follows that [|KCB B BY | < [KBi1BY 1B || < yoy1 < 1.
Consequently,’ det(I + K B; Bév B; ) # 0. Furthermore, using the fact that in general
I+ )M < (= IXI)~"if X ]| < 1 (page 301 [129]), then

By (1+ K818y B) | < | B (1 +KB1By BS) ™| < 1_7/—;1”/0 (9.40)

3Suppose det(/ + X) =0, then A = —1 is an eigenvalue of X so there existsa v € R" s.t. Xv = —v.
Therefore,
TyT
v X Xv
VIXTxv=0Tv = supW >1= X >1
il v

which is a contradiction since by assumption || X || < 1.
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From the Small Gain Theorem [152], if
1G)| B (1 +KBiBYBS) | <1 (9.41)

then (9.33) is stable. Using (9.40) and the fact that || é(s) loo < ¥2,inequality (9.36)
implies (9.41) holds and so (9.33) is stable. O

Remark 9.3 Both y| and y, depend on the design of the sliding surface since they
depend on /C, however, they are independent of W. The scalar 1 depends on W but
is independent of /C.

Remark 9.4 If By = 0 (which is an assumption in many schemes: for example
[222]), then y; = 0 and y» = 0 and Proposition 9.2 is trivially satisfied. Furthermore,
as || By|| — O, the scalar % — 0 and so the requirements of Proposition 9.2 are
satisfied. This means that, loosely speaking, for weakly coupled systems in which
[|B1]l is small, the approach will be feasible. The situation where B; = 0 can be
regarded as the special extreme case as || B || — O.

Equation (9.36) represents a test to guarantee the stability of the closed-loop
system when faults occur (i.e., when the w; vary). One important feature is that in
order for (9.33) to hold, the norm of the pseudo-inverse B;r which depends on W
must be bounded for all 0 < w; < 1 (which was proved in Proposition 9.1).

9.2.3 Sliding Mode Control Laws

Next, a sliding mode controller is designed based on the system in (9.30) with
respect to D. As in Sect. 3.3, the proposed control law has a structure given by
v(t) = (1) + D, (¢) where

Di(t) = —Ap R1(t) — Aps(t) (9.42)

and the nonlinear component is defined to be

Du(t) := —p(t, x) if s(t) #0 (9.43)

s(t)
ls@l
where s(t) = S£(2).

Proposition 9.3 Suppose the hyperplane matrix K has been chosen so that Ay =
A1 — A2 is stable and condition (9.36) from Proposition 9.2 holds, then choosing

vl +n

(9.44)
1 —y1v

p(t, x):

ensures a sliding motion takes place on S in finite time.
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Proof Notice if (9.36) holds, then 19y < 1 and so the modulation function defined
in (9.44) is well defined. From (9.30),

§$(1) = Ao1®1(1) + Agas(t) + (I + KB BY By )0 (1)
= (I+KB1BY By )0u(t) + (KB1BY By ) 0i(1)
and so
sTs = —plisll +sTKB1BY BY 9,(t) + sT(KB1 BY By )0 (1)
< lIsli(p|KB1BY BS || + | KB1BY BY ||| o) || - p)
< lsli(erivo+ yivo|[ (| = p) (9.45)
So choosing p(.) as described in (9.44) and substituting into (9.45) implies
sT5(0) < —n|s@) (9.46)

The differential inequality (9.46) is a standard ‘reachability condition” and implies
s(t) =0 in finite time and a sliding motion is maintained for all subsequent time. []

Remark 9.5 It can be shown that 1;(¢) as defined in (9.42) can be written as v; (1) =
—(S B) ISA AZx(t) which is more in keepmg W1th the notation in [85]. Note that here
SB = I; and so this simplifies to V;(¢) = —SAx(t)

It follows that the actual control which is sent to the actuators is resolved from
the ‘virtual control law’ v(¢) (from (9.42)—(9.43)), using (9.11), (9.12), (9.16) and
(9.24). Some straightforward calculations shown

u(t) = WBY (ByW?BJ) ™' 0t (9.47)

i.e., the control which is sent to the actuators depends on the effectiveness gains k;
(through the matrix W).

Note that in most of the literature, whilst SMC has been successfully tested on
systems with faulty actuators, it was claimed that SMC cannot deal directly with
total failures [143]. However, provided the matrix /C satisfies the stability condi-
tion (9.36), the sliding mode controller for the ‘virtual’ system proposed above, can
handle total actuator failures in the original system provided that det(BZWBzT ) #0.

Remark 9.6 Formally, the effect of position and rate limits on the actuators has not
been considered. However, if a rate limit or position limit is exceeded, it would
be interpreted by the estimation mechanism as a fault, because the actual actuator
position would be different from the expected one based on the commanded control
signal. This would result in k; > 0 in the channel in which the saturation or rate
limit is reached. The proposed scheme would then inherently attempt to reduce the
‘burden’ in this channel and redistribute the control effort to other actuators, which
would mitigate the effect of the saturation.
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So far, it has been assumed that the effectiveness gains k;(¢) that make up K
and hence W are known perfectly. In real engineering systems, there will always be
some error in the computation/measurements of the k; (f). The next section considers
the impact of this on the proposed scheme.

9.3 The Effect of Non-perfect Fault Reconstruction

Consider a faulty system represented by (9.7). Let K correspond to the estimated
actuator efficiency based on the information provided by the FDI scheme. Define

W=1I-K (9.48)

and suppose K # K, where, as described earlier, K represents the actual reduction
in actuator efficiency. Suppose

W=U-2AW (9.49)

were A = diag(éy, ..., d,) and (the unknown) §; are elements which represent the
level of imperfection in the fault reconstructions. Since (I — K) = W, from (9.7)

()= Ax(t)+ B — K)u(t) = Ax(t) + B(I — A)Wu(r) (9.50)
Now suppose u(t) = E;v(t) where
B} := WB} (B.WB})™ 9.51)

This represents the fact that W (i.e., the estimate rather than the true value of W)
will be used to compute the control signal. Then (9.50) becomes

£(t) = Ax(1) + B — A)WBjv(1) (9.52)
Also define v(t) = (BoW B}) ™' v (1), then it follows from (9.52) that

)= A+ | BB gy | BAWTE 15
X = AX - Vv - - v
B,W?B} B, AW?B]

T Bi(I — W?)BT
= [ oo -7 o

[ BAWRE (9.53)
B,AW?B} '

Notice that compared with (9.17), (9.53) has an additional term dependent on both
the faults and the error in fault reconstruction. Again consider a transformation to
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regular form using the transformation matrix 7, defined in (9.19). Equation (9.53)

becomes
. 07. —B1BYW?B] | _ B1BY AW?B] | _
x(t) + v(t) — - v(t) — - v(t
) M ) |:I—82W282T O~ pawagr | "

(a5

.. 0 _
= Ax(t) + I:BZW232T:| v(t) +
B1BY AW?B] | _
- 0] (9.54)
B,AW?B]

where Bév is given originally in (9.21). Define 1(¢) := B> WszT\_)(t) and é; =
W2BJ (B,W?B])~!; then (9.54) becomes

TN 0]. B1BY(I - A)BJ .
x—Ax(t)—|—|:I:|v(t)—|—|: iBzAé; 2i|v(t) (9.55)

Consider another coordinate transformation 7 defined in (9.29); then (9.55) be-

comes
0] _[An AR [#@) 0],
[S'(f)}_[fin A22][S(f)}+[1}v(t)

BBy (I — A)BY .
* [ICBlBé\’(I Ny S Y ©-56)

where Aq := An — AnlC and Ay := KA + Azl — Azle.

If a control law can be designed to induce sliding, then during the sliding motion
s(t) = s(¢t) = 0 and the equivalent control necessary to maintain sliding is obtained
from solving for D, (¢) from the lower of (9.56) to give

Deg () =—(1+ KB BY (I — M) B — B2ABS) ' Anii (1) (9.57)

Substituting into the first equation of (9.56) gives the following reduced order sys-
tem:

21(0) = Angi(0) — BIBY (I — A)BS (1 + KBiBY (I — A)By
- BzAé;r)7]1421)’51 (1) (9.58)
Remark 9.7 If the information about the actual degradation of the control surface
efficiency is ‘perfect’, then A =0, and (9.58) reduces to (9.33) in the stability anal-

ysis that follows. However, in the event of non-perfect fault reconstruction, there is
a bound on A for which stability is still guaranteed.

Proposition 9.4 Assume (as in Proposition 9.2), that (9.36) holds. During a fault or
failure condition, for any combinations of 0 < w; < 1, the closed-loop system will
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be stable if the mismatch between the actual and reconstructed fault A satisfies:

1] < 1 —vivo— 2%

_— (9.59)
voy1+y2+1)

where Yy and y| are defined in Propositions 9.1 and 9.2, respectively, and y, is
defined in (9.35).

Proof Consider the reduced order system from (9.58) which can be rewritten
as (9.37)—(9.39), where now

ii(t) ;= (I — A)By (I + KB1BY (I — A)B — BZAB;)”;(:) (9.60)

Assume that (9.36) and (9.59) hold. Inequality (9.59) implies

-y
1Al < — Y0 9.61)
vo(y1 +1)
because
1- 1=y —
Y10 - Y1Y0o — V2)0 - (9.62)
i+ yvrmi+r2+1D
Since

|1KB1BY (1 — 2)BY — B2ABY || < |[KBiBY (1 + A1) B Il + B2l AlllI By

and in addition ||B2|| =1 and ||B} || < yo (since [|B; || < yo = |B; || < yo), in-
equality (9.61) implies

IB1BY (I — A)BY — B2ABY | <vivo + 1AIlvo(n + 1) < 1 (9.63)

Therefore (I + ICBlBév I—- A)Bi|r - BQAB;_)_I exists for all 0 < w; < 1. Further-
more, using arguments similar to those employed in the proof of Proposition 9.2

(1 — 2)By (I + KBiBY (I — A)By — B,ABH)™!|
1+ 14Dy
(I =y +1ADyo — 1 Allvo)

From the Small Gain Theorem, since (9.58) is the closed-loop system obtained from
G (s) interconnected with (9.60), if

A+ 14Dyo <L
I =yd+1ADyv—11Alvo) 2

holds, then (9.58) is stable. By direct manipulation, (9.65) holds if (9.59) holds, and
the proof is complete. d

(9.64)

(9.65)

A sliding mode controller will now be designed based on the ‘virtual” system in
(9.56) with respect to 1, as defined in (9.42) and (9.43).
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Proposition 9.5 Suppose that the hyperplane matrix IC has been chosen so that
A1 = A1l — ApK is stable and

1 —
Al < Amay < ——20 (9.66)

vo(1 4+ y1)

where vy, y1 and yy are defined in (9.27), (9.32) and (9.35), respectively, and Amax
is a fixed positive scalar. Then choosing

_ 1 (1 4+ Amax) Y0 + Amax YO 101 || + 1
I —y1(1 4+ Amax) Y0 — Amax Y0

p(t,x) (9.67)

ensures a sliding motion takes place on S in finite time.

Proof The assumption on A in (9.66) implies yoy1 + (1 4+ ¥1) AmaxYo < 1 and so
the gain p(z, x) in (9.67) is well defined. From (9.56),

§(t) = Ani%1(t) + Agps(t) + (I + KB1BY (I — A)BF — ByABF)d (1)
= (I +KBBY (I — A)B — BoABS )9, (1)
+ (KBi1BY (I — A) B — ByABy )i (1)

after substituting for v;(¢) from (9.42). Consequently substituting for v, (¢) from
(9.43) into the above yields

sTs = —plisll +sT(KB1BY (I — A)BS — ByABY )0y (1)

+sT(KB1BY (I — A) By — ByAB; )0 (1)

< lisli(p|KCB1BY (I — A)BS — B2 AB |
+IKBIBY U ~ 3B - ByaBE| [0 - )

< lIsll(=p(1 = 1 (1 + Amax)¥0 — Amax¥0)
+ (11 + Ama) Yo + Amax10) [ 01D ) (9.68)

So choosing p(.) as described in (9.67) and substituting into (9.68) implies
s < =n|s@) (9.69)

Again, as in Sect. 9.2.3, the differential inequality (9.69) implies that the ‘reachabil-
ity condition’ is achieved. Therefore s(¢) = O in finite time and a sliding motion is
maintained for all subsequent time. (]

9.4 Sliding Mode Design Issues

Based on the stability analysis above, the sliding mode design problem can be sum-
marised as follows:
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1. Pre-design calculations:

a. Make an appropriate re-ordering of the states in (9.7) so that the input distri-
bution matrix B is partitioned to identify B and B>.

b. Scale the states so that B, BT =1.

c. Change coordinates using the linear transformation x(¢) — x(t) = T, x(¢),
where T} is given in (9.19), to achieve the canonical form in (9.25) and isolate
the matrices An, Alz, Azl and Azz.

d. Compute the smallest scalar yq so that |W2BJ (B,W?B))~!|| < y, for all
0 < W < I. This value is an a priori calculation and is independent of the
choice of sliding surface and control law.

2. Design of matrix :

a. The design objective is to compute K from (9.28) so that the matrix Ayl =

A“ — Alle is stable. This is always possible if (A, B,) is controllable.
3. Stability analysis:

a. Compute and check y; := ||ICBlBéV || < 1/yp is satisfied. Otherwise re-design
K.

b. Calculate G(s) := A1 (s — A1) "' BiBY . If | G(8) oo := 12 < 1/0 — 11,
the closed-loop is guaranteed to be stable VO < W < I. (Since y» < 1/y0—y1
ensures inequality (9.36) in Proposition 9.2 holds.) Otherwise consider re-
designing the matrix /C.

c. Calculate ||A|| from Proposition 9.5. This is the maximum tolerable mismatch
between the actual and the estimated faults that guarantees the closed-loop
system is stable VO < W < I. This might dictate the choice of the fault esti-
mation scheme.

4. Obtain the virtual control law using (9.42), (9.43) and the actual control law

using (9.47).

9.5 ADMIRE Simulations

9.5.1 Controller Design

The small, rigid, delta-canard ADMIRE aircraft model from Sect. 6.4.2.1 is consid-
ered here. The states are x = [« 8 p g r]T with controlled outputs y. = [«, 8, p]T
The control surfaces are § = [8; 8yc 80 8,]1. The linearised (A, B) matrices are
given in (6.135) and (6.136) where the partition of the B matrix is shown below:

0.0069 —0.0866 —0.0866 0.0004
0 0.0119 —-0.0119 0.0287 }Bl

B = 0 —4.2423  4.2423 1.4871 (9.70)
1.6532 —1.2735 —1.2735 0.0024 B,
0 —0.2805 0.2805 —0.8823

The partition of B in (9.70) shows the terms B; and B; (although a further change
of coordinate is necessary to scale B; to ensure B, BT = I). It can be shown that in
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the coordinates in which || B;|| = 1, ||B1]| = 0.1227 and so the dominant effect of
the control signal is through the B, channels. To include a tracking facility, integral
action (as discussed in Sect. 3.5.1) has been included. Let x,(¢) represent integral
action states. Specifically define

% (1) = 7 (1) — Cex(t) 9.71)

where
Co=1[13 03x2] (9.72)

is the distribution matrix associated with the controlled outputs, and the differen-
tiable (filtered reference) signal r(¢) satisfies

F@)=T(r(t) —re) (9.73)

with I" € R3*3 a stable design matrix and 7. a piecewise constant demand vec-
tor. Augmenting the states from (9.70) with the integral action states and defining
Xxq(t) = col(x, (1), x(¢)) (as discussed in Sect. 3.5.1) it follows that

Xq (1) = Aaxa(t) + Bau(t) + Brr (1) 9.74)

where

0 —C. _lo _| B
Aa=|:0 A:|’ Ba—|:B:|, Br—|:0] (9.75)

If (A, B) is controllable and (A, B, C.) does not have any zeros at the origin, then
as argued in Proposition 3.1 and Lemma 3.1 the matrix pair (A,, B,) is controllable.
Define a switching function s4(7) : R®*) — R? of the form

Sa(t) = Saxq(t) (9.76)

where S, € R*>"+D A in (9.42)—(9.43), the proposed ‘virtual control’ law com-
prises two components D(¢) = D;(¢) + b, (¢). Now because of the reference sig-
nal r(¢), the linear component has a feed-forward reference term and so V;(t) =
Ly, x4(t) + L,r(t) where L,, = —.§'aAa and L, = —§aér. Here A, B, and S are
the matrices from (9.75) and (9.76) after a transformation to achieve regular form
(analogous to (9.19)) has been performed. Note that an extract term L, has appeared
in this tracking formulation compared to the one in Sect. 9.2.3. The nonlinear com-
ponent is defined as

S5a (1)

l[sa @)l

Dp (1) = —p(t, Xq) if 5,(1) #0 .77

The actual control sent to the actuator is given in (9.47). A quadratic optimal
design has been used to obtain the sliding surface matrix S, (see for example
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Sect. 3.4.1). The symmetric positive definite weighting matrix has been chosen as
Q = diag(20, 20, 20, 7, 10, 10, 1, 1). This results in

—0.0002 —0.0844 —1.4117 0.0001 0.0701  1.0000 0.0000 0.0000
Sqa=1|—4.4721 0.0074  0.0001 3.5011 0.0058  0.0000 1.0000 0.0000
0.0074  4.4642 —0.2668 —0.0058 —4.2606 0.0000 0.0000 1.0000

and linear gains

0.0015 0.7592 12.7053 —0.0012 9.8061 —9.4305 —0.0001 —0.5499
an = 40.2492 —0.0665 —0.0006 —36.7020 —0.0895 —0.0012 —11.9176 0.0056

—0.0664 —40.1775 2.4009  0.0562  41.5999 0.7709  0.0056  —12.9035
and

0.0002  0.0844 1.4117
L,=| 44721 —0.0074 —0.0001
—0.0074 —4.4642 0.2668

from (9.5.1). The pre-filter from (9.73) has been chosen as I' = —201/3. In the sim-
ulations the discontinuity in the nonlinear control term in (9.77) has been smoothed
(as in Sect. 3.2.2) by using a sigmoidal approximation m, where the scalar §,
has been chosen as §, = 0.001. This removes the discontinuity and introduces a fur-
ther degree of tuning to accommodate the actuator limits, especially during actuator
fault or failure conditions.

In normal flight, either the canard or elevons (left and right) are sufficient to
provide the pitch moment and therefore redundancy is available. In the event of
faults or failures, elevons can replace the canard to obtain a pitch moment. However,
for roll, the elevons will become the only active control surface (the rudder is used
for yaw). During the design stage, and based on analysis from (9.44), it was found
that ran1<(B2WB2T ) < 3 when the rudder completely fails or any two surfaces from
the set consisting of the canard and the left and right elevons completely fail. This is
an expected result since there is no redundancy for the rudder to provide yaw; and
when two actuators fail from either the canard or elevons, it means that there is no
redundancy left in the system and all possible actuators to provide pitch or roll have
failed. Based on this assumption, it can be verified from a numerical search that yp =
2.0913. Simple calculations show that y; = 0.0980, therefore y;y9 = 0.2050 < 1
and the requirement of Proposition 9.2 is satisfied. Also for this particular choice of
sliding surface || G(3) oo < y2 = 0.0819. Therefore from Proposition 9.2,

Y200
I—vivo

=0.2154 <1

which shows that the closed-loop system is stable for all choices of 0 < w; < 1.
From Proposition 9.4, the limits of the tolerable mismatch between the actual and
estimated fault signal (for guaranteed stability) is Apax = 0.3519.
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9.5.2 Actuator Fault Estimation Using an Observer

In many systems e.g., passenger aircraft [35], the information necessary to compute
W online can be obtained by using a measurement of the actual actuator deflection
compared to the demand signals. If measurements of the actual actuator deflec-
tions are not available, a sliding mode fault reconstruction scheme, as described
in Chap. 4 for example, can be employed. Alternatively other fault reconstruction
schemes based on Kalman filters [296] can also be used. Here it is assumed that
direct measurements of the actuator deflections are not available and a sliding mode
reconstruction approach similar to the one in Sect. 4.3 will be used. Consider the
system affected by actuator faults described by (9.7). The objective is to design a
sliding mode observer in order to reconstruct Ku(z).

Suppose all the states are available as measured output information, therefore the
proposed sliding mode observer has the form:

2(t) = Az(t) + Bu(t) + 9 (1) (9.78)

where u(t) is the actual control signal sent to each actuator. The discontinuous in-
jection term is defined as

e(t)
lle(@)l]

where e(t) := z(t) — x(¢) is the (state) estimation error. As argued in Chap. 4, a slid-
ing mode observer of the form (9.78)—(9.79) can be designed to be completely
insensitive to the faults. For an appropriate choice of p, (¢, y, u) in (9.79), which
must bound the fault signal || Ku(¢)]||, it can be shown that an ideal sliding motion
takes place on S, = {e(¢) : e(¢) = 0} in finite time. During the ideal sliding motion,
e(t) = é(t) = 0 and the discontinuous signal #(¢) must take an average value to
compensate for Ku(¢) to maintain sliding. This equivalent error injection term, can
be approximated to any degree of accuracy, and is computable online as

e(t)

Ds(t) = —po(t, y, u)m (9.80)

V() :=—po(t,y,u) ife(t) #0 (9.79)

where §, > 0 is a (small) design parameter. The observer state estimation error sys-
tem is given by

é(t) =Ae(t) +9(t) + BKu(t) (9.81)
During ideal sliding, é(t) = e(t) = 0, and therefore (9.81) reduces to
—BKu(t) =10.4(1)

Using the online computed approximation 95 (¢) from (9.80), the fault reconstruc-
tion can be obtained as

—Ku(t)~ (B"B) ' BT9;5(1) (9.82)
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Then, provided that u; () # 0, the effectiveness gains k; can be computed from
(9.82).

For this example, the observer gains p, = 30 and 8, = 0.0001 from (9.78) have
been chosen. A saturation (0, 1] block has been included to ‘clip’ the w; before
they are used for the online control allocation. This ensures that the weight W stays
within the theoretical limits. During implementation, as u;(#) — 0, the estimation
of the actuator effectiveness K from (9.7), becomes unreliable. A small threshold
has been introduced so that if 7, is the last time when |u; (f)| < €, then

Tpyv—1pT., . /1. e
ki (1) = ((B'B)™ " B'vs)i/ui(t) 1f|”1(t?| > € 9.83)
ki(te) otherwise

The idea is to hold the component of the weighting matrix w; := 1 — k; constant if
lu;(t)| < €, otherwise k;(¢) is provided by the fault estimator. Here, the threshold
defined in (9.83) is set as € = 1 x 1073 (rad).

9.5.3 ADMIRE: Simulation Results

In the following simulations (which assume that there is no saturation or rate limits
on the actuators), the linear aircraft model from [122] undertakes a manoeuvre called
‘a roll’ [122], where a step demand of magnitude 10 deg is applied to « during 1-5 s
and a step of 150 deg for p is applied during 3—7 s. (There is no reference command
for B—see Fig. 9.2(a).) Figures 9.2(a), 9.2(b), 9.2(c) and 9.2(d) show the responses
of the closed-loop system under eleven different canard fault conditions ranging
from 0% — 100% (including total failure). It can be seen that the control signal
is systematically rerouted to the right and left elevon (Fig. 9.2(b)). The tracking
responses (Fig. 9.2(a)) show no degradation in performance. The control allocation
redistributes the control signal to obtain the required performance. Figure 9.2(a)
shows that the observer designed for fault reconstruction, tracks the plant output
‘perfectly’. Figure 9.2(c) shows the evolution of the fault reconstruction signal from
the observer. These signals are used for the online control allocation through the
term W as shown in Fig. 9.2(d).

Figures 9.3(a), 9.3(b), 9.3(c) and 9.3(d) show that in the event the left elevon
fails, the control signal is redistributed to the remaining actuators without recon-
figuring the structure of the controller. The control signals are rerouted to other
control surfaces when the fault is detected and estimated (Fig. 9.3(c)). Initially in
Fig. 9.3(b), a control signal is sent to the failed actuator. After the failure has been
detected by the observer (Fig. 9.3(c)), the weight w; in the control allocation is
changed (Fig. 9.3(d)) and the control signal sent to the left elevon is ‘switched off’
and redistributed to the canard and right elevon.
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9.6 Summary

This chapter presented an online sliding mode control allocation scheme for fault
tolerant control. The effectiveness level of the actuators was used by the CA scheme
to redistribute the control signals to the remaining ‘healthy’ actuators when a fault
or failure occurs. The chapter provided an analysis of the proposed sliding mode
control allocation scheme and determined the nonlinear gain required to maintain
sliding. The online sliding mode control allocation scheme, tested on the ADMIRE
aircraft model, has shown that faults and total actuator failures can be handled di-
rectly without reconfiguration.

9.7 Notes and References

The work in [38, 63] uses CA as a means for FTC. The main benefits of CA are
that the controller structure does not have to be reconfigured in the case of faults,
and it can deal directly with total actuator failures without requiring reconfigura-
tion/accommodation of the controller. The work in [226, 269] provides practical
examples of the combination of SMC and CA for FTC. The work by Shin et al.
[222] uses control allocation ideas, but it formulates the problem from an adaptive
controller point of view. However, neither of these papers provide a detailed stabil-
ity analysis and discuss sliding mode controller design issues when using control
allocation. Recent work by Corradini et al. [58] shows that total failures can be
dealt with by SMC schemes provided that there is enough redundancy in the sys-
tem. However, [58] considers exact duplication of actuators to achieve redundancy,
whereas in many over actuated systems, the redundant actuators do not have identi-
cal dynamics to the ‘primary’ ones.



Chapter 10
Model-Reference Sliding Mode FTC

In the last chapter, a combination of CA and SMC was introduced in an integral
action framework for tracking purposes. In this chapter, two different CA strategies
will be considered. The first CA strategy is based on the effectiveness of the actu-
ators, whereas in the second strategy, the control signal will be distributed equally
among all actuators in a fixed fashion. The difference between this chapter and the
previous one is the use of a model-reference framework for tracking purposes. The
use of a model-reference tracking strategy is well known in the literature to have
the benefit of avoiding the problem of ‘windup’ which can blight integral action
tracking methods—especially when significant faults/failures occur. This chapter
will highlight the benefit of combining SMC, CA and a model-reference framework
for achieving FTC. An adaptive gain and an adaptive reference model are used to
increase the flexibility of the design and to provide further tuning for the controller.

10.1 Introduction

The so-called model-reference framework is one of the many ways of achieving
control reconfiguration or adaptation [164]. Therefore it is not surprising that model-
reference control is quite synonymous with FTC. One advantage of the approach in
this chapter is the absence of integrators within the control structure; this elimi-
nates the dangers of windup in the face of saturation and rate limits being exceeded
(because of the increased burden imposed on the remaining working actuators as a
result of faults). As in Chap. 8 the introduction of the adaptive gain in the SMC con-
troller obviates the need for unnecessarily large gains in the nonlinear control terms
in the fault-free case. An adaptive reference model is also discussed to provide a
safe level of degraded performance.

As in Chap. 9, this chapter considers a situation where a fault associated with the
actuators develops in a system. It will be assumed that the system subject to actuator
faults or failures, can be written as

%(t) = Ax (1) + Bu(t) — BK ()u(t) (10.1)

H. Alwi et al., Fault Detection and Fault-Tolerant Control Using Sliding Modes, 247
Advances in Industrial Control,
DOI 10.1007/978-0-85729-650-4_10, © Springer-Verlag London Limited 2011
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where A € R™™" and B € R"™™. As in earlier chapters, the effectiveness gain
K(¢) :=diag(ky(t), ..., ku(t)), where the k; () are scalars satisfying 0 < k; (t) < 1.
These scalars model a decrease in effectiveness of a particular actuator. In most CA
strategies in the literature, the control signal is distributed equally among all the ac-
tuators [222, 226, 269] or distributed based on the limits (position and rate) of the
actuators [122]. In this chapter, two different CA strategies will be considered. First
(as in Chap. 9), information about K (¢) will be incorporated into the allocation al-
gorithm through a weighting matrix W (z), so that the control is redistributed to the
remaining actuators when faults/failures occur. The idea is that if an actuator fault
occurs, the control input u(#) is reallocated to minimise the use of the faulty control
surface. The second strategy is based on a widely used CA approaches from the lit-
erature; i.e., fixed and equal distribution of the control signals. This is motivated by
the fact that the information about K (¢) in (10.1) is not always available. Here, the
CA is set to be fixed and the control signals are distributed equally to all actuators
and is therefore independent of the fault information.

Again, as in Chap. 9, assume that the system states can be reordered, and the
input distribution matrix B from (10.1) can be partitioned as

_| B
a=[2] w03

where B; € R=D*m and B, € R!*™ has rank [. It will be assumed without loss
of generality that the states of the system in (10.1) have been transformed so that
B> BY = I and therefore || B>|| = 1. As in Chap. 9, let the ‘virtual control’ be

v(t) := Bou(t) (10.3)
so that
u(t) = Bjv(r) (10.4)
where the right pseudo-inverse is chosen as
-1
B := 2B} (B,2B)) (10.5)

and £2 € R™ is a symmetric positive definite diagonal weighting matrix. In the
subsequent sections different choices for £2 will be considered.

10.2 Online Control Allocation

In this section, the idea is to use the information about K (¢) and incorporate this into

the allocation algorithm via a weighting matrix W (¢) = I — K (¢). As in the previous

chapter the idea is that the control is redistributed to the remaining actuators when

faults/failures occur to minimise the use of the faulty control surface (see Fig. 10.1).
Equation (10.1) can be written as

X@)=Ax(t)+ BU — K)u(t) (10.6)
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Define
W=I-K (10.7)
then using (10.7), (10.2) and (10.4), (10.6) can be written as
, BiWB]
x(t)=Ax@)+ " v(t) (10.8)
B,WB,

where Bg is defined in (10.5). In this section, the weight £2 in (10.5) will be chosen
as

=W (10.9)
Using (10.9) and (10.5), (10.8) can be written as

£(t) = Ax (1) + [B] WEBZI(BZWBZ?:I } v (t) (10.10)
ByW2BJ (B,W B])
If a new virtual control is selected as
5(1) == (BaWB}) " 'v() (10.11)
then as shown in Chap. 9 (see (9.17)), (10.10) can be written as
x(t)=Ax@) + [311321 D(t) — [i;ij : xiiiz:] v(t) (10.12)
Th -

B,

In the fault-free case W = I and B, in (10.12) is zero. As in Sect. 3.5.2, consider a
reference model defined as

X (1) = AmXm (1) + By ya (1) (10.13)

where y4(t) is the reference signal. The matrices A, € R™*", B,, € R"™! and A,,
is stable. Define

e(t) =x(t) — xp (1) (10.14)
and therefore from (10.12) and (10.13) the error system
é(t) = Ae(t) + (A — Ap)xpm(t) + Byo(t) — By (t) — B ya(t) (10.15)
Suppose the reference model matrices A,, and B, are given by
An=A+B)F, B, = B,G (10.16)

Define a feed-forward signal

Vi (1) = Fxp (1) + Gya(t) (10.17)

associated with the matrices from (10.16). SMC techniques, will now be used to
synthesise b(¢) from (10.12). Define a switching function s : R” — R/ to be

s(t) = Se(t) (10.18)
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where S € R/*” and det(SB,) # 0. Let S be the hyperplane defined by
S={e() eR": Se(r) =0}

If a control law can be developed which forces the closed-loop trajectories onto the
surface S in finite time and constrains the states to remain there, then an ideal sliding
motion is said to have been attained. The sliding surface will be designed based on
the nominal no fault condition (K = 0). Using (10.16), (10.15) can be rewritten as

é(1) = Ae(t) — Byo(t) + By (9(1) —Fx (1) — Gya(t)) (10.19)

— V(1)

where B, and B, are defined in (10.12). As in Chap. 9, a coordinate transformation
e T,e(t) = e(¢) is introduced to obtain ‘regular form’. If

_[1 —-BiB}
T,._[O ; } (10.20)

then it is easy to check that (10.19) becomes

A ~ Ny _ w2y\pT
om (o[£
2

——

By

]D(z) (10.21)

where A := T, AT~ and
BY :=(I - B} By) (10.22)
Because 3282T = I;, it follows that Bév B2T = - BzTBz)BzT =0, and
BiBY (I — W?)B] = —BBYW?B] (10.23)
Define another scaling of the virtual control signal as
b(t) := (BaW?B; ) (1) (10.24)
Then using similar arguments to those in Chap. 9, (10.21) becomes
o[58 R2][a0 ) [FJeo-wor s[5 Jso
(10.25)
where
B} := W?B} (B,W?B]) ™' (10.26)

As shown in Proposition 9.1 in Chap. 9, there exists a scalar yp which is finite and
independent of W such that

185 Il = |W2B] (BaW?B]) ™| < o (10.27)

for all W = diag(wy, ..., wy) such that 0 < w; < 1.
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The virtual control law will now be designed based on the nominal fault-free
system in which the last term in (10.25) is zero since Bj Bév B;|W=l = 0. In the
é(1) coordinates, a suitable choice for the sliding surface matrix is

S=ST'=[K 1] (10.28)

where K € R*™=D represents design freedom. Introduce another transformation
(é1, ) — (€1, 5), associated with

I 0
Tsz[lC 1} (10.29)

Then (10.25) becomes

el _TAn Anlléaw 07,. BBYB} 7.
[W) } a [1‘521 522} [S(f) ] " [1] (00 = um®) + [’CBléé\/éﬂvm

(10.30)
where
A=A — Apk (10.31)
and
A= KAy + Ay — Ank (10.32)

If a control law can be designed to induce a sliding motion, then during sliding
s(t) = s(¢t) = 0 and the equivalent control necessary to maintain sliding is obtained
from solving for Deq(7) from the lower equations of (10.30) to give

Deq(t) = —(I + KB BY BF) ™' (A2181(1) — vm (1)) (10.33)

where B2 is defined in (10.22).

Assume the sliding surface matrix /C has been designed, so that A“ = All —
A12K is stable and || KBy BY Bf|| < 1 forall0 < W < 1.

Note: |KB;By By || < 1 guarantees the inverse in (10.33) exists and uses the
boundedness result from Proposition 9.1 in Chap. 9. If (A, B,) is controllable, then
(A“,A]z) is controllable and so /C can be chosen to make A“ — Alle stable.
Substituting (10.33) into the top partition of (10.30) yields the following reduced
order system which governs the sliding motion:

. ~ —1% \a
1) = (An — B1BY BY (1 + KB1BY By )™ Aa1)é1 (1)

+ BBy B (1 +/CBIB§VB;)*‘um(r) (10.34)

As shown in (9.33), when W = [ (fault-free situation), B; lw=1 = Bg and the sys-

tem in (10.34) ‘collapses’ to ¢ (¢) = Ané] (t) which is the nominal sliding mode re-

duced order system for which X has been designed to guarantee stability. However,

during fault/failure conditions, stability of the system in (10.34) (which depends on
W through B; ) needs to be established.
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10.2.1 Stability Analysis

The stability of the sliding mode is dependent on the reduced order system (10.34).
Since by construction, the reference model is stable, for a bounded signal y;(t), the
signal x,,(¢) is bounded and hence v,, is bounded. Therefore, the stability of the
reduced order system which governs the sliding motion depends on
é1(t) = (A1 — B1BY B (I + ICBlBévB;)_IAm)éI (1) (10.35)
Define
G(s):=—An (sl — A;))"'BBY (10.36)

where s represents the Laplace variable. By construction G(s) is stable. Define
scalars y1 and y» according to

n=|[G)|, (10.37)
and

v = KB BY| (10.38)
As proven in Proposition 9.2 in Chap. 9, during a fault or failure condition, for any
combination of 0 < w; < 1, the closed-loop system will be stable if

0< Y200
L=y1v0
where the positive scalar yy is defined in (10.27).

<1 (10.39)

10.2.2 A Sliding Mode Control Law

Next, a sliding mode controller will be designed based on the system in (10.30)
with respect to the virtual control ». The proposed control law is given by D(¢) =
Di(t) + v, (¢) where

Di() := —A2i1(1) = Anas(8) + v (1) (10.40)
and vy, (¢) is defined in (10.17). The nonlinear component is defined to be
s(1)

Dp (1) :==—(p () +n) for s(t) #0 (10.41)

s @)l
where s(t) = Sx (t) and 7 is a positive scalar. The modulation function p(¢) repre-
sents an adaptive term which will be defined explicitly later in the section.

It follows that the actual control signal which is sent to the actuators is resolved
from the ‘virtual control law’ v(¢) (from (10.40)—(10.41)), using (10.4), (10.5),
(10.11) and (10.24). Therefore u(¢) is defined as

u(t)=WBJ (BaW?BY) o) (10.42)
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In this chapter, provided the stability condition (10.39) is satisfied, the sliding mode
controller for the ‘virtual’ system proposed above, can handle total actuator failures
in the original system provided that det(BZWBzT ) #0.

In a fault-free situation it is not necessary and indeed is not advisable to have a
large gain on the switched term—therefore, ideally the term p(¢) should only adapt
to the onset of a fault and react accordingly. It is easy to see from (10.40) that, if
va4(t) is bounded, 7;(¢) is bounded by

1| <hi|e@®] +12 (10.43)

where /; and [, are known positive constants. The adaptive gain from (10.41) is
defined to be

p@®) =r@)(|e®| + 1) (10.44)
The scalar variable r(¢) varies according to
Fy=a(li]e® | +L)De(|s@)]) — br) (10.45)

where r(0) = 0 and the a and b are positive design constants. The function
D¢ : R+ R is the nonlinear function

[0 iffsi<e
De(lIsll) = { sl otherwise

where € is a positive scalar. Here, € is set to be small and helps define a boundary
layer about the surface S, inside which an acceptably close approximation to ideal
sliding takes place. Provided the states evolve with time inside the boundary layer,
no adaptation of the switching gains takes place. If a fault occurs, which starts to
make the sliding motion degrade so that the states evolve outside the boundary layer
i.e., ||s(#)|| > €, then the dynamic coefficients r(¢) increase in magnitude, (accord-
ing to (10.45)), to force the states back into the boundary layer around the sliding
surface.

As in Sect. 8.2.1, the choice of the design parameters 7, a, b and € depends on
the closed-loop performance specifications and requires some design iteration. The
choice of these design parameters will be discussed further in Sect. 10.5. Analo-
gously to Proposition 8.1 in Chap. 8, the following proposition will show that r(¢)
is bounded and motion inside a boundary layer around S is obtained.

(10.46)

Proposition 10.1 Consider the potentially faulty error system represented by
(10.15) with the control law in (10.40)—(10.41); then the adaptive gain r(t) remains
bounded and the switching states s(t) enter a boundary layer around S in finite
time.

Proof Define a scalar
:=1/(1—y1y) >0 (10.47)

This is guaranteed to exist, since in the requirements of (10.27), the inequality
¥1vo < 1 must hold. Consider as a candidate Lyapunov function

1 1
V= 5<||s||2+;(1 —ylyo)(r(t)—;‘f) (10.48)
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where a is the positive scalar from (10.45). Clearly V (-) is positive definite with
respect to ||s||, the adaptive gain error () — ¢, and is radially unbounded. Taking
derivatives along trajectories

oo, 1 .
V=sti+—d —170) (r(1) = ¢)i (1) (10.49)
From (10.30) and using (10.40)
§(1) = Agié1 (1) + Ans (1) + (D) — Fxn (1) — Gr(n) + (KB1 By BY ) (1)
= (I +KB1BY B )b, (t) + (KXB1 BY By )0y (1) (10.50)
and so
sTs = sT(KB1BY By )0, (t) + s (KB B2 B )di(t) — (o () + n) sl
<lsli(o@) +n)|KB1BY BY | + sl | KB BY BS ||| 0:(®)]| — lsll (o) + 1)
<Isl((e@® +n)yivo+ vivo| 5@ | — (o) +n)) (10.51)

Using the fact that y19 = 1 — (1 — 1), the inequality above can be written as
follows:

T < —lsl(1 = yav0) (p () +n) = IsI (A = yivo) [ 2| + sl 2] (10.52)

In turn, using (10.47), the inequality above can be written as

sTs < =lsl =y (n+ |5 ]) = sl =y (o — @) |¢)  (10.53)
since (1 — y10)¢ = 1. Therefore, using (10.43)

sTs < —lsl(A = yivo) (n + [BO]) = s A= viv0) (o = (Llle@l +12)¢)
(10.54)

Substituting from (10.44) into the above yields

sTs < —lIsllA = yiv) (n+ D) = st = yiyo) (L |e® || + L) (r@) = ¢)
(10.55)

Finally, substituting (10.45) and (10.55) into (10.49) yields
V<—lsld=yiv)(n+ v ]) = Isld =iy (i |e® | + 1) (r@) — ¢)

1
+ ;(1 =710 (r®) = ¢)a(li|e® | + L) De(|s®)])

1
—(-n o) (r (1) — ¢ )br (1) (10.56)

If ||s]| > € then Dc(||s||) = ||s|| and so substituting in (10.56) and simplifying terms
yields

. b
V<—lsld=yiv)(n+ [w®|) - —a- yyo)(r@®) —¢)r@)  (10.57)

Notice by construction 0 < y1yp < 1 and r(¢) > 0. Further manipulation of (10.57)
and using (10.47) yields
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Fig. 10.2 Level set of the [Is]|
Lyapunov functions V

V<—lsl=yiyo)(n+ [m®)])
L. )<l¢_r(t)>2+# (10.58)
a3 4a(l = y1y0) ‘

since expanding the quadratic term on the right-hand side of (10.58) gives the right-
hand side of (10.57).If ||s]| > €, then ||s||(1 —y170)n = (1 — y1Y0)€n. The quantities

€,1,a and b are design parameters and so if they are chosen to satisfy
> b (10.59)
Enz ——— > .
4a(l —y1y0)?

then

) b 1 2
V<—lsld —V1Vo)||w(t)|| - ;(1 —J/IVO)(EC —r(t)> <0

If ||s|| < € then D¢(||s||) =0 and so substituting in (10.56) and simplifying terms
yields

V< —lIslld = yiyo) (n+ [u@]) = 110 =iy (L] e@ | + 1) (r(0) = ¢)
b
- (- yivo) (r@) — ¢)r (@) (10.60)

Notice again by con§tructi0n Y1Y0 < 1 and r(¢) > 0 and therefore for ||s|| < € and
r(t) > ¢, it follows V < 0. Define a rectangle in R? as

R={(Isl,r) sl <e, 0<r <t} (10.61)

Also define Ry € R? as R4 = {(||s|l,7) | » = 0}. By construction of the adaptive
gains, r(t) > 0 for all time and so the trajectory of (||s(¢)]|, r(¢)) € R4 for all time,
and so outside the set R N R4+ =R, from (10.58) and (10.60), the derivative of the
Lyapunov function V < 0. Let V; denote the truncated ellipsoid

Va={(lIsll.r) 1V (lIsll,r) =d} N R+

where V (-) is defined in (10.48). Because R in (10.61) is a compact set, there exists
a unique dg > 0 such that dy = min{d € R} | R C V,;} and in fact dy = %(62 + %).
As shown in Fig. 10.2, since R C Vjy,, it follows outside Vg, the derivative of the
Lyapunov function V <0 and so Vi, 1s an invariant set which is entered in finite
time #. Since Vy, is entered in finite time, V(||s||,r) < dp for all ¢ > #y which
implies ||s|| < /2d for all time ¢ > #(, and hence s enters and remains in a boundary
layer of size v/2d around the ideal sliding surface S. O
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From the arguments above, for an appropriate choice of a, b and €, close approx-
imation to ideal sliding can be maintained in the presence of faults.

Remark 10.1 As discussed in Sect. 8.2.1, if ¢ =0 and b = 0, then ideal sliding can
be guaranteed since it follows from (10.57) that

V(s) < =lsllA = yivo)(n + v ®])

and therefore ideal sliding can be attained and maintained in finite time. However
this scheme is not practical since () may become unbounded in the presence of
noise.

10.3 Fixed Control Allocation

The analysis in this section is similar to that in Sect. 10.2 above. The difference here
is the assumption that there is no FDI or actuator effectiveness estimation available.
Here the CA will be fixed, and £2 = I will be used in (10.5) instead of 2 =W =
I — K as proposed in Sect. 10.2.

The effect of choosing the weighting matrix to be £2(¢) = W(¢) as in Sect. 10.2
is that u(¢) in (10.4) depends explicitly on K (¢). Here instead, and perhaps more
conventionally,

2:=1 (10.62)
will be considered. With this choice of weighting matrix, (10.4) becomes
u(t) = Bjv(t) = BY (B,BY) ~'v(t) = B}v(t) (10.63)
I

then it can be shown that (10.1) can be written as

Lo B1Bg _ BIKBg
xX(t) =Ax(t) + |: / ] v(t) |:BZKB2T v(t) (10.64)
——— -
B, B,

Note that the last term in (10.64) is different from the last term in (10.12). Consider
a reference model as defined in (10.13), then using the definition of the error signal
in (10.14), from (10.64) and (10.13) the error system

é(t) = Ae(t) + (A — Ap)xp(t) + Byv(t) — Brv(t) — By ya(t) (10.65)

where e(¢) is defined in (10.14), B, and By are defined in (10.64), and the reference
model matrices A,, and B, are given in (10.16). Define

v(t) =v(t) + v, (1) (10.66)
then using (10.16) and (10.17), (10.65) can be rewritten as
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é(t) = Ae(t) — Byv(1) + By (v(1) = Fx (1) — Gya(1)) (10.67)

—vm (t)

where v,, is defined in (10.17). As in Sect. 10.2, a coordinate transformation e +—>
T,e(t) = e(t) is introduced to obtain ‘regular form’, where 7, is defined in (10.20).
By construction the matrix BzB2T = [;, and it is easy to check that (10.67) becomes

—BBY(I — K)B)

é(t) = Ae(r) + [ﬂ(‘)(f)—”m(’)) - [ [ — B>(I — K)BY
N——" ’ ’

:| v(t) (10.68)
B,

where A := T,AT,"! and BY is defined in (10.22). The fact that B) B =

- B2T B>) BT = 0 has also been used to obtain the top partition of the last term in

(10.68). The last term in (10.68) is zero in the fault-free case (K = 0), but is treated
as (unmatched) uncertainty when K s 0. Define

-1
By := WB] (B.W B}) (10.69)

where W is defined in (10.7). It is shown in Sect. 10.2 there is an upper bound on
the norm of the pseudo-inverse B; in (10.69) which is independent of W (as proven
in Proposition 9.1 in Chap. 9); therefore

B3] = |wB3 (B2wB]) ™" | = [W?B] (B2WB) | < o (10.70)

for all W = diag(wy, ..., w,) such that 0 < w; < 1.

In the é(¢) coordinates, a suitable choice for the sliding surface matrix is given
by (10.28). Introduce another transformation (€1, €2) — (€1, s), where Ty is defined
in (10.29). Therefore (10.68) becomes

am]_[An An][é® 0 ~
|: S([) ] - |:A~21 AZZi| |:S(l) ] + |:I] (U(t) Vm(t))

—B\BYWB]
- N o |v@® (10.71)
I - KB BYWB] — B,WB]

where All and Azl are defined in (10.31) and (10.32), respectively. Note that (10.71)
has a similar structure to the one in (10.30) which uses the online CA in Sect. 10.2.
One clear difference is the last term of both equations. As in Sect. 10.2, if (A, B,) is
controllable, from (10.28), K can always be chosen to make All stable. If a control
law can be designed to induce a sliding motion, then during sliding s(¢) = s(¢) =0
and the equivalent control necessary to maintain sliding is obtained from solving for
Veq () from the lower equations of (10.71) to give

Veq (1) = (BZWBQT)_I (I +KBBY Bj)‘1 (—A2181(t) + v (D)) (10.72)

where Bév is defined in (10.22) and Bg" is defined in (10.69). Substituting (10.72)
into the top partition of (10.71), yields the reduced order system (which governs the
sliding motion) given as
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A ~ fn=l % \a
é1(t) = (A1 — B1BY Bi (I + KB BY B}) ™' Axi)éi (1)
+ B BY BI (I + KB BY BY) ' v,,(1) (10.73)

Note that (10.73) has the same structure as the one in (10.34). The difference is the
term B;F is replaced by B; in (10.34). Since y; from (10.38) and y» from (10.37)
correspond to the same elements in the reduced order systems (10.34) and (10.73),
and the fact that ||B§C | = ||32+ Il < yo, the closed-loop system described in (10.73)
will be stable if (10.39) is satisfied. Although the CA strategy proposed in this sec-
tion is different from the one in Sect. 10.2, the stability analysis of the reduced order
sliding motion is the same.

10.3.1 A Sliding Mode Control Law

In this section, a sliding mode controller will be designed based on the nominal no
fault ‘virtual” system in (10.71) with respect to v. Here, the proposed control law is
given by (10.66), where

V(1) 1= —Az181(t) — Aps (1) + v (1) (10.74)
and vy, (¢) is defined in (10.17). The nonlinear component is defined to be
st
v (1) = —(p(t)—i—n)”si—t;” for s(¢) #0 (10.75)

where s(t) = S'é(t) and 7 is a positive scalar. The choice of the varying gain p(z)
will be discussed next.

It follows that the actual control which is sent to the actuators is resolved from
the ‘virtual control law’ v(¢) defined in (10.3). Therefore u(t), as defined in (10.63),
is

u(t) = Byv(r)
and the control signal distribution is independent of the effectiveness gain K.
As argued in Sect. 10.2.2, v (¢) in (10.74) is bounded by
@ | <tfe®]| +i (10.76)

where /1 and [ are known positive constants as in (10.43). The gain p(¢) from
(10.75) is defined as in (10.44), where the scalar variable r(¢) varies according to
(10.45) and (10.46).

Let W be the set of faults such that

W={(wi,...,wp) €[0,1]x [0,1] x --- x [0,1]| 1(B2WB]) := w > 0}

m times
(10.77)
where w is a strictly positive scalar and A(B> W32T ) is the smallest eigenvalue of
(B2W BY). Notice that (wy, ..., wy) € W = det(ByWBJ) #0.

Using a similar analysis to that in Proposition 8.1, and in Sect. 10.2.2, the fol-
lowing lemma will show that 7 (¢) is bounded.
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Proposition 10.2 Consider the faulty system represented by (10.1) with the control
law in (10.74)—(10.75); then the adaptive gain r(t) from (10.44)—(10.46) remains
bounded, and the switching states s(t) enter a boundary layer around S in finite
time for any fault condition (w1, ..., wy,) € W.

Proof Define a scalar
Q4+
—wi(1 - i)
The expression for ¢ in (10.78) is guaranteed to be positive, since in the require-
ments of (10.39), the ineqqality y1Y0 < 1 must hold. Assuming that K () = 0 al-
most always, this implies W (¢) = 0 almost always and so only isolated abrupt step

changes in the effectiveness are considered here. Using the fact that (B2WB2T ) >0,
the candidate Lyapunov function

(10.78)

1 1 2 2
V= E<sT(BZWBZT)s + ;A(BQWBZT) (1= y1v)(r®) —¢) ) (10.79)
where a is the positive scalar from (10.45), is positive definite with respect to s, the
adaptive gain error r(t) — ¢, and is radially unbounded. Taking derivatives along
trajectories
Y T Ty 1 T\2 .
V=s'(BoWB,)s + ;A(BQWBz) (I =y1y0)(r() — ¢)i@)  (10.80)
where from (10.71) (and using (10.66) and (10.74)),
§(t) = A &1(t) + Aps(t) + (v(t) — v (1)) — (I — KB1BY WB; — B,W B3 )v(t)
= (I +KBBY B})(BoWB} vy (1) — (I — KBiBY WB] — ByW BT vy (1)
Using the fact that
s(t)"(BaWBY) (BoW BY)s (1) = | BaWBLs |
where [[(B2WB))|l < [[B2Bj|| = 1, and [|WBJ| < [[W[[B}Il <1 for all
(w1, ..., wy) € W, it follows that when s # 0
(o+mn)
1]
— (o +msT(BoWBY) (KB BY B})(B,WBJ)

sT(ByWBJ)s = — | B.w Bs|?

S
Il

—s"(BoWB3)(I — KB\BY WB, — BLWBJ)vi(t)

< _(:0 + T)) ||BzWBgS||2 + (p +T))
sl sl

+ || B2WBys || (1 — KBiBY WBy — BaWB) | [w0)|
(o+mn)
[Is]]

+ Q2+ y)|w@ ||> (10.81)

| Bw B]s || (31 BY B3) |

< |BwBTs| (_ 18w BTs | (1 = yiy0)
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since || KCB1 BY BY| < |KCB1BY |[I|B5 || < yoy1. and
|1 —KB\BYWB] — ByWB, | <1+ |KBiBYWB] | + |B2WB, | <2+ yi

From the Rayleigh principle, —[|BoW B s[> < —A(BoWB3)?*|Is|* = —w?|is|%,
and using the fact that A(B,W B)) = 1, inequality (10.81) implies

sT(BaWB3)s < —w?lIsl(p +m (1 —y1y0) + IsI2 + vy |w @]

= w51 = 1) (— (o +m + ¢ [u®)]) (10.82)

where ¢ is defined in (10.78). Using (10.76) and (10.44), the inequality above can
be written as

sT(BW B])i < —w?|Isll(1 = y1y0)n
— sl (1= yiy) (]| xO | + &) (r@) —¢)  (10.83)
Finally, substituting (10.45) and (10.83) into (10.80) yields
V < —wlls(1 = yiyo)n — w? sl = yiyo) (L |x O] + L) (r (1) — ¢)
+w (=) (r@) = s) (L] x| + L) De (| s)])
b
= —w (1= yiy0) (r() = §)r(®) (10.84)

If ||s|| > € then D¢(||s||) = ||s]| and so substituting in (10.84) and simplifying terms
yields

. b
V < —w?Isll(1 = yivo)n — ;wz(l — ) (r@®) —¢)r@®)  (10.85)

By construction 0 < y1y0 < 1 and r(¢) > 0. Further manipulation of (10.85), and
using (10.78) yields

. b 1 b 24n)?
V< —wlllsl(l — 2w - S s
< —w’s[I(1 = y1v0)n P ( )/1)/0)<2§ r) +4a w2(1 — y190)
(10.86)

since expanding the quadratic term on the right-hand side of (10.86) gives the right-
hand side of (10.85). If ||s|| > €, then w2||s||(1 — Y1v0)n > w2(1 — Y1y0)ne. The
quantities €, 1, a and b are design parameters and so if they are chosen to satisfy
b (2+4n)? b
> _74( vi) =2 (10.87)
4a w*(1 — y1y0) 4a

then from (10.86)

b 1 2

y 2

V<——w —m/o)(—g—r) <0
a 2

If ||s|| < € then D¢(||s||) =0 and so substituting in (10.84) and simplifying terms
yields
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V < —w?llsll(1 = yiyo)n — wilisll(1 = yiyo) (1 [x @) | + 1) (r (1) = <)
b
- ng(l — y170)(r(®) — §)r () (10.88)

Notice by coqstruction 1Yo < 1 and r(¢) > 0 and therefore for ||s|| < € and r(t) >
¢, itfollows V < 0. Define a rectangle in R2 as

R={(lIsl.r) sl <e, 0<r<g} (10.89)

Also define R4 € R? as R+ =A{Isll,) | r = 0}. By construction of the adaptive
gains, r(t) > 0 for all time and so the trajectory of (||s(¢)]|, r(¢)) € R4 for all time,
and so outside the set R N R4+ =R, from (10.86) and (10.88), the derivative of the
Lyapunov function V < 0. Let V; denote the truncated ellipsoid

Va={(Isll,?) 1 V(lsl.r) <d} n Ry

where V (-) is defined in (10.79). Because R in (10.89) is a compact set, for a given
w > 0, there exists a unique dy > 0 such that dy = min{d € R | R C V;}. As shown
in Fig. 10.2, since R C Vy,, it follows outside Vg, the derivative of the Lyapunov
function V < 0 and so V4, 1s an invariant set which is entered in finite time f.
Since V, is entered in finite time, V (||s||, 7) < dy for all t > 7o which implies ||s|| <
A/2dy/w for t > ty, and hence s enters and remains inside a boundary layer of size
+/2dy/w around the ideal sliding surface S. O

Remark 10.2 Close approximation to ideal sliding can be maintained even in the
presence of faults for an appropriate choice of a, b and €. If e =0 and b =0, it
follows from (10.85) that V < —w?||s||(1 — ¥1¥0)n, which means that ideal sliding
can be attained and maintained in finite time. However, in the presence of noise r(¢)
may become unbounded.

10.4 Adaptive Reference Model

One benefit of using a model-reference framework is it allows the possibility of
changing the reference model when a fault or failure occurs. This can be done using
multiple pre-designed reference models or alternatively by adapting the reference
model online. In some fault conditions, to reduce the demands on the damaged ac-
tuators, a ‘slower’ reference model is desirable. In this chapter, the reference model
will be allowed to adapt to faults. Assume that two reference models have been de-
signed, one will be the nominal reference model designed for a fault-free situation
represented by (10.13), and the other will be the conservative reference model for
the faulty situation. The idea is to blend the two models so that

Am=xA+B,F))+ (1 =0 (A+ B, F) (10.90)
By =AB,G1 + (1 — 1) B,Ga (10.91)

where A € [0 1] and is a function of the w; from W in (10.7). The matrices F; and
G are associated with the nominal ideal model, while F, and G, are associated



10.5 ADMIRE Simulations: Online Control Allocation 263

with the conservative one. In the fault-free case, the nominal reference model will
be used; but when significant failures occur, the ‘slow’ model will be employed.
When partial faults occur, a mix of both reference models will be taken.

10.5 ADMIRE Simulations: Online Control Allocation

10.5.1 Controller Design

The linear model from Sect. 6.4.2.1 has been used here and is associated with a low
speed flight condition of Mach 0.22 at an altitude of 3000 m. The states are angle
of attack (AoA) (rad), sideslip angle (rad), roll rate (rad/s), pitch rate (rad/s) and
yaw rate (rad/s). The controlled outputs are AoA, sideslip and roll rate. The control
surfaces are § = [8; 8re S1e 8r]T, which represent the deflections (rad) of the canard,
right elevon, left elevon and rudder, respectively.

The linearised (A, B) matrices are given in (6.135) and (6.136) where the par-
tition of the B matrix shows the terms B and B; (although a further change of
coordinates is necessary to scale B; to ensure B» BT = I). The feed-back matrices
for the ideal model from (10.16) have been designed using an LQR approach for the
triple (A, B,, C.;) where

Ce=[I3 03x2] (10.92)

is the distribution matrix associated with the controlled outputs. The state weighting
matrix has been chosen as Q,, = C.Q.C.. For this particular problem

. = diag(1, 5000, 0.1)
in the fault-free case, and the control penalty weight is 273. In the faulty case,
Q. =diag(0.01, 50, 0.001)

and /3 has been chosen as the control penalty. Alternatively, other methods such as
eigenstructure assignment [90, 170] could also be used to design the ideal models.
The feed-forward matrix G has been designed using the inverse steady-state gain
for the virtual system (A, By, C.), specifically

G=—(C(A+B,F)"'B,)”"

Based on the above, the feed-back matrices from (10.90) and (10.91) are

[ 0.0006 —30.4857 —1.1726 0.0003  4.8569
Fp=]| —15365 —0.0276 —0.0006 —0.8933 0.0022
| —0.0003  36.3096 1.0527 —0.0002 —4.9790

[—0.0003 —3.8030 —0.3749 —0.0002 1.7039
F,=| —1.3459 -0.0072 -0.0002 -—0.8304 0.0010
| 0.0006  3.4436 03142 0.0004  —1.4496

and the feed-forward matrices are given by
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[—0.0007 32.7235 0.2213
Gy =| 1.1753 0.0128  0.0001
—0.0003 —37.8584 0.1885

0.0005  5.7154 0.1294
Go=| 09441 —0.0069 0.0001
| —0.0015 —4.6283 0.1371

A quadratic optimal design (similar to the one in Sect. 3.4.1) has been used to ob-
tain the sliding surface matrix S. The symmetric positive definite weighting matrix
has been chosen as Q = diag([30, 30, 1, 1, 1]). This results in a hyperplane

0.0002  0.2906
K=] 19922 —-0.0019
—0.0088 —5.5060

In the simulations the discontinuity in the nonlinear control term in (10.41) has been
smoothed by using a sigmoidal approximation from (3.46), where the scalar § has
been chosen as § = 0.001. This removes the discontinuity and introduces a further
degree of tuning to accommodate the actuator limits.

During the design stage, and based on analysis from Sect. 10.2.2, it was found
rank(B; WB2T ) < 3 when the rudder completely fails or any two surfaces from the
set consisting of the canard and the left and right elevons completely fail. This is
an expected result since there is no redundancy for the rudder to provide yaw; and
when two actuators fail from either the canard or elevons, it means that there is no
redundancy left in the system. From (10.27), it can be verified that yg = 2.0913.
Simple calculations show that y; = 0.1549, therefore y;y = 0.3239 < 1 and one
of the stability requirements in (10.39) is satisfied. Also for this particular choice of
sliding surface 1G(8)lloo = y2 = 0.1277. Therefore, from (10.39) the expression

Y200
I—viwv

which shows that the closed-loop system is stable for all 0 < w; < 1. The variables
related to the adaptive nonlinear gain (Sect. 10.2.2) have been chosen as follows: it
was found that choosing /; = 0 and I, = 1 gave sufficiently good performance. This
removes the dependance of r(¢) on e(¢) and simplifies the implementation. The
parameter n from (10.41) was chosen as n = 1. The adaptation parameters from
(10.45) have been chosen as a = 1000, » = 0.1 and € =2 x 107°. The parameter
€ was chosen to be able to tolerate the variation in ||s(¢)|| associated with normal
changes in flight condition but small enough to be sensitive to deviation from zero
resulting from faults or failures. Here a has been chosen to be large to enable small
changes in ||s () || to cause significant changes in the gain, so that the control system
reacts quickly to a fault. The parameter b on the other hand dictates the rate at which
p(t) will decrease after ||s(¢)] has returned below the threshold €. For practical
reasons, the adaptive gain is limited at a maximum of pmax = 5. From (10.59), (1 —
Yivo)en =3 x 107> and b/4a(1 — y1y0) = 2.5 x 107> and therefore the condition
in Proposition 10.1 is satisfied.

=0.391<1
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10.5.2 Actuator Fault Estimation Using Least Squares

In (10.7), the weighting matrix W which is used for the control signal redistribution,
depends on information about the actuator fault. In this chapter, it will be assumed
that a measurement of the actual actuator deflection is available. This is not an unre-
alistic assumption in aircraft systems [35]. Information provided by the actual actu-
ator deflection can be compared with the signals from the controller to indicate the
effectiveness of the actuator. The idea is to use a ‘least squares’ method to estimate
the coefficients w; and c¢; in a relationship of the form
U(,a) = Wilki + ¢

where u(; 4) represents the actual deflection and u; represents the demanded de-
flection i.e., the controller output. The scalars w; and ¢; are obtained from a least
squares optimisation and W = diag(wy, ..., wy,). If the ith actuator is working per-
fectly, w; = 1 and ¢; = 0. If w; < 1 then a fault is present. In the Admire simulation,
10 data samples from a ‘moving window’, collected at 100 Hz, are used to compute
the w; and ¢;.

10.5.3 Simulation Results

In the following simulations, the aircraft model undertakes a ‘« roll’ manoeuvre.
In this section a step demand of magnitude 10 deg is applied to AoA during 1-7 s
and a step of 150 deg/s for roll rate is applied during 3-9 s. (There is no reference
command for sideslip angle—see Fig. 10.3.) Figure 10.3 shows the response of the
closed-loop system and compares the nominal no fault condition (dashed line) and
a situation when the canard jams at 2 s (solid line). Note that some of the solid line
overlaps the dashed line. It can be seen that the control signal is systematically re-
routed to the right and left elevon to maintain the required performance. The tracking
responses show no degradation in performance and the commanded state responses
show that the controller tracks the reference model ‘perfectly’. Figure 10.3 also
shows accurate canard effectiveness estimation (w,) from the least squares method.
Figure 10.4 shows a non-symmetric actuator failure where the left elevon locks
with an offset at 1.6 s (i.e., a lock at a non-trim position). This scenario is much more
difficult compared to the one considered in [122]. Initially in Fig. 10.4, a control
signal is sent to the left elevon. After the failure has been detected, the weight w;
for the left elevon (wye) in the control allocation is changed and the control signal
sent to the left elevon is ‘switched off’ and redistributed to the canard and right
elevon. Figure 10.4 shows much more significant nonlinear gain adaptation (both
with and without reference model adaptation) when the fault occurs. Figure 10.4
also shows comparisons between the controller with (solid line) and without (dashed
line) reference model adaptation. It can be seen that in the event of a severe failure,
by ‘slowing down’ the reference model the control surface deflections become less
aggressive compared with the non-adapted reference model. Therefore (as observed
in the literature; see, e.g., [142]), a much slower response is desirable to provide a
safe level of degraded performance and to prevent further damage to the aircraft.
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Fig. 10.3 Online CA: nominal no fault condition (dashed line ——) vs. canard lock failure (solid
line —): system responses

10.6 ADMIRE Simulations: Fixed Control Allocation

10.6.1 Controller Design

Note that in both the actuator effectiveness based CA scheme and the fixed and
equally distributed CA scheme, the controller is designed based on the system in
(10.21) and (10.68) when K = O: i.e., based on the pair (A, é,,). The same slid-
ing surface design as in Sect. 10.5.1 is used here. The only difference is the actual
control signal being sent to the actuators. In Sect. 10.5.1, the control signals sent to
the actuators are based on (10.42) while in this section, the control signals sent to
the actuators are based on (10.63). Note also, as mentioned in Sect. 10.3, although
the CA strategy proposed in this section is different from the one in Sect. 10.2, the
stability analysis of the reduced order sliding motion must satisfy the same condi-
tion i.e., (10.39). This is due to the fact that y; from (10.38) and y» from (10.37)
correspond to the same elements in the reduced order systems (10.34) and (10.73),
and the fact that ||Bét | = ||Bz+ |I. Therefore, the analysis in Sect. 10.5.1 is also valid
for the case of the fixed CA scheme.
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Fig. 10.4 Online CA: left elevon lock with offset: without (dashed line —) and with adaptive
reference model (solid line —)

The variables related to the adaptive nonlinear gain in Sect. 10.3.1 have been cho-
sen as follows: again choosing /1 = 0 and / = 1 gave sufficiently good performance.
The parameter n from (10.75) was chosen as = 1. The adaptation parameters from
Sect. 10.3.1 have been chosen as a = 3200, b = 0.0001 and ¢ = 3 x 1072, As in
Sect. 10.5, the parameter € was chosen to be able to tolerate the variation in ||s () ||
due to normal changes in flight condition but small enough to enable the adaptive
gain to react to deviations from zero due to faults or failures. Here a has been cho-
sen to be large to enable small changes in ||s(¢)]| to cause significant changes in the
gain, so that the control system reacts quickly to a fault. The parameter b on the
other hand dictates the rate at which p(¢) will decrease, after ||s(z)|| has returned
below the threshold €. As in Sect. 10.5.1, rank (B> WB2T ) < 3 when the rudder com-
pletely fails or any two surfaces from the set consisting of the canard and the left
and right elevons completely fail. Using the fact that, as in Sect. 10.5.3, only a sin-
gle actuator failure is considered, w from (10.77) has been found to be w = 0.2286.
Therefore from (10.78), ¢ = 60.9629 (where y; and yy are defined in Sect. 10.5.1).
From (10.87), en =3 x 107> and bc?/4a =2.903 x 107 and therefore the condi-
tion in Proposition 10.2 is satisfied.
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10.6.2 Simulation Results

The same manoeuvre and failure test conditions as in Sect. 10.5.3 is considered
here. Figure 10.5 shows the aircraft responses when the canard fails at 2 s, while
Fig. 10.6 shows when the left elevon fails at 1.6 s. Figure 10.5 shows the response
of the closed-loop system and compares the controller with (solid line) and without
(dashed line) reference model adaptation. It can be seen that the tracking responses
show no degradation in performance and the commanded state responses show that
the controller tracks the reference model ‘perfectly’. Similar responses to those in
Sect. 10.5.3 have been obtained. The controller with the adaptive reference model
(solid line) shows much less aggressive control surface deflection compared to the
one with a fixed reference model (thin line). There are a few differences in Fig. 10.5
compared to Fig. 10.3 associated with the signal ||s(¢)||, the adaptive gain p(¢), and
the control signal to the canard u.(¢). Figure 10.5 shows that in the absence of the
actuator effectiveness estimation, the fixed CA scheme continues to send signals to
the canard even after it has failed. The absence of the actuator effectiveness esti-
mate gives much larger deviations from the sliding surface compared to the one in
Fig. 10.3. As a consequence of the larger ||s(?)||, the adaptive gain p(¢) is much
higher than the one in Fig. 10.3. The higher gain p(f) gives larger control signals
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than in the nominal condition, which are sent to all actuators to compensate for the
jammed canard. This replicates the condition of passive FTC using sliding modes
without any FDI as shown in Chap. 8. The difference in this section is that total ac-
tuator failures can be handled. The slow rate at which p(¢) is decreasing in Fig. 10.5
is due to the choice of b for the adaptive gain.

Figure 10.6 shows a non-symmetric type of actuator failure where the left elevon
locks with an offset. This figure also shows a similar trend to Fig. 10.5. The control
signal sent to the jammed left elevon is not shut off (because of the absence of an
FDI scheme). The deviation from the sliding surface (the ||s(¢)|| signal) is much
higher compared to the one in Fig. 10.4, and this causes the adaptive gain p(t) to
reach the maximum set gain. The large adaptive gain increases the magnitude of the
control signals sent to all the actuators and thus enables the desired AoA, sideslip
and roll rate performance to be maintained. Again, the slow rate at which p(¢) is de-
creasing in Fig. 10.6 is due to the choice of b for the adaptive gain. Figure 10.6 also
shows comparisons between the controller with (solid line) and without (dashed
line) reference model adaptation. By ‘slowing down’ the reference model, espe-
cially in the event of a severe failure, the control surface deflections become less
aggressive compared to the non-adapted reference model.
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10.7 Summary

This chapter has proposed two CA strategies using a model-reference framework.
One is based on an online control redistribution and the other uses a fixed distri-
bution CA scheme. An adaptive nonlinear gain and an adaptive reference model
for FTC have also been proposed. In the first CA strategy, the effectiveness level
of the actuators was used by the CA scheme to redistribute the control signals to
the remaining actuators when a fault or failure occurs. The second CA scheme was
based on fixed equal distribution to all actuators, even in the case of faults or fail-
ures. The adaptive nonlinear gain and reference model provide online tuning for the
controller. The chapter has presented a rigorous stability analysis for the proposed
schemes and proposed two adaptive nonlinear gain strategies to maintain sliding.
The schemes have been tested on the ADMIRE aircraft model and have shown that
faults and total actuator failures can be handled. The simulation results have shown
good performance even in more difficult failure scenarios than those considered in
the existing literature.

10.8 Notes and References

References [142] and [59] describe some recent research that uses model-reference
schemes for active FTC. The popularity of the model-reference framework for adap-
tation and FTC is due to several advantageous features. Many performance speci-
fications are given in the time domain e.g., rise time, damping ratio, decoupling
effects etc. These can be represented in terms of an ideal transfer function response,
which become the reference signals the closed-loop system must follow for track-
ing purposes. Another advantage of using a model-reference framework for FTC is
that it allows the reference model to be changed online to cope with changes in the
operational conditions especially during faults or failure.

In the SMC literature, model-reference schemes have been used for tracking (as
seen in Sect. 3.5.2 and [17, 60, 70, 239, 301]). In terms of FTC, work such as [59]
has investigated combining model-reference and SMC.



Chapter 11
SIMONA Implementation Results

The previous chapters proposed and analysed new fault tolerant control schemes
using a combination of CA and SMC. This chapter builds on the previous ones
and considers the practical issues arising from implementing such schemes for con-
trolling both the longitudinal and lateral axes of a 6-DOF flight motion simulator
configured to represent a B747 aircraft. Here, a ‘proof of concept’ controller will be
presented to highlight the practicality of the sliding mode controllers for real-time
application.

11.1 Introduction

The combination of sliding modes and control allocation developed in Chap. 9 pro-
vides a powerful tool for the development of simple, robust fault tolerant flight con-
trollers that work for a wide range of faults and failures without requiring any re-
configuration (provided there is still enough redundancy in the system). The work
in Shtessel et al., [226] and Wells and Hess [269] provides practical examples of the
combination of SMC and CA for FTC. The work by Shin et al., [222] uses CA ideas,
but formulates the problem from an adaptive controller point of view. However none
of these papers provide a detailed stability analysis and discuss sliding mode con-
troller design issues when using control allocation. The scheme in Chap. 9 uses a
control law which depends on (an estimate of) the ‘efficiency/effectiveness’ of the
actuators. In this chapter, these ideas are extended and the potential of SMC and CA
is demonstrated through an implementation of these ideas on a six degree of free-
dom (6-DOF) research flight simulator called SIMONA (SImulation, MOtion and
NAvigation) running a high-fidelity nonlinear aircraft model based on FTLAB747
V6.5/7.1/2006b [234].

H. Alwi et al., Fault Detection and Fault-Tolerant Control Using Sliding Modes, 271
Advances in Industrial Control,
DOI 10.1007/978-0-85729-650-4_11, © Springer-Verlag London Limited 2011
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11.2 Test Facilities (SIMONA)

Typically a newly developed controller is first designed and tested on a benchmark
model, and then tested on a flight simulator before being certified by actual flight
testing. Flight testing is very expensive. For the study of faults and failures, a high-
fidelity nonlinear aircraft model can simulate closely real-life conditions and the
performance of an aircraft with high accuracy, and apart from the cost saving, is
much safer. Flight simulators are also used before an actual flight for training and to
get useful feedback from pilots on the effectiveness of the controller systems. The
work in this chapter is based on a high-fidelity nonlinear B747 model for design and
desktop simulations, and has subsequently been implemented on a flight simulator.
The details of the high-fidelity nonlinear B747 model and the flight simulator are
described in the subsections below.

11.2.1 The SIMONA Research Simulator

The SIMONA Research Simulator (SRS) in Fig. 11.1 is a research project of Delft
University of Technology. During its design and fabrication the university employed
new techniques and insights from various fields to optimise performance and opera-
tional flexibility. The resulting flight simulator provides researchers with a powerful
tool that can be adapted to various uses [243]. In the years since it has been oper-
ational, the SRS has been used for research into human (motion) perception [125,
258, 288], aircraft handling qualities [91, 113], fly-by-wire control algorithms and
flight deck displays [163, 194], flight procedures [65, 66] and air traffic control
[264]. The flexible software architecture and high-fidelity cueing environment al-
lows the integration of the B747 model from Smaili et al., [234], complete with
failures and the assessment of the controller in a realistic aircraft environment.

The flight deck of the SRS provides the two pilots with simulated instruments
that match the aircraft under investigation (Fig. 11.1(b) and 11.1(c). The pilots can
interface with the aircraft through a conventional control column or a sidestick con-
troller, a centre pedestal with engine controls and a Mode Control Panel (MCP) for
the autopilot. The windows give a wide view on a virtual environment and a motion
system moves the entire cabin to simulate aircraft accelerations.

A modular network of personal computers (PCs) provides the processing power
to run the simulator. Each PC has a specific task, e.g., driving the pilot controls, gen-
erating the instrument graphics, running the aircraft model or logging data. A high-
speed fibre-optic network provides synchronisation and communication services for
all the computers. The modular approach makes it easy to exchange for example the
aircraft model for another, without affecting the rest of the simulation software. In
particular, the software is able to interface with SIMULINK® models.
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Fig. 11.1 SIMONA research
simulator (picture courtesy

of SIMONA, Delft University
of Technology)

(b) Flight deck - centre view

(c) Flight deck - right view
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11.2.2 Benchmark V2.2—FTLAB747 V6.5/7.1/2006b

Over the years the FTLAB747 software has been developed for the study of FTC
and FDI schemes [183]. The amount of redundancy available on this aircraft model
[183] makes it suitable to test new fault tolerant schemes. Recently this software
has been upgraded to V6.5/7.1/2006b by Smaili et al., [234] to allow all the control
surfaces to be controlled independently offering more degrees of control flexibility
especially during faults or failures. This model is the basis for the results in this
chapter. This ‘modified’ aircraft is essentially a fly-by-wire aircraft [35] where all
the control surfaces are controlled electronically compared to the ‘classical’ B747
aircraft which uses mechanical linkages which therefore limit the usability of some
of the control surfaces in fault or failure conditions. In this chapter, two sliding
mode controllers for lateral and longitudinal control have been designed and tested
under multiple fault and failure conditions before being implemented on the 6-DOF
SIMONA flight simulator to show the capabilities of the proposed method.

To be able to fly with a pilot in the loop, the benchmark B747 model [234] (from
FTLAB747) was slightly adapted from the offline model. The aircraft model was
isolated from peripheral utility functions such as the autopilot, to follow the refer-
ence scenario and MATLAB® logging functions. Its inputs and outputs were stan-
dardised to fit in the SRS software environment and the SIMULINK® model was
converted to C code using the REAL-TIME WORKSHOP®. Finally the model was
integrated with the pilot controls, aircraft instruments and cueing devices of the
SRS. Section 11.4 describes in more detail similar steps that were taken for the con-
troller described in the next section, which was subsequently integrated in the SRS
and coupled with the B747 model.

11.3 Controller Design

The 12 rigid body states of the B747 aircraft can be divided into six longitu-
dinal axis states and six lateral and directional axis states which are all deter-
mined from the 6-degree of freedom equations of motion. The states are given by
x=[pqr Vasa B¢y h,x. y.]". For the longitudinal axis, the states are pitch
rate g, true airspeed Vi, angle of attack «, pitch angle 6 and altitude 4,. Meanwhile
for the lateral and directional axes, the states are roll rate p, yaw rate r, sideslip an-
gle B, roll angle ¢ and yaw angle vr. The control surfaces comprise four ailerons
(inboard and outboard on each wing), 12 spoilers (two inboard spoilers and four
outboard spoilers on each wing), two rudders (upper and lower), four elevators (an
inboard and outboard on each left and right elevator), a horizontal stabiliser and four
engine thrusts (which are controlled through engine pressure ratios (EPR)).

In this chapter both lateral and longitudinal control is considered. One of the con-
troller design objectives considered here is to bring a faulty aircraft to a near landing
condition. This can be achieved by a change of direction through a ‘banking turn’
manoeuvre [36], followed by a decrease in altitude and speed. This can be achieved
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by tracking appropriate roll angle (¢) and sideslip angle (8) commands using the
lateral controller, and tracking flight path angle (FPA) and airspeed (Vi,s) commands
using the longitudinal controller. For lateral control, the settling time when there is
no fault/failure should be approximately 20 s for ¢ and 20 s for 8. If a fault/failure
occurs, the tracking requirement is 25 s for ¢ and B. These specifications are cho-
sen to ensure that there is almost zero side force and therefore passenger comfort
is maintained (page 233 of Bryson [36]). For longitudinal control, the settling time
when there is no failure should be 20 s for FPA and 45 s for V.. If a failure occurs,
the tracking requirement is 30 s for FPA with no difference in the Vi, tracking.
These specifications are taken from Ganguli et al., [105].

A linearisation has been obtained around an operating condition of 263,000 kg,
92.6 m/s true airspeed, and an altitude of 600 m at 25.6% of maximum thrust and
at a 20 deg flap position. The result is a 12th order linear model (separated into two
sixth order models) associated with the lateral and longitudinal states. For design
purposes, only the first four longitudinal (Xiong = [g Vias @ 017) and lateral states
(xlae=I[prB ¢]T) have been retained. For lateral control, the four individual engine
pressure ratios (EPR) and the four individual ailerons have been used. The 10 spoil-
ers! have been aggregated to produce two control inputs on each wing (spoilers 14,
5, 8 and 9-12 have been grouped, respectively). The other input represents rudder
deflection (the upper and lower rudder has been aggregated to produce a single con-
trol signal). For longitudinal control, the four elevators have been aggregated to
produce one control input while the four longitudinal EPRs can be controlled inde-
pendently. The other input represents horizontal stabiliser deflection. The following
state-space system pairs represent the lateral and longitudinal systems about the trim
condition:

C_1.0579 01718 —1.6478 0.0004
A _| 01186 —02066 02767 —0.0019 G
B=1001014  —0.9887 —0.0999  0.1055 :
| 1.0000  0.0893 0 0
C_0.0832 0.0832 —02285 02285 —02625 —0.0678 0.0678
. —0.0154 00154 —0.0123 00123 —0.0180 —0.0052 0.0052
fat = 0 0 0 0 00017 0.0006 —0.0006
0 0 0 0 0 0 0
02625  0.1187 0.0246 0.0140 —0.0140 —0.02467 |
00180 —0.2478 0.1269 00724 —0.0724 —0.1269 | [ 12
—0.0017 00174 0.0005 0.0005 —0.0005 —0.0005
0 0 0 0 0 0 Brat,1
(11.2)

ISpoilers 6 and 7 are ground spoilers and are not used during flight [119].
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and
—0.5137  0.0004 —0.5831 0
0 —0.0166 1.7171 —9.8046
Along = || 0064  —0.0021 —0.6284 0 (1.3)
1.0000 0 0 0
B]ong
~0.6228 —1.3578 00082 00218  0.0218  0.0082 7| p
0 —0.1756  1.4268  1.4268  1.4268  1.4268 one.
| —0.0352 —0.0819 —0.0021 —0.0021 —0.0021 —0.0021
0 0 0 0 0 0 Biong,1
(11.4)

where the states represent xjoc = [p r B ¢]T and xjopg = [¢ Vias @ 01T. The lateral
control surfaces are
Stat = [air Sail Saor Saol Ssp1—a Ssp5 Ssp8 Sspo—12 8 €1y €21 €31y €]

which represent aileron deflection (right and left: inboard and outboard) (rad),
spoiler deflections (left: 1-4 and 5, right: 8 and 9-12) (rad), rudder deflection
(rad) and lateral engine pressure ratios (EPR). The longitudinal control surfaces
are Sjong = [Je Js €liong ©2long @3long e4long]T, which represent elevator deflection (rad),
horizontal stabiliser deflection (rad), and longitudinal EPR. The partition of B in
(11.2) and (11.4) shows the terms B and B, (although a further change of coordi-
nates is necessary to obtain the form in (9.9) to scale B; to ensure Bng =1). The
controlled output distribution matrices are

0010 00 —1 1
Cflat:[o 00 1] C%ng:[o 10 0}

which represent the states ¢ and B for lateral control and flight path angle (FPA) and
Vias for longitudinal control. These linear models will be used to design the control
schemes which will be described in the next sections.

To include a tracking facility, integral action (as discussed in Sect. 3.5.1) has been
included for both longitudinal and lateral control. For the generic system in (9.7),
let x, (¢) represent integral action states:

X (1) =r() — Ccx(2) (11.5)

where C, € R!*" ig the distribution matrix associated with the controlled outputs,
and the differentiable (filtered reference) signal r(¢) satisfies

F(t)=T(r(t) —rc) (11.6)

In the above, I' € R**/ is a stable design matrix and r. is a piecewise constant
demand vector. Augmenting the states from (11.1)—(11.4) with the integral action
states and defining x, () = col(x,(¢), x(¢)) it follows that

Xq (1) = AaXa(t) + Bau(t) + Brr (1) (1L.7)
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o —c. “fo Ry
w0 S we[0] m=[l] s

If (A, B) is controllable and (A, B, C.) does not have any zeros at the origin then
(A4, By) is controllable. Define a switching function s,(z) : RO+) 5 R to be

Sq(t) = Saxq(t) (11.9)

where S, € R™>*+D and S,B, = I;. As in Equation (9.42)—(9.43), the proposed
‘virtual control law’ comprises two components D(¢) = U;(t) + 1, (). Now because
of the reference signal r(t), the linear component has a feed-forward reference term
and so D;(t) = Ly, x,(t) + L,r(t) where the gain L,, = —S‘HA[, and L, = —Saé,.
Here Aa, l}, and S’a are the matrices from (11.8) and (11.9) after a transformation
to achieve the regular form in (9.19) has been performed. The nonlinear component
is defined as

where

o) = —p(t.x) 2D for s,(r) £0 (11.10)
llsa ()]
and from (9.47)
u(t) = WBZT(BszBzT)_]ﬁ(t) (11.11)

Notice that the control sent to the actuators is dependent on the effectiveness gains
k; (through the diagonal weighting matrix W).

11.3.1 Lateral Controller Design

In normal operation, the ailerons will be the primary control surface for ¢ tracking,
whilst the spoilers introduce redundancy. Meanwhile for § tracking, the rudder will
be the primary control surface and differential engine thrust is the associated redun-
dancy. It will be assumed that at least one of the control surfaces for both ¢ and g
tracking will be available when a fault or failure occurs (i.e., one of either the four
ailerons or the four spoilers will be available and one of either the rudder or the four
engine thrusts are available). Based on these assumptions, it can be verified from a
numerical search that y,, from (9.27) is yp,, = 8.1314.

The matrix which defines the hyperplane must now be synthesised so that the
conditions of (9.36) are satisfied. A quadratic optimal design (as in Sect. 3.4.1)
has been used to obtain the sliding surface S,,, which depends on the matrix Ky
in (9.28). Here the symmetric positive definite state weighting matrix has been cho-
sen as Q¢ = diag(0.005, 0.1, 6,6, 1, 1). The first two terms of Qy, are associated
with the integral action states and are less heavily weighted. The third and fourth
term of Qi are associated with the equations of the angular acceleration in roll and
yaw (i.e., Bl 2 term partition in (9.9)) and thus weight the virtual control term. Thus
by analogy to a more typical LQR framework, they affect the speed of response of
the closed-loop system. Here, the third and fourth terms of Qjy have been heavily
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weighted compared to the last two terms to reflect a reasonably fast closed-loop
system response. The poles associated with the reduced order sliding motion are
{—0.0707, —0.3867, —0.3405 4= 0.1484i}. Based on this value of Ky, simple cal-
culations from (9.32) show that yy,, = 0.0145, therefore y,, y1,, = 0.1180 < 1 and
so the requirements of (9.36) are satisfied. Also for this particular choice of sliding
surface, ||G]at(s)||OO = 2, = 0.0764 from (9.35). Therefore from (9.36),

yz]z\t yO]aI
] - yllat J/Olat

which shows that the system is stable for 0 < w; < 1. The pre-filter matrix from
(11.6) has been designed to be Iy = diag(—0.5, —0.5). This may be viewed as
representing the ideal response in the ¢ and the 8 channels. For implementation,
the discontinuity in the nonlinear control term in (11.10) has been smoothed by
using a sigmoidal approximation described in Sect. 3.2.2 where the scalar §j; =
0.05. This removes the discontinuity and introduces a further degree of tuning to
accommodate the actuator rate limits—especially during actuator fault or failure
conditions.

To emulate a real aircraft flight control capability, an outer loop heading con-
trol was designed based on a proportional plus derivative controller, to provide
a roll command to the inner loop sliding mode controller. In the implementa-
tion, this outer loop heading control can be activated by a switch in the cockpit.
The proportional gain was set as K, = 0.5 and the derivative gain was set as
Kg, =0.1

=0.7043 < 1

11.3.2 Longitudinal Controller Design

In normal operation, the elevators will be the primary control surface for FPA track-
ing, whilst the horizontal stabiliser introduces redundancy. For Vi, tracking, the
collective thrust (from the four engines) will be the actuator. It will be assumed that
at least one of the control surfaces for FPA tracking will still be available when a
fault or failure occurs. It is also assumed that at least one of the four engines is
available for Vi,5 tracking. Based on these assumptions, it can be verified from a
numerical search that yy,,,, = 8.2913 from (9.27).

As in the lateral controller, a quadratic optimal design has been used to ob-
tain the sliding surface matrix (and therefore the matrix Kjong). The weighting
matrix has been chosen as Qjong = diag(0.1,0.1, 10, 50, 1, 1). Again, similar to
the lateral controller design, the first two terms of Qjong are associated with the
integral action states and are less heavily weighted. The third and fourth terms
of Qiong are associated with the Bjong,> term partition in (9.9) (i.e., states g and
Vias) Which weight the virtual control term, and have been heavily weighted com-
pared to the last two terms. The poles associated with the reduced order slid-
ing motion are {—0.7066, —0.2393 + 0.1706i, —0.0447}. Based on this value of
Kiong, simple calculations from (9.32) show that y, long = 1.9513 x 10~*: therefore
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Table 11.1 SIMONA hardware interconnections

Input Source Output Destination
Ref. signals e.g., Yemd MCP Actuator commands Aircraft model
Aircraft states e.g., ¥ Aircraft model Controller data Data logger
Config. switches e.g., ¥ or ¢ Pilot switches Configuration choice Controller

YOlong Vliong = 0-0016 < 1 and so the requirements of (9.36) are satisfied. For this

choice of sliding surface, ||(~?10ng(s)||OO = V2ione = 0-0112 from (9.35). Therefore
from (9.36),

J/2long yolong
- yllong yolong

=0.0931 <1

which shows that the system is stable for 0 < w; < 1. The pre-filter matrix from
(11.6) has been designed to be Ijong = diag(—0.5, —0.125). The discontinuity in
the nonlinear control term in (11.10) has been smoothed by using a sigmoidal ap-
proximation where the scalar §jong = 0.05.

An outer loop altitude control scheme was designed based on a proportional plus
derivative controller to provide a FPA command to the inner loop sliding mode
controller. In the SIMONA implementation, this outer loop altitude control can be
activated by a switch in the cockpit. The proportional and the derivative gains were
setas Kp,,,. = 0.001 and Kg4,,, = 0.05, respectively.

Note that both the lateral and longitudinal controller manipulate EPR. For lateral
control, differential EPR is required as a secondary ‘actuator’ for 8 tracking; whilst
for longitudinal control, collective EPR is used for Vi, tracking. In the final im-
plementations, ‘control mixing’ was employed, whereby the signals from both the
lateral controller (eyy,, €2, €3,, and e4,, ) and longitudinal controller (e1,,,,, €2,,,>
€3, and e4, ) were added together before being applied into each of the engines.
This is similar to the control strategy used for the NASA propulsion control aircraft
described in Burcham et al., [43].

11.4 SIMONA Implementations

The controller was implemented as a SIMULINK® (version 2006b) model with ap-
propriate inputs and outputs to connect it with the aircraft model and the SIMONA
hardware, as described in Table 11.1 and Fig. 11.2.

The controller/aircraft model combination contains an algebraic loop, with the
controller requiring input from the model whilst producing the required input for
the aircraft model. In the SRS this was solved by the controller module using the
aircraft state data from the previous time step. All data are time stamped, ensuring
consistency across different modules within the simulation, even when they are on
physically different processors.
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Fig. 11.3 Mode control panel (MCP)

The controller was set up to work with an Ode4 solver with a fixed time step
of 0.01 s. Using the REAL-TIME WORKSHOP®, the controller block diagram from
the SIMULINK® environment was converted to C-code and integrated into the SRS,
where it runs on a dual Intel® Pentium® III 1 GHz processor, together with the
aircraft model and motion control software. The available processing power is suf-
ficient to run the controller in real-time, i.e., within 10 ms per time step.

A connection with the Mode Control Panel (MCP) on the flight deck (Fig. 11.3)
enables the selection of ‘control modes’ e.g., altitude hold, heading select and refer-
ence values. The simulator trials were performed with the speed, altitude and head-
ing select modes active. The pilot commands new headings, speeds or altitudes by
adjusting the controls on the MCP.

11.5 Results

The results presented in this chapter are all from the 6-DOF SIMONA research
simulator based on the full 77 state nonlinear B747 model. For passenger comfort
during turning manoeuvres, the reference command for ¢ was limited to 25 deg and
a 0 deg reference applied to 8, to force the nose of the aircraft to point towards the
heading angle. It was assumed that the aircraft has recently taken off and reached an
altitude of 600 m. After a few seconds of straight and level flight, failures occur on
the actuators. The immediate action requested by the pilot is to change the heading
to 180 deg and to head back to the runway. The altitude is then changed from 600 m
(1967.2 ft) to 30.5 m (100 ft) before the Vi is reduced from 92.8 m/s (180 kts) to
82.3 m/s (160 kts), to approximate a landing manoeuvre.

Five different control surface failures have been tested on the simulator: all eleva-
tors jam with a 3 deg offset, all ailerons jam with a 3 deg offset, a stabiliser runaway,
all rudders runaway, and finally both rudders detach from the vertical fin [234]. All
the trials have been done with and without wind and turbulence. However, only the
most significant results are shown in this chapter.

11.5.1 No Fault

Figures 11.4(a)-11.4(d) show the fault-free responses of the controller. Fig-
ure 11.4(a) shows that there is a small amount of coupling between roll and sideslip
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Fig. 11.4 No fault conditions

during a heading change.

There is also a small change in altitude during heading

change. The heading is changed by means of two 90 deg step inputs followed by a
change in altitude from 600 m to 30 m in three steps: 600 m to 366 m to 183 m and
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finally to 30 m above the runway. Figure 11.4(a) shows good tracking by the states
of the command signals. Figures 11.4(b) and 11.4(c) show the nominal variations in
the norm of the switching function signals. Finally, Fig. 11.4(d) shows the overall
trajectory of the aircraft in 3D. Here, the change in heading and altitude can be seen
more clearly.

11.5.2 Actuator Effectiveness

In (11.11), the weighting matrix W depends on information about the actuator fault.
Asin Sect. 10.5.2, it will be assumed in this chapter that a measurement of the actual
control surface deflection is available. The idea is to use a ‘least squares’ method
to estimate the actuator effectiveness W by comparing the actual control surface
deflection with the demanded deflection i.e., the controller output. In the SIMONA
implementation, 10 data samples from a ‘moving window’, collected at 100 Hz
are used to compute the W. In the SIMONA implementation, both the lateral and
longitudinal controller have their own fault estimation block.

11.5.3 Stabiliser Runaway

Figures 11.5(a)-11.5(d), showing a stabiliser runaway failure, are comparable to
those in Figs. 11.4(a)-11.4(d). As before, Fig. 11.5(a) shows no visible degradation
in performance. The only difference that can be seen is in the switching function
shown in Fig. 11.5(d). Here the switching function exceeds the nominal condition
briefly after the failure occurs but immediately returns and remains close to zero.
Figure 11.5(b) shows the stabiliser runaway to a maximum positive deflection of
3 deg at its maximum deflection rate of 0.5 deg/s [119]. During the stabiliser run-
away, Fig. 11.5(b) shows the elevator moves to the negative deflection to counteract
the effect of stabiliser runaway. Figure 11.5(b) also shows that to counteract the sta-
biliser deflection change of about 6 deg (from a trim deflection of —3 deg to max-
imum deflection of 3 deg), the elevator deflection has offset approximately 12 deg
from its trim deflection of approximately 2 deg. Finally, Fig. 11.5(c) shows that the
effectiveness of the stabiliser has been successfully estimated.

11.5.4 Elevator Jam with Offset

Figures 11.6(a)-11.6(d) show the system responses when the elevator jams with
an offset in the presence of wind and gusts. Figure 11.6(a) shows that the states
maintain the required performance (as in the no fault condition in Fig. 11.4(a))
throughout the manoeuvre. A small change in altitude during the elevator jam is
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visible at approximately 50 s, since the effect of the elevator offset to 5 deg from the
trim deflection (see Fig. 11.6(b)) creates an unwanted pitch moment. Figure 11.6(b)
also shows that when the elevator jam occurs, the stabiliser becomes more active
and offset from approximately —3 deg to —5 deg deflection to counteract the ef-
fect of elevator offset jam. Figure 11.6(c) shows that the elevator effectiveness has
been successfully estimated. Figure 11.6(d) shows that during the elevator jam, the
switching function momentarily deviates from the nominal conditions; but once the
control signal redistribution takes place, the switching function returns to near zero.

11.5.5 Aileron Jam with Offset

Figures 11.7(a)-11.7(d) show the system responses when the aileron jams with an
offset. Figure 11.7(a) shows no visible difference in terms of tracking performance
compared to the no fault condition. Figure 11.7(b) shows the offset deflection of the
aileron from 0 deg to an offset deflection of 3 deg. After the aileron jams, the aileron
effectiveness estimation (Fig. 11.7(c)) drops to zero, and therefore the control sig-
nals sent to the ailerons are shut off and redistributed to the spoilers. Figure 11.7(c)
shows that after the aileron jams, the spoilers become more active to provide roll.
Finally, Fig. 11.7(d) shows that the switching function is maintained close to zero,
indicating that nominal performance is maintained despite the failure.

11.5.6 Rudder Missing

Figures 11.8(a)-11.8(d) show the system responses when the upper and lower rud-
der detaches from the vertical fin in the presence of wind and gusts. This is shown
clearly in Fig. 11.8(b) where at the start of the simulation, the rudder moves due
to wind and gusts, and when the rudders are detached, there is no longer any de-
flection detected by the sensor. Figure 11.8(a) shows that without the rudders, the
aircraft manages to maintain the required level of performance even in challenging
wind and gust conditions. There is visually no difference in the sideslip performance
compared to the nominal situation in Fig. 11.4(a). Finally, Fig. 11.8(c) shows accu-
rate rudder effectiveness estimation and that the switching function is maintained
close to zero despite the failure and the presence of wind and gusts.

11.5.7 Rudder Runaway

Figure 11.9(b) shows that the upper and lower rudders runaway to the 5 deg position.
Not only does the rudder runaway cause a tendency to turn to one side (and there-
fore affecting the lateral performance), it also creates difficulties in the longitudinal
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axis and results in a tendency to pitch up. Figure 11.9(a) shows that the controller is
tested on a slightly different manoeuvre. The sideslip command is kept at 0 deg and
has only a small degradation in its performance. The heading is changed by 180 deg
by banking to the right and at the same time the speed is increased to 113.18 m/s
(220 kts) adding further difficulties to the banking manoeuvre. Then a bank left is
tested by changing the demanded heading back to 135 deg, followed by a reduction
in speed to 92.6 m/s. The altitude is also decreased to 30 m, before a small increase
in altitude to 182 m above the runway. In these tests, only a small degradation in
performance is visible. Figure 11.9(d) shows that the switching function just ex-
ceeds the nominal condition at high speed indicating that the effect of the rudder
runaway is harder to control. However, using the rudder effectiveness information
in Fig. 11.9(c), the control signal sent to the rudder is shut off and the control signals
are sent to the remaining functioning actuators causing a visible split in the control
surface deflections as seen in Fig. 11.9(b). Figure 11.9(b) shows that the four EPR
have split to counteract the effect of the banking turn. Engines 3 and 4 on the right
wing show less EPR compared to Engines 1 and 2 on the left wing, to counteract
the tendency to turn to the left. The spoilers and ailerons also show a visible split in
terms of the deflections to counteract the effect of the rudder runaway.

11.6 Summary

This chapter has presented implementation results for the sliding mode control al-
location schemes developed in the earlier chapter. The control allocation aspect is
used to allow the sliding mode controller to redistribute the control signals to the
remaining functioning actuators when a serious fault or failure occurs, without re-
configuring or switching to another controller. This chapter has provided a ‘proof of
concept’ to highlight the practicality of the proposed schemes. The implementation
results on the SIMONA research flight simulator show good performance not only
in nominal conditions, but also in the case of total actuator failures, even in wind
and gust conditions.

11.7 Notes and References

The implementation of the SMC controller on the SIMONA flight simulator was
made possible through the co-operation of the faculty of Aerospace Engineering,
Delft University of Technology, the Netherlands, under the Group for Aeronautical
Research and Technology in Europe, Flight Mechanics, Action Group 16 (GAR-
TEUR AG16) program. As part of the GARTEUR AG16 program, a collection of
other FTC and FDI schemes were evaluated. The results for various types of actuator
failures can be found in [80, 117, 144, 172, 173, 242, 261].



Chapter 12
Case Study: ELAL Bijlmermeer Incident

The flight simulator results shown in Chap. 11 concentrated on individual control
surface failures (jams with offsets or runaways). In this chapter, the model-reference
controller from Chap. 10 will be applied to the more challenging task of ‘landing’
the B747 aircraft based on the ELAL flight 1862 Bijlmermeer scenario, with the
assumption that no actuator effectiveness estimate is available.

12.1 Introduction

An independent investigation by Delft University of Technology [235] into the
ELAL flight 1862, which crashed into an apartment building in Bijlmermeer, Ams-
terdam, suggested that there was still some control and flying capability associated
with the crippled aircraft. This is backed up by an early publication of FTC on the
ELAL 1862 scenario in [177], which showed that it was possible to control the crip-
pled aircraft (although in [177], an exact damage model is assumed to be available).

This chapter presents the flight simulator results based on the FTC scheme from
Sect. 10.3 obtained by experienced pilots based on the ELAL flight 1862 (Bijlmer-
meer incident) scenario. The results in this chapter are the outcome of the controller
evaluation ‘flight testing’ campaign and the GARTEUR AG16 final workshop at
Delft University of Technology, The Netherlands, in November 2007. The results
represent the successful real-time implementation of the SMC controller proposed
in Sect. 10.3 on the SIMONA 6-DOF flight simulator with professional pilots flying
and evaluating the controller. The simulator tests by the pilots were done with the
ELAL flight 1862 scenario which was previously used in the independent investiga-
tion of the Bijlmermeer incident by Delft University of Technology [235].

The ELAL flight 1862 incident represents a challenging scenario for any FTC
strategy. In this chapter, it will be assumed that the controller has no knowledge of
the failure and damage to the airframe, and that there is no FDI or fault estimation
available.

The controller that has been used is the model-reference sliding mode controller
proposed in Chap. 10. Here, since there is no FDI and no actuator effectiveness

H. Alwi et al., Fault Detection and Fault-Tolerant Control Using Sliding Modes, 291
Advances in Industrial Control,
DOI 10.1007/978-0-85729-650-4_12, © Springer-Verlag London Limited 2011
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Fig. 12.1 ELAL flight 1862: the aircraft (picture: Werner Fischdick (c))

estimation available, fixed control allocation will be used. In this situation, there is
no control signal redistribution to the healthy control surfaces. Instead, the fixed and
equally distributed control allocation scheme is sufficient to access the remaining
available control surfaces and ‘passively’ control the aircraft while ensuring stability
and some nominal performance.

An outer loop inertial landing system (ILS) based on a PID is used in order to
provide an outer loop command (roll and flight path demand) to guide the aircraft to
capture the localiser (LOC) and glide slope (GS), and therefore landing the aircraft
using a typical landing procedure. This is a typical controller configuration used
by the pilot to reduce the workload, although this setup can be changed from the
Mode Control Panel (MCP—see Fig. 11.3) to allow the pilot to manually land the
aircraft.

12.2 ELAL Flight 1862: The Incident

A brief discussion of the actual incident will be presented in this section. This sum-
mary is based on the actual incident report by The Netherlands Aviation Safety
Board [8].

On the 4th October 1992, the ELAL flight 1862 freighter aircraft—a Boeing 747-
200 (Fig. 12.1)—departed from Schiphol Airport, Amsterdam after refuelling. This
was a scheduled flight from New York JFK airport to Tel Aviv Israel, stopping in
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Amsterdam for refuelling and a crew change [8]. Two runways were in use that day,
O1L for takeoff and 06 for landing.

The aircraft takeoff started from runway OIL at 17:21 with a gross weight of
338.3 metric tons. The centre of gravity (CG) for takeoff was 23.1 percent of the
mean aerodynamic chord (MAC). The aircraft initial climb was normal. At about
17:27.30, as the aircraft reached an altitude of about 6500 ft, the pilots transmit an
emergency call as the aircraft was turning to the right. The pilots found themselves
operating under extreme workload conditions trying to control the aircraft. Straight
and level flight required full positive rudder pedal deflection and 60% to 70% max-
imum lateral control (the wheel almost full to the left) [8]. At around 17:28.06, the
air traffic controller (ATC) instructed the pilot to turn to a heading of 260 deg. At
17:28.17 the crew reported a fire in engine No. 3 and reported the loss of thrust in
engines Nos. 3 and 4. At 17:28.57, the crew was initially informed that runway 06
was in use for landing but the crew requested runway 27 which was much closer
to their current location in order to land quickly. However, the aircraft was only
7 miles away from runway 27 at an altitude of 5000 ft i.e., too high for a land-
ing approach. The crew was instructed by the ATC to turn right to a heading of
360 deg and descend to 2000 ft. At 17:31.17 ‘flap 1’ setting could be heard as part
of the conversation in the cockpit. The ATC then instructed a heading change to
100 deg and asked for the current status of the aircraft. The crew reported that en-
gines Nos. 3 and 4 were inoperative and reported a problem on the wing flaps. The
aircraft passed through the required heading of 100 deg and maintained a heading
of 120 deg with airspeed 260 knots in a gradual descent to 2000 ft. As the aircraft
was still heading to the required localiser (associated with runway 27), no correction
in heading was instructed by the ATC. The ATC then instructed another right turn
to a heading of 270 deg to intercept the localiser and align for the final approach
course. At this point the aircraft was at 4000 ft, 260 knots ground speed and at a
heading of 120 deg, 3 nautical miles north of runway 27 centre line and 11 miles
away from the runway. The heading change took about 30 s and it was realised that
the aircraft was going to overshoot the localiser. The ATC instructed another right
turn and a change of heading to 290 deg in an attempt to capture the localiser from
the south. After 20 s the ATC instructed a heading and altitude change to 310 deg
and 1500 ft, respectively. At 17:35.03 the flight crew acknowledged the instruc-
tion and immediately reported control difficulties. At approximately 17:35.28, the
co-pilot reported that the aircraft was ‘going down’ while the pilot was raising all
flaps and lowering the landing gear. At 17:35.42 the aircraft crashed 13 km east of
Schiphol airport into an eleven floor apartment building in Bijlmermeer, a suburb
of Amsterdam (Fig. 12.2). The aircraft was destroyed during impact and in the sub-
sequent fire. Investigation of the crash site indicated that the impact was at a very
steep flight path angle with bank angle slightly over 90 deg to the right and with
the nose down approximately 70 deg [8]. All the 4 flight crew and approximately
43 other people on the ground were fatally injured. The trajectory of the ELAL
flight 1862 can be seen in Fig. 12.3. Further details on the incident can be found
in [8].
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(c) (picture: Jos Wiersema via Wikipedia) (d) (picture: bbc.co.uk)

Fig. 12.2 ELAL flight 1862: the impact area at the Bijlmermeer apartment building

12.3 ELAL Flight 1862: Aircraft Damage Analysis

This section provides a summarised version of the incident report [8] describing the
actual damage on the aircraft:

Unknown to the flight crew, the inboard fuse pin' that held engine No. 3 to the
pylon? broke due to fatigue. This caused No. 3 engine and its pylon to also separate
from the right wing shortly after takeoff causing damage to the leading edge of the
right wing. The shedding of engine No. 3 from the right wing in an outboard and
rearward direction resulted in a collision with No. 4 engine (see Fig. 12.4), causing it
and its pylon to separate from the wing. The damage was extensive to the right wing
structure (see Fig. 12.4). Several parts of the leading edge flaps and leading edge
structures such as the leading edge flap No. 18 drive unit, the top skin panel above
pylon No. 3, the adjacent inboard top skin panel (located above the most outboard

I'The role of the fuse pin is to allow the engine to separate from the wing under a strong impact
load that occurs in the event of a crash or hard landing in order to protect the fuselage from engine
fire.

2The pylon is the structural component connecting the jet engine to the main wing.
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Fig. 12.3 ELAL flight 1862: flight trajectory

Kriigerflap®) and the pneumatic duct of the bleed air system (which is normally
located in the wing leading edge, between engines Nos. 3 and 4) detached from the
wing when engines Nos. 3 and 4 were lost. It is assumed that due to the speed of
the aircraft, the aerodynamic distortion, and turbulence, some other parts were also
blown off the leading edge of the right hand wing up to the front spar. Right wing
leading edge damage is assumed to have occurred up to the front spar of the right
hand wing over an area approximately 1 metre left of pylon No. 3, to approximately
1 metre to the right of pylon No. 4. Figure 12.4 illustrates the estimated damage to
the right wing. (The amount of damage on the wing leading edge after the separation
of pylon No. 2 from a B747 accident at Anchorage on March 31, 1993 (Fig. 12.5), is
indicative of the amount of damage probably inflicted on the El Al 1862 right wing
leading edge [8].)

3The Kriigerflap is the hinged flap on the leading edge.
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Fig. 12.4 ELAL flight 1862:
actuator fault/failure and
structural damage (figure
adapted from [231])

- Control surface lost
50% Hinge moment loss / half trim rate
[ cControl surface available

(a) (b)

Fig. 12.5 Wing damage due to separation of engine No. 2, Anchorage, 1993 (figure from [7])

In summary, the damage and the effect to the ELAL flight 1862 aircraft after the
engines Nos. 3 and 4 separation are:

1. loss of thrust from engines Nos. 3 and 4;
2. right wing leading edge damage causing changes to the wing aerodynamic
(higher drag and less lift due to the disrupted airflow over the damaged wing);
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3.

SN

10.

11.

right inboard aileron and remaining spoilers 10 and 11 are less effective due to
the airflow disruption resulting from the damage to the leading edge of the right
wing;

limited roll control due to the loss of the outboard aileron (which is required
during slow speed) and only partially available spoilers due to hydraulic Nos. 3
and 4 system loss;

weight loss of about 10 tonnes due to the separation of two engines;

hydraulic and pneumatic system Nos. 3 and 4 pressure loss;

loss and partial loss (half trim rate) of several control surfaces due to the loss of
hydraulic systems Nos. 3 and 4 (see Fig. 12.4);

lateral CG displacement due to the loss of the engines;

degraded lateral control due to lower rudder lag as a result of hydraulic pressure
loss;

positive yawing moment to the right due to asymmetric thrust from engines
Nos. 1 and 2;

partial loss of the right wing leading edge flaps and the loss of outboard trailing
edge flaps means that a high speed landing is necessary.

12.3.1 ELAL Flight 1862: Controllability and Performance

When the flight crew transmitted the emergency call at 17:27.30, the aircraft was
turning to the right. In order to stabilise the aircraft at 260 knots and maintain
straight and level flight, an almost full positive rudder deflection and almost max-
imum wheel (60%—-70%) deflection was applied by the pilot [8]. The amount of
corrections in order to obtain straight and level flight was something unexpected for
the pilot, indicating something unusual had occurred. A few paragraphs from [234]
best describe the expected effect when engine failure occurs (but with the engine
still intact) compared to the ELAL 1862 scenario;

The aircraft design and certification requirements state that there should be enough con-
trollability to handle a multiple engine failure on one side in order to continue flight. The
air minimum control speed (Viyca) is defined as the minimum speed during a failure of the
most critical engine, at which aircraft control and a fixed heading can be maintained with
full rudder and with sufficient lateral control authority to bank 5 degrees into the operating
engine. The first sign of an engine failure will be a sudden roll of the aircraft. If directional
control is not applied, or with a fixed rudder deflection, thrust asymmetry will cause the air-
craft to yaw. Assuming a right multiple engine failure for a nominal case with no structural
wing damage, the resulting yaw will create a negative side slip angle that creates a positive
roll moment to the right. Instant control compensation in an engine failure flight condition
consists of applying a rudder pedal input to counteract the yawing moment, a control wheel
deflection to counteract the rolling moment or applying a thrust reduction on the remaining
engines to decrease the yawing moment.

For the case of EIAl Flight 1862, the wing damage caused an additional lift loss and drag
increase on the right wing. Because these effects are a function of angle of attack, an in-
crease of angle of attack will create an additional rolling moment and yawing moment into
the direction of the dead engines. This in turn will require more opposite control wheel
deflection, especially to counteract bank steepening during manoeuvring. Banking into the
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dead engines will increase the minimum control speed and therefore reduce the available
controllability.

The Flight 1862 accident aircraft was designed to have enough rudder authority to keep
the control wheel almost neutral with two engines inoperative on one side. However, in the
case of Flight 1862, the DFDR (digital flight data recorder) indicates that control wheel
deflections between 20 to 60 degrees to the left were needed for lateral control and straight
flight. The aerodynamic effects due to the wing damage and degraded effectiveness of the
right wing inboard aileron, required larger left wing down control wheel deflections than in
the nominal case.

The extensive damage to the right wing caused severe disruption of the airflow at the
leading edge of the right wing, causing major aerodynamic changes thus reducing
its lift generating capability and increasing drag [8].

At small angles of attack the lift on both wings was essentially equal, at higher angles
of attack the increase in lift on the damaged wing was less than the increase of lift on
the undamaged wing. An increase in angle of attack therefore generates a roll moment. In
the case of El Al 1862 this increase caused bank steepening during the right turns in the
direction of the damaged wing. This effect was confirmed by the DFDR data.

Later studies [235] managed to estimate the total drag using the reconstruction of
the ELAL 1862 aircraft in simulation. When compared with the DFDR a reasonable
match was obtained. It is further stated in [235] that a 10% drag increase at low
angle of attack was estimated compared to the undamaged wing. At higher angles of
attack, a 20% to 30% increase in drag was estimated, due to flow separation behind
the damaged leading edge. The extensive damage to the leading edge of the right
wing (which caused flow separation and turbulence) meant that the right inboard
elevator and the remaining spoilers 10 and 11 became less effective. This required
more aileron deflection on the left inboard wing just to maintain straight and level
flight. This is reflected in the almost maximum wheel deflection to the left applied
by the pilot.

It is further reported in [8] that

An energy analysis was performed based upon altitude and airspeed data from the DFDR. It
should be realised that this method does not allow extrapolation of performance capabilities
in other conditions than those encountered during this flight. Based on this analysis the
following conclusions were made:

e Marginal level flight capability was available at 270 knots and go-around power with a
limited manoeuvring capability

e Performance degraded below about 260 knots at increased angles of attack. Deceleration
to 256 knots resulted in a considerable sink rate.

... Until the last phase of the flight, aircraft control was possible but extremely difficult.
The aircraft was in a right turn to intercept the localiser and the crew was preparing for
the final approach and may have selected the leading edge flaps electrically. During the
last minute, the following occurred, as derived from DFDR data: the aircraft decelerated
when the pitch attitude was increased probably to reduce the rate of descent. The associated
increase in angle of attack caused increased drag. The additional drag from a side slip and
possibly extended leading edge flaps resulted in a further speed decay. This speed decay was
probably the reason for increasing thrust on the two remaining engines. All this generated
an increased roll moment to the right by

1. asymmetric lift generation at an increased angle of attack;
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2. high thrust asymmetry;

3. loss of aerodynamic efficiency of the right hand inboard aileron at increased angle of
attack;

4. possible asymmetric lift due to leading edge flaps operation.

The resulting roll moment exceeded the available roll control.

This contributed to the excessive roll, loss of altitude and loss of control during
the last phase of the flight. A similar effect was also seen during the GARTEUR
AG16 flight evaluation test by three experienced professional pilots in the SIMONA
motion flight simulator when using the classical/existing B747 controller (see the
discussions in Sect. 12.6).

In one of the conclusions of the incident report [8], it was mentioned that in the
case of ELAL 1862

Performance and controllability were so severely limited that the airplane was marginally
flyable ... Because of the marginal controllability a safe landing became highly improbable,
if not virtually impossible.

The independent investigation undertaken later in Delft University of Technology
[232, 235], which also looked into the performance capabilities using simulations,
suggests that there was still some control and flying capability and that the aircraft
was still recoverable. It is further elaborated in [234] that

from a technical point of view, the accident aircraft was recoverable if unconventional con-
trol strategies were used.

Further studies using [177] showed that it is possible to control the crippled aircraft
(although in this FTC paper, an exact model of the damaged aircraft was assumed
to be available).

One of the main findings in [232, 235] is that

a significant improvement in available performance and controllability was available at
lower weight if more fuel had been jettisoned

It is also interesting to highlight that, for the duration of the incident, the flight
crew was unaware engines Nos. 3 and 4 had separated from the wing despite report-
ing loss of thrust from both engines. In [8]

Information regarding the separation of both engines did not reach the ATC controllers con-

cerned with the emergency, and was therefore not relayed to the crew. Although it remains

questionable if, when relayed, this knowledge would have changed the course of events, it
could have given the crew at least a better understanding of the unusual situation.

This is the motivation for the tests in this chapter to be carried out under the as-
sumption that the type of failure is unknown and in the absence of any FDI or fault
reconstruction strategy.

12.4 Controller Design

In this chapter both lateral and longitudinal control is considered. The main objec-
tive of the controller design is to bring the damaged ELAL 1862 aircraft to a near
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landing condition on Runway 27 at Schiphol airport (through a proper landing ap-
proach using localiser (LOC) and glide slope (GS) capture procedures if possible).
It is assumed that no FDI or fault reconstruction is available to replicate the actual
ELAL 1862 scenario—indeed the flight crew were even unaware that engine Nos. 3
and 4 had detached from the right wing.

As in Chap. 11, a linearisation of the nominal aircraft has been obtained around
an operating condition of 263,000 kg, 92.6 m/s true airspeed, and an altitude
of 600 m at 25.6% of maximum thrust and at a 20 deg flap position. The re-
sult is a 12th order linear model (separated into two sixth order models) associ-
ated with the lateral and longitudinal states. For design purposes, only the first
four longitudinal and lateral states have been retained. The state-space system
pairs, representing the lateral and longitudinal systems about the trim condition,
can be found in (11.1), (11.2), (11.3) and (11.4) in Chap. 11. The states repre-
sent xjc =[pr B qb]T and xjong = [¢ Vias @ 01F. The lateral control surfaces are
S1at = [Bair il Saor Gaol Sxp]74 8sp5 8sp8 8&1)9712 8r €lig €21 i e4|m]T which rep-
resent aileron deflection (right and left: inboard and outboard) (rad), spoiler de-
flections (left: 1-4 and 5, right: 8 and 9-12) (rad), rudder deflection (rad) and
lateral engine pressure ratios (EPR). The longitudinal control surfaces are §jong =
[8e S5 €liong €2iong €3iong e4lmg]T, which represent elevator deflection (rad), horizontal
stabiliser deflection (rad), and longitudinal EPR.

As in Chap. 11, the controlled output distribution matrices are

0010 00 —1 1
C‘flm:[o 00 1]’ C%ns:[o 10 0}

which represent the states ¢ and 8 for lateral control, and flight path angle (FPA) and
Vias for longitudinal control. These linear models of the nominal damage free air-
craft will be used to design the control schemes which will be described in the next
sections. This is a major difference compared to [177] where the MPC controller is
designed based on the exact knowledge of the damaged aircraft.

In the original coordinates, the control law can be summarised as

vi(t) = Lee(t) + Fxp(t) + Gyq(t)

where L, = —SA since B, has been scaled so that SB, = I. The nonlinear term
vy, (¢) is given in (10.75), where the nonlinear gain p(¢) is based on the adaptive law
(10.44)—(10.46). The final control law is given in (10.63) i.e., a fixed CA scheme
which does not depend on estimates of K ().

12.4.1 Lateral Controller Design

The feedback matrices for the ideal lateral model from (10.17) have been de-
signed using eigenstructure assignment [170]. The eigenvalues were chosen as
{—0.3500 £ 0.1500i, —0.5000, —0.4000} and the desired and obtained eigenstruc-
ture are, respectively:
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x+xi x—=*xi *x 0

0 0 0 0

x+*xi *—i 0 O

14+%x 1—%x 1 1
desired

0.3195 — 0.1369: 0.3195 +0.1369: 0.4498  0.3748
—0.0000 — 0.0000; —0.0000 4 0.0000; —0.0430 —0.0526

= 0.1619 +0.1412: 0.1619 —0.1412i 0.0182 0.0275
—0.9127 —0.9127 —0.8919 —0.9252
obtained
which yields

_[0.5592 —0.8808 —0.6384  0.1010
7100823 13729 2.5265  —0.5851

Asin Sect. 10.5.1, the feed-forward matrix Gy, has been designed using the inverse
steady-state gain for the virtual triple (Ajy, By, , Ce,,,): specifically

_ —1
Grat = —(Cey (Atat + Buy Flat) " Buyy)
which yields

_ [-03078 0.0651
W= 07310 0.3891

As in Chap. 11, it will be assumed that at least one of the control surfaces for
both ¢ and B tracking will be available when a fault or failure occurs (i.e., one of
either the four ailerons or the four spoilers will be available, and one of either the
rudder or the four engine thrusts are available). Based on these assumptions, it can
be verified from a numerical search that yy,, from (10.70) is yg,, = 8.1314.

The matrix which defines the hyperplane must now be synthesised so that the
conditions of (10.39) are satisfied. A quadratic optimal design (as discussed in
Sect. 3.4.1) has been used to obtain the sliding surface Sj,; which depends on the
matrix Ky in (10.28). The symmetric positive definite state weighting matrix has
been chosen as Qpy = diag(2,2, 1, 1). The first and second terms of Qy are asso-
ciated with the equations of angular acceleration in roll and yaw (i.e., Bia,2 term
partition in (11.2)) and thus weight the virtual control term. By analogy to typi-
cal LQR frameworks, they affect the speed of response of the closed-loop system.
Here, the first and second terms of Qy,; have been more heavily weighted compared
to the last two terms, to give a reasonably fast closed-loop system response. The
poles associated with the reduced order sliding motion are {—0.7136 £ 0.0522i},
where

_ [0.0813 —1.9138
=1 3455 0.1854
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Based on this value of Ky, calculations using (10.38) show that y;,, = 0.0230,
therefore yo,, ¥1,, = 0.1870 < 1 and so the requirements of (10.39) are satisfied.

Also for this particular choice of sliding surface, ||Glat(s) lloo = ¥2,,, = 0.0563 from
(10.37). Therefore, from (10.39),

yzlal yolal
1 - yllat yolat

=0.5627 < 1

which shows that the system is stable for all 0 < w; < 1. For implementation, the
discontinuity in the nonlinear control term in (10.41) has been smoothed by using
a sigmoidal approximation as in Sect. 3.2.2 where the scalar &, = 0.05. This intro-
duces a further degree of tuning to accommodate the actuator rate limits—especially
during actuator fault or failure conditions.

For simplicity, the variables related to the adaptive nonlinear gain have been cho-
sen as /1, =0 and [, =1, as in the last chapter. The parameter 7y from (10.41)
was chosen as nj = 1. In practice, a maximum limit ppyax for the adaptive nonlinear
gain in (10.44) has been imposed to avoid the actuators becoming too aggressive.
Here, the maximum gain was set at pmax, = 5. The adaptation parameters from
(10.45) have been chosen as ajy = 100, bjy = 0.01 and €15 =5 x 1072, As in the
last chapter, the parameter €15 was chosen to be able to tolerate variations in || sja(?) ||
due to normal changes in flight condition, but small enough to enable the adaptive
gain to be sensitive enough to deviation from zero due to faults or failures. Here
ajae has been chosen to be large to enable small changes in ||s1a¢(?) || to cause signif-
icant changes in the gain, so that the control system reacts quickly to a fault. The
parameter by, on the other hand dictates the rate at which pja(¢) will decrease after
|Is1ac(¢) ]| has returned below the threshold defined by €.

In order to emulate real aircraft flight control capability, an outer loop heading
control law was designed based on a PID, to provide a roll command to the inner
loop sliding mode controller. In the SIMONA implementation, this outer loop head-
ing control can be activated by a switch in the cockpit. The proportional gain was
chosen as K, = 3, the integrator gain was set as K;,, = 0.1 and the derivative
gain was set as K4, = 3. Note that the integrator component is only activated when
the heading angle error is less than 5 deg to remove unwanted oscillation during
manoeuvres but to still eliminate steady-state error.

12.4.2 Longitudinal Controller Design

As in the lateral controller, the feedback matrices for the ideal longitudinal model
from (10.17) have been designed using eigenstructure assignment [170]. The eigen-
values were chosen as {—0.2400 + 0.1700 — 0.7000 — 0.1250} and the desired and
obtained eigenstructures are
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054+ 05—% 0 O

0 0 0 1

05+ 05—% 0 O

0 0 1 0
desired

0.1812 — 0.1283i 0.1812+0.1283; —0.1057  0.0001

—0.0020 4+ 0.0015; —0.0020 — 0.0015; —0.0060  1.0000
0.3220 — 0.5264i 0.3220 + 0.5264i 0.9829  —0.0037
—0.7549 —0.7549 0.1510 —0.0012

obtained

respectively, which yields

o —0.0012 —0.0380 —0.6113 3.4367
long = | _0.0523 0.0017 04395 —0.2396

As in the lateral control design, the feed-forward matrix Gjong has been designed
using the inverse steady-state gain for the virtual triple so that

_ -1
Glong = _(qung (Along + Bvlong Flong) 1Bv10ng)
Here, the lateral feed-forward matrix Gy is given by

G _[-0.0015 0.0438
long = 10,0665 —0.0024

Asin Chap. 11, it will be assumed that at least one of the control surfaces for FPA
tracking will still be available when a fault or failure occurs. It is also assumed that
at least one of the four engines is available for Vi, tracking. Based on these assump-
tions, it can be verified from a numerical search that yg,,, = 8.2913 from (10.70).

As in the lateral controller, a quadratic optimal design has been used to ob-
tain the sliding surface matrix. The weighting matrix has been chosen as Qiong =
diag(2,2, 1, 1). Again, the first two terms of Qjong are associated with the Bjong 2
term partition in (10.2) (i.e., the g and Vi, states) which weight the virtual con-
trol term. These have been more heavily weighted compared to the last two terms.
The poles associated with the reduced order sliding motion are {—1.1157, —0.3737}
where

o _[—0.0124  —0.0037
long = 104786  0.1247

Based on this value of Kjog, simple calculations from (10.38) show that Yliong =
3.0160 x 10~*. Therefore YOtong Vliong = 0.0025 < 1 and so the requirements
of (10.39) are satisfied. For this choice of sliding surface, ||Giong(s)lloo = V2long =
0.0066 from (10.37). Therefore from (10.39),
Y210ng VOlong
1= ¥1iong YOtong

=0.0551<1
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which shows that the system is stable for all 0 < w; < 1. The discontinuity in the
nonlinear control term in (10.41) has been smoothed by using a sigmoidal approxi-
mation where the scalar §jong = 0.05.

As in the lateral design, the variables related to the adaptive nonlinear gain have
been chosen as /y,,,, =0 and I, = 1. This was also found to give sufficiently
good performance and removes the dependence of r(¢) on x(¢) and simplifies the
implementation. The parameter njong from (10.41) was chosen as njong = 1. In prac-
tice, a maximum limit pmax for the adaptive nonlinear gain in (10.44) is imposed to
avoid the actuators becoming too aggressive. Here, the maximum gain was set as
Pmaxone = 2. The adaptation parameters from (10.45) have been chosen similar to

those in the lateral design: ajong = 100, biong = 0.01 and €jopg =5 X 1072,

Again, to emulate real aircraft flight control capability, an outer loop altitude
control law was designed based on a PID, to provide a FPA command to the in-
ner loop sliding mode controller. In the SIMONA implementation, this outer loop
altitude control can be activated by a switch in the cockpit. The proportional gain
was set as Kp,,. = 0.001, the integrator gain was set as Kj,,,, = 0.00004 and the
derivative gain was set as Kg,,, = 0.02. Note that the integrator component is only
activated when the altitude error is less than 15 m to remove unwanted oscillation
during manoeuvres but to eliminate steady-state error.

Note that both the lateral and longitudinal controllers manipulate the engine
EPRs. For lateral control, differential engine EPR is required as a secondary ‘ac-
tuator’ for g tracking; whilst for longitudinal control, collective EPR is used for
Vias tracking. In the trials, ‘control mixing” was employed, where the signals from
both the lateral controller (ey,, €2, €3,, and e4,,) and longitudinal controller (ey,,,, ,
€longs €3iong AN €4, ) were added together before being applied to each of the en-
gines.

12.5 SIMONA Implementation

The designed controller was implemented on the SIMONA flight simulator. The
command input from the pilot is through the MCP. The new additional element in
this control scheme is the implementation of the APP (approach) button which is
engaged in order to intercept the LOC?* (localiser) and GS? (glide slope) for the
desired runway.

The controller was implemented as a SIMULINK® (version 2006b) model with
appropriate inputs and outputs to connect it with the SIMONA hardware, as de-
scribed in Fig. 12.6. In Fig. 12.6, one major difference compared to the implemen-

4A localiser is one component of an Instrument Landing System (ILS). The localiser provides
runway centre-line guidance to an aircraft. The localiser is placed at the far end of the approached
runway. It covers a distance of up to 46.3 km in a cone of up to 10 deg either side of the course.

5The glide slope provides vertical guidance to the aircraft during descent. The standard glide slope
path is 3 deg. The glide slope signal is emitted by an antenna, located near the end of the runway.
The glide slope provides the precise required altitude leading to the touchdown zone of the runway.
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tation in Chap. 11 is the addition of the ILS landing capability which has been added
to the control loop to allow the aircraft to land on Runway 27 at Schiphol.

The controller was set up to work with an Ode4 solver with a fixed time step of
0.01 s. The available processing power is sufficient to run the controller in real-time,
i.e., within 10 ms per time step.

A connection with the MCP on the flight deck (Fig. 11.3) enables the selection of
‘control modes’ e.g., altitude hold, heading select and reference values. The simula-
tor trials were performed with the speed, altitude and heading select modes active.
The pilot commands new headings, speeds or altitudes by adjusting the controls on
the MCP.

12.5.1 ILS Landing

A sensor which measures the deviation from the LOC angle/beam error (which is
available in typical transport aircraft) combined with the current aircraft heading
and VOR (VHF Omni-directional Radio Range®) course radial is used for aligning
the aircraft towards the runway. The output of this outer loop is a roll demand for the
LOC controller and an FPA demand for the GS controller. These demand signals re-
place the pilot commands to the main SMC controller, to allow an almost automatic
landing procedure. The outer loop controller (LOC and GS) is armed by the pilot by
engaging the APP (approach) button on the MCP (see Fig. 11.3) when the aircraft
is near the LOC signal coverage. In normal operation, the LOC will be the first to
be engaged (LOC valid) when the aircraft is inside the LOC coverage (the DME’ is
less than 46.3 km when the aircraft is inside the coverage angle of £10 deg from the
LOC beacon and (—7, —0.75) deg inside the glide slope (GS) beacon). During the
armed phase, the LOC controller is in standby mode and the aircraft is controlled
either by heading or roll commands from the pilot. When the LOC is engaged (LOC
valid), the LOC controller will provide the inner roll command to the core lateral
sliding mode controller and the whole process becomes an automatic landing mode:
i.e., no input from the pilot is needed. The GS is then engaged (GS valid) when the
aircraft is inside the GS coverage (i.e., the DME is less than 18.5 km, the LOC is
within 8 deg and the GS is within (—1.35, —5.25) deg inside coverage). The GS
is in an armed phase (after the APP button is engaged), and the GS controller is
in a standby mode with the aircraft controlled using altitude or via FPA commands
from the pilot. When the GS controller is engaged (GS valid), the GS controller will

SVOR is a type of radio navigation system for aircraft. VORs broadcast a VHF composite radio
signal and data that allows the airborne receiving equipment to derive a magnetic bearing from
the station to the aircraft (the direction from the VOR station in relation to the earth’s magnetic
North at the time of installation). This line of position is called the ‘radial’ in VOR parlance. The
intersection of two radials from different VOR stations on a chart allow a ‘fix’ of the specific
position of the aircraft.

"DME (Distance Measuring Equipment) is a transponder-based radio navigation technology that
measures the distance between the LOC beacon and the aircraft by timing the propagation delay
of VHF or UHF radio signals.
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provide the FPA command to the core longitudinal SMC controller: again no input
from the pilot is needed. If for some reason, during the LOC and GS manoeuvre
to the runway, the LOC or GS becomes invalid (i.e., if the aircraft goes outside the
LOC and GS coverage ‘cones’), then the LOC and GS controller provide zero roll
and FPA commands, respectively. Then, the pilot can disengage the APP button to
retake full control of the aircraft.

12.6 Pilotted SIMONA Flight Simulator Results

The controller has been flown by three different professional pilots with experience
on B747, B767, A330 and Citation II aircraft. An experienced B767 and Citation II
pilot, rigorously tested the controller during the flight evaluation campaign before
the GARTEUR AG16 final workshop in November 2007. During the AG16 final
workshop, an experienced B747 pilot, flew the damaged ‘aircraft’ on the SIMONA
simulator, during a presentation to the general public, including the local Dutch
press (TV news, radio and newspapers). The results presented here are from tests
flown by an experienced A330 KLM (Royal Dutch Airlines) pilot and a test pilot for
NLR (National Aerospace Laboratory, The Netherlands) during the pilot evaluation
campaign in November 2007.

Note that even though the controller has been designed based on the linearisation
using a weight of approximately 263,000 kg, the controller was tested with a heavy
trim weight of 317,000 kg as per the actual ELAL 1862 aircraft. This removes the
advantage of low weight and low speed manoeuvrability and higher performance
and controllability compared to the heavy trim weight as discussed in Sect. 12.3,
which was one of the main findings in [232]. The heavy trim weight for the flight
test also replicates the actual ELAL 1862 scenario and fits with the assumption that
the exact damage and condition of the aircraft, post faults, is unknown, thus making
the challenge even harder.

The flight test was made as realistic as possible. As in the actual ELAL 1862
scenario, the aircraft flew in a northerly direction from runway O1L before starting
to make a right turn. Immediately after the right turn, the ELAL failure scenario
occurred (see Fig. 12.7) whereby engines Nos. 3 and 4 detached from the right
wing and caused significant damage to the right wing. The chosen runway, Runway
27, faced west at an angle of approximately 269 deg from the north. Therefore in
order for the aircraft to land, two 90 deg turns must be performed before aligning
the aircraft on Runway 27. During the third right turn, the aircraft was required
to capture a localiser signal which guides the heading of the aircraft to line it up
with the runway. During this normal procedure for landing, the aircraft will also be
required to intercept a glide slope signal to enable the aircraft to descend at about a
3 deg flight path angle, which will bring the aircraft to the landing target zone. The
flare® and the actual landing of the aircraft were not carried out and the simulation
was stopped at a point 50 ft above the ground level.

8Flare is the nose up manoeuvre of the aircraft, used at the final part of landing i.e., just before
touch down to arrest the descent rate.
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Fig. 12.7 Classical and SMC controller: 3D flight trajectory

12.6.1 Classical Controller

Figures 12.8—-12.10 show the results of the piloted evaluation using the classical
controller tested under the ELAL flight 1862 scenario conditions. The classical con-
troller was tested by the pilots to give them some ‘feel’ and an idea of the severity
of the actual ELAL scenario. The classical controller makes the pilot appreciate the
controllability challenges and difficulties experienced during the failure, especially
when compared to the FTC schemes.

Figure 12.7 shows an example of the flight trajectory of the piloted classical
controller in the ELAL 1862 scenario. After the failure, the aircraft is still able to do
right turns. Only during the final stage of the test flight does the aircraft lose control
and crash before being able to line up with the runway.

The results shown in Figs. 12.8, 12.9 and 12.10 have been carried out with the
heavy trim weight. Figure 12.8 shows the pilot control deflections. As described
in Sect. 12.3, and in the incident studies in [8, 232], similar patterns appear. Im-
mediately after the failure, the deflection of wheel, column and pedal increase in
magnitude. As in the ELAL 1862 flight, almost maximum wheel deflection to the
left to counter the right turn is visible. Also visible is the pedal deflection to counter-
act the yawing moment of the asymmetric thrust. Figure 12.8 also shows that close
to the final stages of the test, a flap setting of 1 deg is selected to prepare for landing.
At about 600 s, the power lever angle (throttle) is also reduced for landing. However,
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Fig. 12.8 ELAL 1862 scenario: classical controller: pilot deflection

when the speed reaches 110 m/s (approx 220 kts) near 700 s (Fig. 12.9), the aircraft
becomes hard to control and banks to the right. Figure 12.8 shows that maximum
left pilot wheel deflection is applied. Still unable to recover from the right bank, the
flap is returned to a zero degree setting, and the throttle input is increased in order
to regain control. However, the aircraft still rolls to the right and loses altitude and
speed. The loss of altitude and FPA is tried to be compensated for by the high pos-
itive (pulled towards the pilot) column deflection. At this stage, all control is lost
and the aircraft rolls at almost 80 deg right with the FPA nearing —40 deg and the
pitch angle passing —20 deg. This is similar to what is described in the incident re-
port in [8] when the ELAL 1862 aircraft hit the apartment building in Bijlmermeer,
Amsterdam.

Analyzing the plots further, it can be seen that when the throttle is reduced in
preparation for landing, the speed becomes low, and during descent, the angle of
attack becomes high. As discussed in Sect. 12.3.1 and in [8, 232, 234, 235], the
increase in the angle of attack causes high flow separation and turbulence behind
the damaged right wing leading edge, resulting in the loss of lift and high drag
(compared to the left wing). This increases the rolling and yawing moment to the
right and results in a further drop in altitude and speed.

Figure 12.10 shows the control surface deflections of the classical controller. One
major feature of the classical controller is that most of the control surfaces are me-
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Fig. 12.9 ELAL 1862 scenario: classical controller: states

chanically linked. For example, the outer ailerons on the left and right wing are
only fully active when a flap setting of more than 5 deg is used [118, 119]. This
can be seen in Fig. 12.10, where the outboard aileron is inactive throughout the
flight test. The high deflection of the left aileron and spoilers up to the saturation
limits (—20 deg for the aileron and 40 deg for the spoiler) after the engine failure,
shows that there is limited control even at a speed of 130—140 kts. Note that a pos-
itive deflection for the ailerons is a deflection down, and for the spoilers, positive
is deflected up [118, 119]. The high deflections of the control surfaces on the left
wing compensate for the loss of efficiency of the right inboard aileron and the re-
maining spoilers (10 and 11), and for the higher drag and loss of lift due to flow
separation/turbulence caused by the damage to the leading edge of the right wing.
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Fig. 12.10 ELAL 1862 scenario: classical controller: control surfaces deflection

This is also due to the fact that there is no direct authority to the outer ailerons
due to mechanical linkages preventing the outboard aileron being functional in the
classical controller setup [118, 119]. (This is one of the motivations for fly-by-wire
(FBW) aircraft control.) Fig. 12.10 shows that the aileron deflections are most of
the time at their saturation limits after the loss of engines 3 and 4 in order to ob-
tain straight and level flight, and therefore most of the roll manoeuvre capability is
assisted by the spoiler deflections. Shortly after the reduction in speed i.e., after ap-
proximately 600 s, the left aileron and spoilers saturate again, but due to the lower
speed and higher angle of attack, the control surface deflections are insufficient to
regain control as the aircraft has gone beyond the capability of the control surfaces
to provide enough performance. Note that the general control surface deflections
and behaviour in Figs. 12.8-12.10 closely follow the findings of the actual ELAL
1862 incident reported in [8].

Figure 12.7 shows the flight trajectory of the test. Three different trajectories
are shown; the ELAL 1862 scenario with classical and SMC controllers and one
with the SMC without any failure. With the classical controller, the pilot manages
to maintain some performance and managed two banking turn manoeuvres. During
the preparation for landing and capture of the localiser, the aircraft loses control and
the simulation was stopped. The other two trajectories, associated with safe landings
by the SMC controller, will be discussed in the next section.
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12.6.2 SMC Controller

As described in the last section, Fig. 12.7 shows two trajectories of flight tests using
the SMC. The fault-free test of the SMC is to give the pilot the feel of the capability
of the controller in nominal conditions. Initially the aircraft was flown straight and
level, before a heading change of 90 deg to the east. The pilot tested the aircraft’s
capability to climb to a pre-specified altitude from 600 m altitude to approximately
800 m. Then the pilot commands a return to an altitude of 600 m and performs
another right turn to capture the LOC. At this stage, the pilot ‘arms’ the APP in
order to prepare for an automated landing approach. Once the aircraft captures the
LOC signal, a final turn towards the centre line of Runway 27 is started, and after
a while, the GS signal is captured and the aircraft descends towards the runway at
around a 3 deg glide slope. Note that starting from the moment the pilot activates
the APP button in the MCP and the LOC signal has been captured, the aircraft is in
a fully automated landing mode and no other pilot input is required.

Note that as discussed in Sect. 12.4, the controller has been designed based on a
linearisation obtained around an operating condition of 263,000 kg, 92.6 m/s true
airspeed, an altitude of 600 m at 25.6% of maximum thrust and at a 20 deg flap
position. The actual pilot test was performed at 317,000 kg, a speed of 133.8 m/s
and a flap setting of 1 deg. The test was done at a different trim condition to allow
the pilot to rigorously access the controller performance under different operating
conditions. Also note that the B747 aircraft setup in the GARTEUR AG16 program
using the FTLAB747 software, has been modified to include a state of the art fly-
by-wire capability, ‘removing’ mechanical links and locks from the classical B747
configuration. This allows more flexibility in the control strategy exploiting inde-
pendent control of all available surfaces, thus increasing the ways redundant control
surfaces can be used to achieve fault tolerant control.

Figure 12.7 also shows the trajectory of the SMC controller tested with the ELAL
1862 failure scenario. The same controller as that used in the nominal fault-free case
is applied. In general, the controller performs the same right turn manoeuvres, LOC
and GS intercept and lands on Runway 27. The SMC with the ELAL 1862 failure
manages to bring the aircraft close to landing on the desired runway. Figure 12.11
shows the controlled states of the damaged aircraft with the SMC controller. Note
that, at the beginning of the simulation, before the failure occurs at around 200 s, the
FPA, Viss and altitude show small steady-state errors due to the mismatch between
the designed trim conditions and the test conditions as described earlier. This is due
to the absence of integrators in the main SMC controller. The mismatch between the
designed and test trim conditions demonstrate the controller coping with uncertainty
and allows the pilot to rigorously test the controller outside its ‘comfort zone’.

Figure 12.11 shows that after the failure occurs, at approximately 200 s, the climb
capability of the aircraft is slightly degraded when the pilot requests an increase in
altitude to 800 m (from 600 m). On the other hand, the more important descent ca-
pability of the SMC controller is not degraded as it is able to follow the glide slope
of 3 deg towards the runway. This is shown in Fig. 12.12. The glide slope error is
maintained below 0.5 deg. Figure 12.11 also shows that the side slip angle of the



12.6  Pilotted SIMONA Flight Simulator Results

313

Lateral states Longitudinal states
5 T
>
S =)
= ®
2 s
(=]
<
C
s &
°
—_ 150 T
o
S —
Y g 0 i
Is) 2
S E 130 :
%— E 120 1 states ~
3 = 1| — — —cmd
? 15 1 : : ; 110 L : : :
0 200 400 600 800 0 200 400 600 800
1 1
_. 300 ! !
> | B 1
z 1 ] —_ _
o 2 . oo E .
2 ocalizer
S 100 1 intercept 1 % 400 1 glideslope
> i £ 1 intercept
5 0 I 1 © 200 1
[+
5} 1 1
< —100 i ‘ ‘ ‘ 0 L ‘ ‘ ‘
0 200 400 600 800 0 200 400 600 800
time (sec) time (sec)
Fig. 12.11 ELAL 1862 scenario: SMC controller: controlled states
x 10*
6
E 4T Loc 7
= failure GS
g engaged engaged
a 2 ' g
0 | | | | | | | |
0 100 200 300 400 500 600 700 800 900
1
> 0 1 —
o) > 051 1
z s
3 5 [ &8 ° |
Q 0
] & -05f ]
-10 -1
0 200 400 600 800 0 200 400 600 800
time (sec)
1 1
2 e}
> 1 < [ |
o 0.5 (5 0.5
9 (0]
0 q 0 q
0 200 400 600 800 0 200 400 600 800

Fig. 12.12 ELAL 1862 scenario: SMC controller: LOC and GS deviation angle



314 12 Case Study: ELAL Bijlmermeer Incident

—~ 20 T
[=2
o« 18, 10 W
o ® N SN
W
§ 0 1 ru 1
2 1 - — =
0 -10
0 2do 400 600 800 0 2do 400 600 800
1 1
T sp2&3 active 4 T j j j
. 20¢ i : S 1 spl0&]1l active
oD ng 2 i
o35 10 h 2 i 1
P 2= 1
8% o—Y ¥ . %_-é, 0 N
_10 1 spl,4,5&6 inactive ) 1 sp7,8,9&12 inactive
200 400 600 800 0 2do 400 600 800
1 1
aol float — 10 air
=) ! Ao 0 —
58 5S ol -
S 4 \ E— S E __
T2 i by aol T2 10 “*j; ******* v
20 1 : : ail - 1 aor float :
2do 400 600 800 0 2d0 400 600 800
1 1
[o2 o
D (5} 1
z -3
» S O 1
S g8 © i 1
s 88 | e A
° _5 1 eil & eor float; <o 5 1 ; ; ;
0 200 400 600 800 0 200 400 600 800
time (sec) time (sec)

Fig. 12.13 ELAL 1862 scenario: SMC controller: control surfaces deflection

damaged aircraft has been maintained in the interval (0.5, —1.5) deg which is an
improvement on the classical controller in Fig. 12.11. The heading changes of the
damaged aircraft with the SMC controller in Fig. 12.11 also show a more systematic
and higher level of performance—even when subjected to the ELAL 1862 failures.
This shows that the lateral controller is able to deal with the asymmetric change in
CG, weight and the asymmetric thrust conditions, and maintains the desired change
in heading. Decreasing the speed to approximately 120 m/s does not have the dev-
astating and unstable effect seen in the classical controller. In fact, as suggested in
[8, 232], reducing the speed helps in terms of lateral control. This is seen in terms
of the deviation of the side slip angle in Fig. 12.11. The side slip angle is much
smaller than at higher speed after the failure has occurred. The roll angle tracking
again shows good performance even after the loss of the engines and the hydraulics.

Figure 12.12 shows the signals from the ILS sensors. It represents the DME,
LOC and GS deviation and the moment when the LOC and the GS is engaged
(valid/engaged) after being ‘armed’ using the APP button on the MCP. As usual,
the LOC is engaged before the GS. The LOC coverage is much further than the GS,
and this allows the aircraft to be aligned to the extended centre line of the runway
before following the specified 3 deg glide slope descent.

Figure 12.13 shows the control surface deflections under the ELAL 1862 sce-
nario. This figure highlights the major difference between the classical controller
(which is mechanically linked) and the FBW aircraft that has been provided by the
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GARTEUR AG16 modification [234]. In this figure, the outer ailerons can be seen
to be independently mobile before the occurrence of the failure. After the failure,
the outer ailerons (left and right) ‘float’ due to the loss of hydraulic systems 3 and
4. Independent control can also be seen in the spoilers, elevators, rudders and EPR.
The effect of losing the hydraulic system can also be seen in the ‘floating’ of the
inner left and outer right elevators (see Fig. 12.13) where a clear distinction be-
tween the control surface deflection can also be seen. The spoilers also show similar
patterns. Before the loss of engines 3 and 4, all the spoilers seem to be moving in-
dependently; and when the failure occurs, only spoilers 2, 3, 10 and 11 are active,
the rest remain at zero deflection. In general, the control surface deflections of the
elevators, ailerons and spoilers are almost half of the ones from the classical con-
troller (see Fig. 12.13). The control surface deflections from the SMC controller do
not reach the saturation limits of the surfaces and the spoilers and the ailerons, are
generally less aggressive. Engine EPR shows that differential thrust has been used
to achieve the desired performance, obtaining a small side slip angle and roll angle.
Note that all the surfaces are controlled independently by the CA SMC scheme. The
pilot input only comes from supplying the higher level commands such as heading
and altitude change (or roll or FPA commands through the MCP panel). This re-
duces the pilot’s workload compared to the classical controller where the demand is
high.

Figures 12.14 and 12.15 show the adaptive gain and the associated ||s(¢)]| signals
that initiate the gain adaptation. Before the occurrences of the failure, the sliding
signal s(¢) is below the selected threshold. Once the threshold is exceeded, the gain
is adapted from a minimum of 1 up to the maximum of 5, and 2 for the lateral
and longitudinal axes, respectively. High deviation from the sliding surface s() =0
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shows the severity of the faults (as discussed in Chap. 8). After the failure has oc-
curred and during manoeuvres, the switching function plot s(¢) deviates away from
the ideal sliding surface. However, during or near landing conditions, the switching
function returns below the adaptation threshold, near to zero. During this time, the
adaptive gain reduces to the minimum value of 1.

Although the SMC controller can be implemented in such a way that pilot inputs
(such as column, wheel and pedal) can also be used, the purpose here is to show that,
as a proof of concept, the SMC controller is more than able to handle all the rigorous
tests and failures it is subjected to using the minimal amount of input from the pilot,
thus lowering the workload during an emergency condition. This will allow pilots
to concentrate on higher level decision making.

Figure 12.16(a) shows the aircraft position on a map of The Netherlands near
Schiphol airport (and Amsterdam itself). This figure shows the actual SMC con-
troller trajectory under the ELAL 1862 failure conditions. The overall trajectory
shows that the aircraft manages to reach Runway 27. A zoom of the overall trajec-
tory near the runway (Fig. 12.16(b)) demonstrates that the SMC controller manages
to reach the desired landing position—although slightly out to the right of the run-
way.

12.7 Summary

This chapter has presented piloted flight simulator results associated with the ELAL
flight 1862 (Bijlmermeer incident) scenario, which is one of the case studies of the
GARTEUR action group AG16. The results represent the successful implementation
of a FTC SMC controller on the SIMONA 6-DOF flight simulator configured to
represent a B747, with pilots flying and testing the controller. The results from the
proposed SMC controller show that the control surface deflections are much lower
than that of the classical controller. A significant reduction in the pilot’s workload,
especially with the implementation of the ILS landing approach, has been shown
from the SMC controller tests. The comments and feedback from the professional
pilots after the simulator flight tests show that the proposed SMC scheme has the
ability to help pilots ‘land’ the aircraft safely on the designated runway.

12.8 Notes and References

Other piloted evaluation results on the SIMONA flight simulator for the ELAL flight
1862 scenario can be found in [80]. Other studies which consider the ELAL flight
1862 scenario appear in [126, 177].

The incident in Sioux city in 1999 and more recently in Baghdad in 2003 [41]
showed remarkable recoveries using only engine thrust after a major loss of hy-
draulics to all control surfaces. Another incident with a similar failure was flight
123 in Japan [109]. Learning from these past incidents, it is clearly possible that,
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(b) Zoomed trajectory near the runway

Fig. 12.16 Piloted SIMONA flight trajectory of ELAL 1862 scenario with model-reference SMC
controller with control allocation (picture: Google Earth (c))
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using only the engines, a safe approach and landing can be achieved. After the inci-
dent in Sioux city, the National Transportation Safety Board (NTSB) recommended
and encouraged the development of backup flight controllers to be used in such
emergency situations [253]. NASA Dryden led by EW. Burcham and C.G. Fuller-
ton took up the challenge and conceived, developed and tested the first propulsion
controlled aircraft system [253]. Impressive simulator and actual flight test results
were obtained during the project. Tests were done on many types of aircraft rang-
ing from fighter jets (F15 [253]) to large transport aircraft (DC11 and the B747
[40, 42—-44, 253]). Based on one particular type of failure, the PCA scheme is con-
sidered as a MMST by [143]. Tests using the PCA scheme system and its variant
by NASA Dryden have been undertaken on a real aircraft. The PCA scheme has
shown its airworthiness during these flight tests. Even though the PCA considers
one of the most catastrophic types of failure, it is not sufficient to solve general FTC
problems [143]. In the case of airframe damage, loss of engines (as occurred in the
ELAL flight 1862 Bijlmermeer incident [233]) and indeed the partial loss of the
hydraulic systems, PCA might not be suitable. NASA reports on PCA can be found
in [40-44, 253]. Other papers such as [120, 133] also consider propulsion control
strategies. The two papers use a different type of controller design from the MMST,
and in [133] an adaptive neural network with control allocation is used instead.



Chapter 13
Concluding Remarks

This book has described recent research in the area of sliding mode theory applied
to fault detection and fault tolerant control problems, conducted over the previous
decade. There is significant interest in the area of fault detection and fault toler-
ant control, as automation and autonomy are pursued by engineers working in a
wide variety of application areas. Consequently there is an ever expanding literature
describing different paradigms to address these issues. This book has focussed on
sliding mode methods applied to these problems, and consequently describes a nar-
row focus of work tackling these issues. The results which have been described are
all based on rigorous underpinning theory, but with the underlying requirement that
they be practical, and hence implementable in real-time. The methods described in
the preceding chapters represent what might be viewed as a ‘classical’ sliding mode
approach, since the discontinuities associated with the switching term appear when
examining the first derivative of the switching function. In recent years, so-called
higher order sliding mode approaches have been extensively researched whereby
the switching function and a finite number of its higher derivatives are forced to
remain at zero. The application of these ideas to fault detection is only now begin-
ning to emerge, and it will doubtless represent an area of future development. One
example of a higher order sliding mode approach to FDI is given in [218].

One of the purposes of this book is to try to demonstrate the practicality of slid-
ing mode methods for fault detection and fault tolerant control. One of the—at least
in our opinion—popular misconceptions associated with sliding modes is that there
is always ‘chattering’, which renders the method inapplicable for real engineering
systems. We hope in the preceding chapters—and particularly the ones describing
the implementation of the controllers and observers on the SIMONA research sim-
ulator (at Delft University of Technology)—that we have demonstrated that these
methods can be developed further and could form part of health monitoring and
control strategies in industrial engineering systems.

Currently, despite all the various sophisticated schemes for fault detection pro-
posed by academia, these are not being taken up by industry. Many of the schemes
used in, for example, the aerospace sector would be considered as ‘basic’ by aca-
demics and often rely on very simple condition monitoring checks (e.g., signal de-
viations from their nominal behaviour) or trend analysis. On-going work at the time

H. Alwi et al., Fault Detection and Fault-Tolerant Control Using Sliding Modes, 319
Advances in Industrial Control,
DOI 10.1007/978-0-85729-650-4_13, © Springer-Verlag London Limited 2011
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of writing is investigating the use of sliding mode schemes for industrial fault de-
tection problems associated with modern civil aircraft through the European FP7
project ADDSAFE.! If successful, the project offers the possibility of testing such
schemes on AIRBUS’s ‘Iron-Bird’ facility at Toulouse. This would represent a sig-
nificant step in terms of taking these ideas from an academic environment towards
an industrial one. Watch this space ...

IFor details see http://addsafe.deimos-space.com/
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