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Abstract

Sliding Mode Fault Tolerant Reconfigurable Control against Aircraft Control Surface

Failures

Tao Wang, Ph.D.
Concordia University, 2012

Operational failure of control surfaces is one of the main reasons leading to aircraft crash.
Since the conventional control methodologies are not adequate to accommodate such failures,
fault tolerant control (FTC) is required for safety critical system. The invariance property and
unique synthesization procedure of sliding mode control (SMC) make it one of the most competitive
candidates for FTC. In this thesis, SMC-based FTC methods for nonlinear systems are developed
to handle both partial loss faults and total failures in the control surfaces. The first SMC-based
FTC is developed to accommodate both modeling uncertainty and uncertainty incurred by the
faults. Different design parameters are utilized to deal with the uncertainty incurred by fault and
that due to modeling errors respectively in the SMC design. Direct adaptive control is combined
into such a SMC to alleviate the requirement of the a priori knowledge of the uncertainty bounds.
The second SMC-based FTC is developed to redistribute the control effort between faulty regular
actuator and redundant actuator autonomously based on effectiveness of the regular actuators. The
tolerability of the developed controller is characterized by the amount of fault that controller can
deal with. It is used as the threshold to activate the redundant actuator when the regular actuator
cannot accommodate the fault alone. In order to obtain the effectiveness of the actuator, special
sensors or fault detection and diagnosis (FDD) schemes are required. Special sensors are costly and
additional design of the system is required. Using FDD, during the period from the moment when
fault occurred to that when the effectiveness information can be obtained, the system is under the
danger of losing control. The third SMC-based FTC without a dedicated FDD is developed based
on the absolute value quantity of switching surface. The control effort is redistributed to regular
and redundant actuator autonomously by monitoring the absolute value of the sliding surface. The

validity of the proposed algorithms is verified on a high fidelity model of Boeing 747-100,/200.
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Chapter 1

Introduction

Fault tolerant control attracts more and more attention of researchers from academic community
and industry recently, because of the increasing demand for safety critical system and complex
autonomous system, such as, aircraft, nuclear reactor, satellite, autonomous unmanned aerial
vehicle (UAV)/unmanned ground vehicle (UGV)/unmanned underwater vehicle (UUV), and etc.
This thesis focuses on fault tolerant control of aircraft with faults in actuators. In order to clarify
the concepts utilized in this thesis, the definition of faults and failures are cited here firstly. Then
the motivation of this thesis is elaborated and the problem is stated. Finally the contribution is

summarized and the structure of this thesis is outlined.

1.1 Definition of Faults and Failures

A standard of the terminology in fault detect and diagnosis (FDD) and fault tolerate control (FTC)
fields has been drawn up by IFAC SAFEPROCESS technical committee to avoid ambiguity among
researchers [Chen and Patton, 1999; Isermann and Balle, 1997]. Definitions of faults and failures
are cited here in the following:

Fault: 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.



The above definitions make difference between faults and failures: a failure means complete
breakdown of a function while a fault means partial loss of effectiveness of a function. As for
a fault occurring on an actuator, the actuator can still contribute to the controlled system but
may have a slower response or become less effective. But when a failure occurs on an actuator, a

redundant actuator is needed to be able to generate the same desired effect.

1.2 Motivation

Along with the evolution of computer, sensor and control technology, it is possible not only to release
human being from repeated mechanical labor, but also to free people from onerous brainwork, and
even more to realize the dream of man for complicated tasks out of the reaching range of human’s
physical and mental limit. This stimulates the evolution from automatic machines to more and more
intelligent and autonomous systems. In the control field, the theory and practice are evolved from
not only to reject disturbance and suppress noise, but also to be robust to parameter uncertainty,
and even more to be tolerant with changing dynamics due to contingent events, such as faults and

failures in sensors, actuators or system structure.

On the other hand, avoidance of harm to human and damage of property is upmost for the safety
critical systems, i.e. there must be some mechanism that can detect faults and failures and trigger
the alarm. The faults and failures are kinds of contingent events in the system that mostly change
the system dynamics and disable the normal controller, which may lead to catastrophe if they
are not dealt with in time and properly. The industrial and academia have developed techniques
to detect and isolate such contingent events in systems in the past 40 years. The information
about these contingent events is used to activate an emergence response system. Such emergence
response system mostly is monitored or processed by human being. To process these events in time
and properly in complicated systems, such as aircrafts, satellite, nuclear power plants and robotic
systems, is beyond the reaction capability of human being. In this kind of situation, considering
these events in the controller design becomes more and more important, which is the newly emerging

control architecture: fault tolerant control.

One of the main reasons leading to loss of control of aircraft is the operational failure in the



actuators, the control surfaces, such as elevators, ailerons and rudders. On February 16, 2000, a
McDonnell Douglas DC-8-71F lost its pitch control (elevator) on takeoff, resulting in a crash and
destruction of the airplane and death of three flight crew members [FSS-2000, 2006]. Another air
crash due to failure in elevator occurs on January 8, 2003, which killed all 19 passengers and 2 pilots
aboard on an airplane Beechcraft 1900D operating as US Airways Express Flight 5481 [Wikepedia,
2006]. On September 8, 1994, a fault in the Boeing 737 rudder killed all 133 people on board
of USAir Flight 427 [Wikipedia, 2012]. Flight simulation systems LLC made a list of faults and
failures occurred in the flight control system from 1970 to 2006, many of which are due to faults

and failures in control surfaces [FSS, 2006].

An ideal way of fault tolerant control is to combine the technologies developed in fault detection
and identification fields (provide dynamics model of the faulty system), and the model-based control

methods (reconfigure the controller online).

Similar to adaptive control method developed in process control system, the changing of the
parameters (for FTC, the changing parameters induced by faults and failures) must be slow enough
to let identification mechanism identify the system dynamics model (for FTC, rebuild the model
of the faulty system), i.e., there must be abundant excitation to the changing dynamics of the
system with updating so that a new controller can be synthesized online based on the identified
system model and the stability of the system is guaranteed. This is why adaptive control is only
suitable for the systems whose parameters are time invariant but unknown, or the changing of the

parameters is very slow.

For the accidental events such as fault and failure, the change of the dynamics may be very
fast and is unpredictable while the computation of the dedicated FDD is time consuming. Before
such an FTC, which depends heavily on a reliable faulty system model generated by FDD, will be
activated, the system may be in the danger of losing its stability. Fig. 1.1 shows the time history
of such FTC [Zhang and Jiang, 2006], in which ¢z stands for the time instant at which the fault
occurs; tp stands for time instant when the fault is detected; t g stands for the time instant when the
reconfigurable control has been synthesized; and t¢ is the time instant after which all the transients
due to the fault and the control system reconfiguration have settled down and a new steady-state
has been reached, and the system enters the post-fault interval. After fault occurrence and before

a reconfigured controller based on the faulty system model has been built, the system has been



operated in a “bad” condition since the system is in a faulty condition but the feedback control
designed for normal condition is still in action which provides inappropriate closed-loop control
action to the system because of the system-controller mismatch. Performance and stability of the
closed-loop system during this time period is mainly dependent on the severity of the fault and the
fault tolerance of the nominal controller. The system may even become or tend to become unstable,
as shown in the dash-line in Fig. 1.1. In other words, during the period of tr and tr the system
is to some extent out of control, or lose of control. This is not tolerable even to FDD module,
since if the system goes unstable, it is hard or impossible for the FDD module to collect correct
information for generating a reliable faulty system model. Hence, FTC must have the capability
to keep the faulty system stable at least before the faulty model can be identified and the better

FTC based on the faulty model can be put in effect.
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Figure 1.1: Three intervals in FTCS (adopted from [Zhang and Jiang, 2006])

Another method that can be borrowed here from the control field, is robust control which has
gained more and more attention both in theory and practice recently. It is well-known that there
is always difference or error between the model and the real physical system, i.e. there exists

uncertainty in system model. The robust control considers this uncertainty in the synthesis of
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controller. A robust controller can be designed when the information of the uncertainty is available
in statistical meaning. There is a trade-off with performance depending on how we simplify the
model, i.e., how much we know the system or how much uncertainty the system will be assumed
to have. In this sense, the uncertainty of system model is ‘known’ in statistical meaning. For some
kinds of faults, like partial loss fault, robust control method can tolerate them in some extent and is
called passive fault tolerant control (PFTC) compared with the above mentioned FDD-based FTC
which is named as active FTC (AFTC). However, fault and failure in nature are contingent events
for the system, and they are different from the system model uncertainty, i.e. it is ‘unknown’ even
in statistical sense. These kinds of accidental events change the system dynamics greatly so that
no a priori knowledge on the faults and failures will be available for the designer of the controller.
It is clear here, fault should be dealt with differently from the normal system modeling uncertainty.
In another aspect, the aircraft system is expected to operate normally all the time, while faults
are unexpected events with small probability. One of the problems in PFTC is that it degrades
the performance of normal healthy system significantly if trade-off is made to accommodate more

faults. Hence, it is better to deal with faults and modeling error respectively.

From the above analysis, we can draw the conclusion that AFTC based on FDD has the problem
of delay in building FTC based on new faulty model from FDD while PFTC based on robust control
method has the problem of only dealing with partial loss fault in some extent. In this thesis, new
FTCs that can deal with faults as well as failures without the delay of time in finding the faulty

system model and without significant degradation of normal controller, are developed.

1.3 Statement of the Problem

From the above motivation, the objective of this thesis is to develop a controller that can stabilize
the system when there are faults or failures in the actuators. In particular, this thesis focuses on
developing fault tolerant controllers that can tolerate partial loss faults and total failures in real

time without degrading the performance of normal controller.

The development of such controllers is carried out in three aspects. The first aspect is to
investigate the method on how to separate the modeling uncertainty and faults in the controller

design. This is based on the consideration of effectiveness of the controller where fault tolerance



should not sacrifice the performance of the normal controller.

The second aspect is to define tolerability and use this information in developing reconfigurable
controllers that can fully utilize the regular actuators in accommodating significant faults and total

failures.

The third aspect is to develop fast responding FTC that can tolerate both faults and failures
without delay of time in finding the faulty system model. To deal with the fast changing dynamics
due to faults and failures, a feasible way is to extract the changing dynamic mode directly from the
sensor data, e.g., model-free control [Han, 1994; Sipahi, 2012] and sensor-data driven control (like
multi-scale wavelet control [Parvez, 2003; Cimino and Prabhakar, 2012]). The common problem of
these methods is that it is hard to prove the stability in theory. In this thesis, change in sliding mode
surface is used as the index to faults and failures occurrence, and a sliding mode reconfigurable

fault tolerant controller is developed based on it. The stability of the proposed controller is proved.

1.4 Contributions

Although faults can be considered as a kind of uncertainty, it is different from modeling uncertainty.
The modeling uncertainty is statistically known in the design period of the controller, i.e. it can be
estimated a priori. It can also be interactive with the design of the system with consideration of
the system performance and cost. Whereas, the fault is an contingent event which occurs in small
probability. In order to tolerate such a fault, the normal control performance has to be sacrificed
greatly which is ineffective and costly. So it is cost effective to deal with modeling uncertainty
and fault separately. The first contribution of this thesis work is the separation of modeling
uncertainty and fault in controller design. Extra design parameters are introduced in the sliding
mode control (SMC), which make separation between the dealing with modeling uncertainties and

faults naturally.

In the above partial loss fault tolerant control, the uncertainty bound of the fault must be
assumed to be known in the controller design. This constrains the fault tolerant controller’s
tolerance to only the ‘assigned’ partial loss fault. The second contribution of this thesis lies in
combining adaptive mechanism into the above SMC strategy that separates the modeling uncertainty

and fault so that SMC has the capability to tolerate varied magnitude partial loss fault without

6



sacrificing the normal healthy system performance [Wang et al., 2010a, 2012a].

In the sliding mode partial loss fault tolerant control, it is assumed that the actuator still can
stabilize the system with acceptable performance when there are partial faults in the actuators. If
the faults are more significant than what the regular actuators can tolerate, a functionally redundant
actuator must be activated to work together with the regular actuator to stabilize the system. Here
a key concept has to be defined: tolerability, i.e. how we know if the regular actuators can tolerate
the faults by itself or not. In this thesis, tolerability is defined in the context of SMC design on
regular actuator which comes to the third contribution of the thesis. Since it is difficult to get
the analytical representation of tolerability, off-line simulation of tolerability has been implemented
within the architecture of SMC in this thesis. Once the knowledge of the tolerability of SMC
is obtained, i.e. how much fault the actuator can deal with solely without significant lose of
performance, the design of reconfigurable control is quantitatively indexed. The control effort will
be reconfigured among the faulty regular actuators and redundant actuators when the faulty regular

actuators cannot tolerate the fault by themselves.

With the information of tolerability of the regular actuator under SMC, and the effectiveness of
actuator obtained from special sensors or an FDD scheme, a reconfigurable controller is implemented
as the fourth contribution of this thesis. With this method, the reconfiguration of the control effort
is autonomous between the regular and redundant actuators when the regular actuators cannot
accommodate the faults solely. The reconfiguration is not simply a switch between the regular
and redundant actuators, but a seamless integration of them [Wang et al., 2010b, 2012b]. When
the regular actuator cannot accommodate the fault but still can contribute to the control of the
system, we use it to work with the redundant actuators together to stabilize the system instead of
discarding it. This is a cost effective way of designing reconfigurable controller, since the redundant
actuator is not designed to have the feature of regular actuator, for example, the stabilizer as the

redundant actuator for elevator is slower than the elevator in response.

Although the above reconfigurable control is effective and economic, it is hard to get the
information of effectiveness. There are two methods to get information of effectiveness: FDD
or special sensors. For the special sensors, it will be costly to redesign the system with such special
sensors. FDD is time consuming and may trigger wrong alarm because of the measurement noise and

uncertainty in the dynamic model. Another problem with FDD is that it needs abundant excitation



to extract the change in the dynamics of the system. Finally, FDD can only work out the change
in a stable system dynamics while the fault or failure may lead to an irrational unstable system
due to the inappropriately designed controller which is designed for normal situation. So before a
better FTC based on the information from FDD can be built, some control must be put into action
to stabilize the system. The sliding function (some literatures call switching function, or switching
manifold) in SMC is a kind of index to the changes of the system dynamics. It can be used as the
indicator of faults and failures. As the fifth contribution of this thesis, a new reconfigurable control
method based on sliding function without a dedicated FDD is proposed [Wang et al., 2010c, 2012c].
Though there is some performance degradation, this method can stabilize the system. Because
the sliding function is the combination of error signals which can be obtained in real time, the
reconfiguration is also carried out in real time. The control structure does not change and there is
no delay in ‘finding’ the faults and failures, so the reconfiguration is autonomous. As the redundant
actuator is seamlessly integrated into the controller, this method can deal with not only partial loss
fault but also total failures in regular actuators without redesigning the controller. The theoretical

stability analysis is given and the simulation on FTLAB747 shows the effectiveness of this method.

In summary, the contributions of this dissertation are as the following;:

1. Separate the modeling uncertainty and the fault in sliding mode controller design.

2. Develop an adaptive mechanism in the SMC strategy that separate the modeling uncertainty

and fault.

3. Define tolerability in the context of SMC design on regular actuator.

4. Develop a reconfigurable controller using the information of the effectiveness of the regular
actuators that can deal with not only partial loss fault but also failures in the regular

actuators.

5. Develop a reconfigurable controller without a dedicated FDD mechanism.



1.5 Outline of the Thesis

Chapter 2 gives the literature review of the recent work in the field of FTC and specially in the
sliding mode FTC. In this chapter, modeling of faults and failures and basic knowledge of FTC
are introduced as well as the literature review on different methods of FTC. Also this chapter
summarizes the features of SMC, how to design SMC for SISO system and MIMO system, and how

it is used in FTC as well as the literature review of sliding mode FTC.

Chapter 3 introduces the simulation package FTLAB747 and three models of Boeing 747-100,/200:
one high fidelity model based on coefficients obtained from the wind tunnel test which is used
in the simulation package FTLAB747; one nonlinear longitudinal model of Boeing 747-100/200
which is used in the derivation of the third model; one fitted nonlinear longitudinal model of
Boeing 747-100/200 derived from the nonlinear longitudinal model is used for the controller design.

Modeling of faults, failures and faulty system are also introduced in this chapter.

Chapter 4 compares uncertainty and fault. Two important features of control systems are
investigated: i.e. the robustness dealing with uncertainty and the tolerability dealing with fault

and failure. The tolerability of SMC is analyzed and simulated.

In Chapter 5, a sliding mode controller with two sets of design parameters that can deal with
system modeling uncertainty and fault respectively is developed. Adaptive version of this kind
of sliding fault tolerant control is also developed without using a priori knowledge of the system

bound.

In Chapter 6, a reconfigurable FTC based on SMC using information of effectiveness of regular
actuators is developed. The tolerability of SMC is used in the controller design to make the control

system more energy efficient.

In Chapter 7, a sliding mode reconfigurable FTC utilizing sliding surface as the fault indicator
is developed. A dedicated FDD is not required in this control strategy, which makes the system

can respond to faults and failures instantly.

Finally, a conclusion and the future works are presented in Chapter 8.
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Chapter 2

Literature Review

This chapter summarizes the basic knowledge of FTC and SMC, and reviews the literature on
FTC and specially on sliding mode FTC. The first section of this chapter introduces the basic
knowledge of FTC and reviews relevant works in this field published in the literature. The second
section briefly introduces SMC in the following aspects: what are SMC and sliding surface, the
reachability condition, the chattering problem of SMC, the design of SMC for affine SISO and
MIMO nonlinear systems. In the third section, the works on FTC with SMC are reviewed and

discussed. The last section gives a summary of literature review.

2.1 Fault Tolerant Control (FTC) Techniques

Fault tolerant control systems (FTCS) are control systems that can accommodate faults and failures
in sensors, actuators or system struture automatically. They can maintain overall system stability
and acceptable performance when there are faults or failures in the system. FTCS were also known
as self-repairing, reconfigurable, restructurable, or self designing control systems [Zhang and Jiang,

2008].

There is a lot of literature on FTC. The works in [Stengel, 1991; Blanke et al., 1997; Patton,
1997; Jones, 2003; Zhang and Jiang, 2003b, 2008] are some widely referred surveys in this field.
Some published books are [Mahmoud et al., 2003; Blanke et al., 2003; Ducard, 2009; Noura et al.,
2009; Yang et al., 2010; Edwards et al., 2010b; Alwi et al., 2011]. In terms of the model used in the
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control design as linear or nonlinear, FTCS can be classified in two different groups, linear FTCS
(LFTCS) dealing with linear models or nonlinear FTCS (NFTCS) dealing with nonlinear models.
Most of the literatures deal with LFTCS [Zhang and Jiang, 2008]. A review on NFTCS can be

found in [Benosman, 2010].

In general, FTCS can be classified into two types according to its synthesization method: passive
FTCS (PFTCS) and active FTCS (AFTCS) [Patton, 1997; Blanke et al., 2003; Zhang and Jiang,
2008]. In passive fault tolerant control, controllers are fixed and are designed to be robust against a
class of presumed faults and uncertainty [Eterno et al., 1985]. In contrast to passive fault tolerant
control, active fault tolerant control reacts to the system faults actively by reconfiguring control
actions based on the information from FDD scheme. A comprehensive review of AFTCS is presented
in [Zhang and Jiang, 2008]. The paper gives various classification of AFTCS according to different
criteria such as design methodologies and applications, and discusses open problems and current
research topics in AFTCS. Figure 2.1 presents a general structure of AFTCS. The lightening arrows
show where fault and failure may occur (actuators, sensors and system). The command governor
block plans and manages the desired trajectory of the controlled outputs; the FDD block detects and
identifies the faults and failures in the system; and reconfiguration mechanism block reconfigures

new feedforward and feedback controller with the information from FDD.

AFTCS depends on online knowledge of faults from FDD. FDD utilizes analytical redundancy
as a cheaper way in contrast to physical redundancy for fault tolerance. Analytical redundancy
means an explicit mathematical model of the system is used for fault detection, identification and
recovery /reconfiguration (FDIR). The faults are diagnosed by using the information included in
the model and in the online measurements. However, due to the measurement noise, external
disturbances and model uncertainties, FDD may falsely alarm. Another problem with AFTCS is
the time delay in FDD and control reconfiguration. The FDD must search for a judge from the
noisy measures affected by external disturbances and model uncertainties. Also, the controller

redesign block needs time to design/search for a new controller according to the faults information.

PFTCS has the drawbacks that it is reliable only for the class of faults taken into account in the
design of the PFTCS. Furthermore, the performance of the closed-loop system is not optimized for
each fault scenario. However, it has the advantage to avoid the time delay due to online diagnosis

of the faults and reconfiguration of the controller, as required in AFTCS [Zhang and Jiang, 2006].
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Figure 2.1: General structure of AFTCS (adopted from [Zhang and Jiang, 2008])

In practical applications, PFTCS is a complement of AFTCS. Indeed, PFTCS are necessary during
the fault detection and estimation phases [Zhang et al., 2004], where PFTCS is used to ensure the
stability of the faulty system, before switching to AFTCS. Another scenario where PFTCS is used
as a complement of AFTCS is in the switching-based AFTCS, where the AFTCS switches between
different PFTCS, each controller being designed off-line to cope with a finite number of expected

faults and stored in a controller bank [Ingimundarson and Sancheze Pena, 2008].

PEFTCS is usually based on robust control ideas and therefore robustly handles faults/failures
without requiring any information from any FDD scheme [Chen and Patton, 1999; Yang and
Stoustrup, 2000]. AFTCS in general requires explicit information of the occurred faults/failures
and therefore some mechanism of FDD is required. AFTCS can be divided into two sub-groups:
projection type FTC and online reconfiguration/adaptation. In projection based FTC, the controller
is designed for all possible faults/failures that might occur in the system. The projected controller
will only be activated when certain fault/failure occurs. Projection based FTC is subdivided
into three categories which are model switching or blending, scheduling and prediction. Online
reconfiguration/adaptation AFTCS is based on reconfiguration (redistributing the control signals

or reallocating control efforts) or adaption online. Some different FTC strategies are summarized
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in the following subsections.

2.1.1 Multiple Models Switching and Tuning (MMST) and Interactive Multiple
Model (IMM)

The natural way of expanding linear control method to FTC is the using of multiple linear models.
There are two ways to use multiple models. One is MMST [Boskovi¢ and Mehra, 1998; Gopinathan
et al., 1998; Jones, 2003; Narendra and Balakrishnan, 1997; Narendra et al., 2003], the other is IMM.
Multiple model schemes were initially proposed to deal with the changes in operating conditions

and varying flight envelopes.
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Figure 2.2: MMST control strategy (adopted from [Narendra et al., 2003])
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For a chosen operating condition or a certain fault, as shown in Figure 2.2, a single model and
controller will be chosen based on the error between the current system and the predesigned model
in the MMST method. Although this method is based on well known linear control methods, it may
be tedious to implement it. In order to deal with all possible types of faults and failures, enormous
number of models and controllers are needed to be designed and tuned. The switching between
models and controllers, sometimes may introduce undesired transients. Another disadvantage is
that this method depends on the robustness of the FDD to identify the correct model. And it

cannot deal with multiple faults/failures [Jones, 2003].

IMM method builds a few linear models based on a few carefully chosen flight conditions and
design linear controllers at these selected operating conditions (or faults/failures). The estimated
plant output or control input is obtained by blending the predetermined models when the operating
conditions change or faults/failures occur as shown in Figure 2.3. In IMM, it is assumed that
every possible flight condition including faults/failures can be modeled as a convex combination
of the predetermined linear models. An IMM estimator detects and isolates the faults/failures by
obtaining an estimate of the plant output from a blend of predefined linear models and provides
a probability weight for the controller reconfiguration. The control signal is synthesized based
on a blend of predefined controllers [Zhang and Jiang, 2001] or online control law calculations
using the probability weight provided by the IMM estimator. One problem of IMM schemes is
finding the right balance of blending/probability weights to get the best model match. IMM is also
heavily dependent on the embedded IMM estimator based FDD scheme to correctly identify the

faults/failures.

2.1.2 Gain Scheduling and Linear Parameter Varying (LPV) Approaches

Gain scheduling is a kind of ‘divide and conquer’ design procedure [Leith and Leithead, 2000].
It decomposes the nonlinear system into a family of linear systems and design a linear controller
for each one of them. MMST and IMM are particular types of gain scheduling according to this
definition. Gain scheduling means scheduling of linear models and its associated controllers either
by parameters or states to deal with nonlinear control problems resulting from a change in the
operating conditions and flight envelope. Gain scheduling is also based on precalculated control

laws. In some flight conditions, the controller structure does not need to be changed. Only the
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gains of the controller need to be changed according to the flight conditions or the faults/failures
conditions. Predefined gains are chosen for specific flight conditions or specific parameters. This
can be presented in the form of a simple logic switch between two gains, or more commonly through
the use of lookup tables or curve fitting [Balas, 2002]. Gain scheduling is easily to be understood
and implemented. However, when the faults/failures are significant, the structure of the nominal
controllers may be incapable of coping with them. In this case, gain scheduling is insufficient and

controller reconfiguration is required.

Another gain scheduling type of controller is linear parameter varying (LPV) control [Leith and
Leithead, 2000]. In such a control strategy, LPV model is built as a smooth semi-linear model that
varies with a parameter like altitude and/or speed. Instead of combining predefined linear models,

the LPV model changes with some non-state parameters [Ganguli et al., 2002]:

i(t) = A(p)z(t) + B(p)u(t) (2.1)
y(t) = Cp)z(t) + D(p)u(?) (2.2)

where p is the varying parameter e.g. speed or altitude. If p is a constant, then the LPV
system becomes a linear time invariant (LTI) system [Ganguli et al., 2002]. LPV provides some
guarantees of stability and performance when compared to classical gain scheduling. Controller
synthesization for LPV model is unique and it is different from controller design for linear model
and nonlinear model [Scherer, 2012]. Compared with linear model based methods, LPV-based
controllers synthesization do not need to be designed on many models of different operation point,
since LPV is a smooth continuous model instead of switch of multi-models. Some general literature
on LPV are [Balas, 2002; Wu, 2001]. How to design the controller for LPV models is still a research
topic [Scherer, 2012]. In the field of FTC, papers such as [Ganguli et al., 2002; Marcos et al., 2005;

Rodrigues et al., 2007] represent some of the research work in this area.

Gain scheduling and LPV methods in FTC also depend heavily on reliable faulty system model
from FDD.

2.1.3 Model Predictive Control (MPC)

Unlike many other control paradigms which came from the academic community, the development

of predictive control/model predictive control (MPC) was initiated in the process industry. This is
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due to the fact that the concept and the mathematical description of MPC is easy to understand
by most control engineers in industry. Therefore it is not surprise that MPC is the most widely

applied method in the process control industry [Maciejowski, 2002] besides classical PID controller.

The original idea for MPC is to allow the production process to run as close as possible to the
process limits without violating any of the limits, in order to maximize production and therefore
profit. The main benefit of MPC is in the handling of limits and constraints. This is the main
motivation 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 [Magni et al., 1997; Maciejowski and Jones, 2003;
Jones, 2003; Abdolhosseini et al., 2012]. Because of its synthesization method, MPC has the ability
to handle the actuator limits by including these limits in the optimization process which is used to

obtain the control signals.

Generally speaking, MPC is an iterative control algorithm based on optimal control. The
iteration can be summarized as follows: at the current time, the current plant states are sampled
and a cost minimizing strategy (using on-line optimal control and taking into account the system
constraints) is computed for a relatively short time horizon into the future. The objective is to
obtain predicted state trajectories in the future using the current states and the computed control
signals. Only the first control signal from the optimization is applied to the real actuators. When
new samples of system states are obtained, the calculations of the next controls are repeated. MPC
is also known as receding horizon control [Maciejowski, 2002; Magni et al., 1997]. Figure 2.4 is the

structure of MPC.
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Figure 2.4: MPC control strategy (adopted from [Sdnche and Rodellar, 1996])
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The driver block/reference model generates the desired output based on the physical feasibility
and desired dynamics. The predictive model block generates the control signals that force the
output of the plant to follow the desired outputs using previous inputs and outputs of the plant
[Sanche and Rodellar, 1996]. The optimization can be solved using quadratic programming or fast
linear programming algorithms [Maciejowski, 2002]. Surely, MPC method in FTC also needs fault

information from FDD in the optimization.

2.1.4 Adaptive FTC

One way of dealing with changes in the system (such as load variation, disturbance, accident
events like faults/failures) is adaptive mechanism. 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 conditions [Slotine and Li, 1991]. Adaptive control is used in order to automatically
adjust the controller parameters to keep the desired performance when the system changes in

parameters or structure.

Adaptive control theory shows that it is efficient, stable and even robust for systems with slow
varying parameters [Narendra and Annaswamy, 1989; Slotine and Li, 1991; Ioannou and Sun,
1995]. These assumptions of slow varying parameters are usually not met by the systems under the
influence of faults and failures, which typically have a nonlinear behavior with sudden parameter
or structure changes. So adaptive control alone does not have the capability to accommodate faults

and failures.

In [Tao et al., 2004] adaptive control is studied for the systems with stuck actuator failure. In
stuck actuator failure case, the actuator gets stuck on some fixed position which can be seen as
some fixed unknown parameters that can be estimated online with adaptation mechanism. This
is a method that parameterizes some fixed or slowly varying parameters. Faults and failures are
random events which may occur abruptly, at unexpected location and without knowing which kind
of fault or failure it is, i.e. how to know it is a stuck failure is a problem before the adaptive
mechanism is activated. Even it is stuck failure, the system may go unstable before the adaptive
mechanism is in effect. This means the adaptive mechanism has the opportunity to be in effect only

if the normal controller can still stabilize the system before the adaptive mechanism can estimate
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the stuck failure. Another problem of this method is that it is designed for a fixed system structure,

e.g., if it is not a stuck but a floating failure or partial loss fault, this method will not work.

Combined with sliding mode control (SMC), adaptive control is studied extensively in control
with less a priori knowledge of model. In [Wheeler et al., 1998; Stepanenko et al., 1998], the
uncertainty bounds are parameterized. The actuator effectiveness is transformed to uncertainty in
[Shin et al., 2005] and the adaptive method is used to estimate the bound of this uncertainty. The
gain of discontinuous control part in SMC is parameterized in [Alwi and Edwards, 2005, 2008a;
Alwi et al., 2008]. Some SMC-based schemes have been proposed within MRAC (Model Reference
Adaptive Control) frame such as [Leung et al., 1991; Chou and Cheng, 2003; Costa and Hsu, 1990;
Hsu and Costa, 1989; Hsu et al., 1994, 1997, 2006; Alwi and Edwards, 2007b; Alwi et al., 2008].

These methods will be discussed in detail in the sliding mode fault tolerant control section.

2.1.5 Control Signal Redistribution

When faults and failures occur in actuators, one of the possible feature of FTC is to redistribute the
control efforts to make them still can shape the system in the desired way. There are several ways of
control signal redistribution: pseudo inverse (PIM) method [Gao and Antsaklis, 1989, 1991], control

allocation [Bordignon, 1996; Hamayun et al., 2012] and dynamic inversion [Enns et al., 1994].

Pseudo Inverse Method (PIM)

Pseudo inverse is the minimum length solution of least squares problem of matrix [Lawson and
Hanson, 1974]. The pseudo inverse method in FTC is to place the poles of the faulty system as
close as possible to the nominal closed-loop poles. The following derivation gives insight into the

pseudo inverse method. Consider a linear system given by
z(t) = Ax(t) + Bu(t) (2.3)

where the state vector z(t) € R", the control vector u(t) € R™, state matrix A has dimension n xn
and input matrix B has dimension n x m. Assume that a state feedback gain K of dimension m x n

has been designed, and the control law is defined as

u(t) = Kx(t) (2.4)
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and therefore the closed-loop system is given by
i(t) = (A+ BK)z(t) (2.5)
During faults/failures, the closed-loop faulty system can be represented by
zp(t) = (Ap + BpKy)ays(t) (2.6)

where z; € R" is the state vector of faulty system; Ay and By are the state matrix and input
matrix of the faulty system. The idea is to obtain a Ky so that the faulty system closed-loop
performance will be as close as possible to the nominal one (2.5). Since the objective is to obtain

xf(t) = x(t), a necessary condition is to ensure
(A+ BK) = (Af + Bfo)

and therefore

K;=B}A—- A; + BK) (2.7)

where B} is the pseudo inverse of By. The plant matrices A and B and the gain K is assumed to
be known a priori. The faulty system (A, Bf) can be obtained from FDD. So in theory, Ky can be
obtained from (2.7). For a non-square By matrix, the pseudo inverse of By provides some degrees
of freedom which can be used to redistribute the control effort to keep the desired performance

[McLean and Aslam-Mir, 1991; Patton, 1997].

The main drawback of PIM is the theoretical analysis of its stability [Huzmezan and Maciejowski,
1997; Jones, 2003; Patton, 1997; Yang et al., 2007]. Other drawbacks are the assumption that the
state measurements are always available [Patton, 1997; Yang et al., 2007] and lack of robustness

[Yang et al., 2007].

Control Allocation (CA)

In most safety-critical systems such as aircraft system, there is actuator redundancy. This allows
freedom to design fault tolerant control systems to maintain stability and acceptable performance
when faults occur. When some control surfaces lose their effectiveness completely or the actuators
saturate to the extent that stability cannot be attained, the control efforts must be reallocated to

redundant actuators.
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When all actuators have the same physical characteristics, for example they are segments of a
multi-segment elevator or rudder for an aircraft, a reasonable design for the applied control inputs
is the one with equal or proportional actuation for each actuator [Tao et al., 2004]. This is not the
case all the time. Some redundant actuators have different dynamics, e.g. the stabilizer can be
the redundant actuator for elevator. The natural way for control allocation is to initiate “back-up”
controller using redundant actuator when regular actuator is found completely lost its effectiveness

[Alwi and Edwards, 2006].

Early ideas of control allocation are discussed in [Patton, 1997]. In its early development, the idea
of redistributing the control signals to the remaining healthy actuators was called ‘restructuring’
[Patton, 1997]. An early example is given in [Huber and McCulloch, 1984], where a ‘restructuring
controller’ utilizing a ‘control mixer concept’ is used to redistribute the control signals. Control
allocation attracts more and more interest in the FTC community partly because of the development
of high performance, highly redundant aircraft [Boskovi¢ and Mehra, 2002; Buffington, 1997;
Shtessel et al., 1999; Wells and Hess, 2003] and improvements in computational power (which
is necessary in order to solve on-line optimization problems) [Beck, 2002; Bordignon and Durham,

1995; Durham, 1993; Enns, 1998|.

PIM and CA seem to be identical since both employ a pseudo inverse which provides some
design freedom, the major difference between CA and PIM is that in CA, the controller is designed
based on a ‘virtual control” signal and the CA 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: the virtual control is synthesized firstly and CA distributes the control signal into actuators.
Papers such as [Harkegard and Glad, 2005; Shin et al., 2005; Zhang et al., 2007; Benosman et al.,
2009; Alwi and Edwards, 2010; Zhou et al., 2010b,a; Hamayun et al., 2012] are some of the recent

works in this area.

CA is based on separating the control law from the control allocation task (see Figure 2.5). This
is done by designing a controller to provide a ‘virtual control” which is mapped to the actual control
signals sent to the actuators. Consider an overactuated system such as a passenger aircraft [Briere
and Traverse, 1993] or modern fighter aircraft [Forssell and Nilsson, 2005] represented by a linear

System
i(t) = Az(t) + Buu(t) (2.8)
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Figure 2.5: Control allocation strategy (adopted from [Jones, 2003])

where the state vector z(t) € R", the control vector u(t) € R™, state matrix A has dimension n xn

and input matrix B, has dimension n X m. B, is assumed can be factorized such that
B,=0B,B
Therefore, the linear system in (2.8) becomes
x(t) = Az(t) + Byv(t)

where v(t) is the ‘virtual control” defined by

v(t) := Bu(t)
For a given v(t) the control signal u(t) is recovered as

u(t) = BTu(t)

where Bf = WBT(BWBT)™! is a right pseudo inverse of B. The weight matrix W represents
the design freedom which distributes the control signals to actuators according to the different

contribution of each individual actuator.

In most of the literature, the weight W = I [Shin et al., 2005] (i.e. equal control signal
distribution among all actuators) is typically chosen. In some cases (such as finding the control
signal distribution that reduces drag and fuel consumption), a different choice of weighting matrix
W can be employed. In a constrained optimization problem, the weight W can be chosen to achieve

the desired performance taking into consideration of actuator constraints [Enns, 1998].

The works in [Buffington et al., 1999; Davidson et al., 2001; Zhang et al., 2007] use CA as a
means for FTC. The benefits of CA is that the controller structure needs not to be redesigned in the
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case of faults and it can deal directly with total actuator failures by automatically redistributing
the control signals among the regular and redundant actuators. As in MPC, another major benefit
of CA is that actuator limitations can be handled by including the actuator constraints in the

optimization process.

One of the drawbacks of CA is that, for linear systems, the pure factorization B, = B, B is
a very strong requirement and therefore approximations B, ~ B, B have been made [Buffington
et al., 1999; Davidson et al., 2001; Harkegard and Glad, 2005; Hess and Wells, 2003]. Another
drawback is online optimization like linear or quadratic programming is required. This is difficult
even with nowadays high computational power computer to the optimization online and in real

time.

Dynamic Inversion (DI)

DI has the ability to handle changes of operating condition naturally due to the modeling in the
whole operating range. This capability has motivated researchers to consider DI for control of
system with wide operating conditions like the space re-entry vehicle which flies from supersonic
speed during re-entry and subsonic regions during the glide back to the runway [Ito et al., 2001,
2002].

The idea of DI can be shown by considering the following affine nonlinear system
&(t) = f(z,t) + Gz, t)u(t)

where the state vector z(t) € R"™, the control vector u(t) € R™, f(z,t) € R", and G(z,t) € R™™;
further, each entry in f(z,t) and G(z,t) is assumed to be continuous with continuous bounded
derivative with respect to z(t); G(z,t) # 0 Va. By rearranging the equation with respect to u(t),

as in [Tandale and Valasek, 2005], the control law can be represented by

u(t) - G(xﬂt)il(:td(t) - f(l‘,t))

where 4 is the predetermined desired closed-loop reference demand. In [Ito et al., 2002], dynamic
inversion is described as ‘... a control synthesis technique by which existing deficient, or undesirable

dynamics are canceled and replaced by desirable dynamics. Cancelation and replacement are
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achieved through careful algebraic selection of the feedback function. For this reason, it is also

called feedback linearization ...’.

Since a continuous nonlinear model which cover almost all the system operating range is used
in DI, a fixed controller can be synthesized without model switching and gain scheduling. If the
control input matrix G(z,t) is precise, control allocation can be implemented naturally without an

extra mechanism [Joosten et al., 2007].

DI requires a perfect model of the system dynamics, which is not realistic in practice. In
[Ito et al., 2002] robust control methods such as H., is used as outer loop control to minimize
or suppress undesired behavior due to plant uncertainties which cause imperfect plant dynamic
cancelation. Anyway, DI requires a deep understanding and knowledge of the plant in order to be

able to cancel the plant dynamics perfectly. In reality, this is quite impractical.

Another drawback of dynamic inversion is the assumption of full-state feedback which is not
an issue in modern aircraft, civil [Briere and Traverse, 1993] or advanced military aircraft [Forssell

and Nilsson, 2005], but full state measurement is not always available for many other systems.

In [Fisher, 2004; Idan et al., 2001; Ito et al., 2002, 2001; Joosten et al., 2007] dynamic inversion
is utilized in the implementation of FTC. Because of a perfect system dynamics model is required
in the implementation of DI, for FTC it is the requirements of a perfect model of the faulty system,

i.e. it depends heavily on the FDD mechanism [Lombaerts et al., 2007].

2.1.6 Robust Control (H.,, Control)

Since there are always disturbances and uncertainties in the controlled system, robustness to
disturbances and uncertainties is always the major concern in feedback control [Zhou and Doyle,
1999]. Robust control is a control method that makes trade-off between performance and robustness.
H,, as the most developed robust control method has been researched and developed in many
applications ranging from industrial process control to aircraft control problems, and it is robust
control always referred to. Since partial loss fault can be seen as a kind of uncertainty, robust
control method can be used to deal with it. FTC using robust control method doesn’t require
to get information of faults online and therefore works in normal situation as well as in faulty

conditions. This is why it is called passive fault tolerant control in the literature. The capability
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to deal with faults depends on the predesigned controller which is based on minimizing the effect
of uncertainty or disturbances on the system (robustness) [Magni et al., 1997], i.e. how much fault
can be tolerated is predesigned. The design of H, control is separated in two steps. The first step
is to decide the type and structure of the uncertainty to be considered which is difficult and requires
some insight into the plant [Magni et al., 1997]. The second step is to choose frequency dependent
weights based on some performance specifications and then to solve an optimization problem. H,
mixed sensitivity, u-synthesis and H, loop shaping [Skogestad and Postlethewaite, 1996] are some

of the mostly studied H, controller design techniques.

One of the disadvantages of H is the controller is conservative in the normal conditions in order
to guarantee the stability in the event of partial loss faults [Magni et al., 1997], and the performance
in the normal condition is sacrificed for robustness. So Hs, robust control can only tolerate the
prescribed faults by sacrificing performance in the normal situation. Another drawback is that the
final controller is usually of a higher order than the system. In the practice, model reduction is
required to truncate the order of the controller [Magni et al., 1997] to make it implementable. The
literatures [Marcos et al., 2005; Magni et al., 1997] describe some of the research results of Hy,

control in flight FTC.
Another kind of robust control method is SMC, which will be discussed in the next section.

Though in general, FTC is categorized into AFTC and PFTC, in the academia it is mostly
referred to AFTC while PFTC is considered as robust control [Zhang and Jiang, 2008]. However,
because of the delay of FDD and synthesization of reconfigurable control, which will not be a
trivial time, the faulty system is posed in a situation during the period of this delay in which it is
a system with fault and failure while it is controlled by the normal controller which surely is the
‘wrong’ controller. Furthermore, the system may lose its stability and disable the FDD mechanism.
So in the normal controller there must be some control mechanism that can accommodate fault
and failure before FDD can detect and identify the fault and failure and a better reconfigurable

controller can be synthesized online.
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2.2 Sliding Mode Control (SMC)

Originating from the 1950s in Union of Soviet Socialist Republics (USSR), sliding mode control
has developed into a topic of great interest in control theory and practice in many applications.
There are tons of publications dedicated to it, [Utkin, 1977; Young, 1978; Decarlo et al., 1988; Hung
et al., 1993; Young et al., 1999] as some reviews and tutorials, [Gao, 1990; Slotine and Li, 1991;
Utkin, 1992; Edwards and Spurgeon, 1998] as several books and [Perruquetti and Barbot, 2002;
Liu, 2005; Edwards et al., 2006; Bartolini et al., 2008; Boiko, 2009; Bandyopadhyay et al., 2009;

Fridman et al., 2011] as some books with recent advances in this field.

SMC is a nonlinear type of control strategy and is a special variable structure control (VSC).
The design of SMC is unique compared to other strategies. The design is separated into two steps:
first, a sliding surface is designed to assign the performance of the closed-loop system; second, the
control law is designed to force the trajectory of the states towards the sliding surface and once

reached, the states are forced to remain on the surface [Utkin, 1977].

SMC is a robust control methodology, and it is invariant to matched uncertainties which belongs
to the range of the control input distribution matrix [Utkin, 1992; Edwards and Spurgeon, 1998].
With dynamic sliding mode [Shtessel, 1997] or high order sliding mode [Levant, 2001] or combined
with backstepping approach [Khalil, 1992], even unmatched uncertainties can be tolerated in SMC.
This robustness property of SMC, called invariance [Utkin, 1992], comes from the high-speed
switching function that forces the state trajectory approaching the sliding surface and keeps on
it.

The invariance property makes SMC a strong candidate for FTC when handling actuator faults.
Because of the unique design, SMC can accommodate significant uncertainties without losing
greatly of performance as other robust control methods such as Hy,. Moreover, since the system
character is determined by the chosen sliding surface, this gives more freedom in the design of
SMC which makes it easily of combining other methods and resorting to less a prior:i knowledge.
The paper [Hess and Wells, 2003] argues that SMC has the potential to become an alternative to
reconfigurable control and has the ability to maintain the required performance without requiring

an FDD.

In this section, the basic concepts and principles of SMC are introduced. The SMC design with
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feedback linearization on SISO and MIMO system is introduced in the next section. Then the

application of SMC in FTC is reviewed in the following section.

2.2.1 Brief Introduction to SMC

Consider affine nonlinear system, i.e., system has a state space model nonlinear in the the state

vector and linear in the control vector of the form:
i(t) = f(z,t) + Gz, t)u(?) (2.9)

where the state vector x(t) € R™, the control vector u(t) € R™, f(z,t) € R", and G(x,t) € R"™™;
further, each entry in f(z,¢) and G(x,t) is assumed to be continuous with continuous bounded

derivative with respect to x(t).
In SMC each entry u;(t) of the switched control u(t) € R™ has the form

uf (z,t) with si(z) >0
ui(z,t) = Vi=1,2,---,m (2.10)
w; (z,t) with s;(z) <0

where s;(x) = 0 is the ith sliding surface associated with the (n — m)-dimensional sliding surface
s(z) = [s1(z),52(2), -+, s (2)]" =0 (2.11)

The design of SMC is in two stages. First is the design of the sliding surface and second is
the design of the control law that sliding mode is achieved and then maintained on the surface.
Once the states are in sliding mode, the closed-loop system is robust to matched uncertainties and
behaves as a reduced-order system with motion independent of the control. Matched uncertainty
is the uncertainty within the range space of the input matrix G(z,t¢). Consider uncertainty and
disturbance in Eq.(2.9):

&= f(z,t) + Af(x,t) + Gz, t)u + d(t) (2.12)

where Af(x,t) represents the modeling error and d(t) the external disturbance. The matched

uncertainty means there exist Af(z,t) and d(t) such that
Af(e,t) = Gla, )AF(w, ), d(t) = Gz, Od(2) (2.13)

The performance of the controlled system depends on the choice of the sliding surface. Typically,

SMC consists of continuous and discontinuous components. The discontinuous component is
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designed to drive the states towards the sliding surface under modeling uncertainty and disturbance,
and so it determines the robustness of SMC system. Once on the surface, the continuous component

becomes more dominant than the discontinuous one and drives the system to the steady state.

2.2.2 Sliding Surface

The sliding surface

s(z) =0 (2.14)

is a (n — m)-dimensional manifold in R"™ determined by the intersection of m(n — 1)-dimensional
sliding surfaces s;(x). The sliding surfaces are designed such that system response has a desired

stability or tracking characteristics.

Mostly, for convenience and simplicity, linear sliding surface are prevalent, while nonlinear ones
are possible, for example, in [Bandyopadhyay et al., 2009] nonlinear sliding surface is designed
such that it changes the system’s closed-loop damping ratio from its initial low value to a final high
value. Initially, the system is lightly damped resulting in a quick response and as the system output
approaches the set point, the system is made overdamped to avoid overshoot. In this method, the
system behavior is fine tuned thanks to the uniqueness of SMC which separates the design of control

law and the design of system performance. In this thesis linear sliding surface as following is used.

s(x) = Sx(t) (2.15)

where S is an m X n matrix.

2.2.3 Regular Form and Reduced-Order Dynamics

Assuming the system Eq.(2.9) is completely linearizable in a reasonable domain, the system Eq.(2.9)

can be transformed to a regular format [Slotine and Li, 1991]

il = fl(xat)

T = fz(l‘,t)—l—GQ(l‘,t)u (2.16)

29



where 1 € R"™™ and xzy € R™; Ga(z,t) is m x m nonsingular mapping. Assume a linear sliding

surface of the form
T
s(a;) = [Sl 52] (2.17)
X2
i.e.

Six1 + Soxs =0

where without loss of generality So is assumed to be nonsingular. So in a sliding mode
T9 = —S5 1 S171 (2.18)

and
iy = fi(x,t) = fi(zy, —Sy 'Siz1,t) (2.19)

is the reduced-order dynamics which represents the performance of the closed-loop system. The
design of the sliding surface s(z) is the choice of S; and S2 to make the reduced-order dynamics

meets the desired performance.

2.2.4 Reachability Condition

The SMC control law is not designed to directly meet some desired closed-loop system performance,
but to ensure the sliding surface is reached and motion on sliding mode is maintained which is called
reachability condition. The reachability condition means the trajectory of the system states must

always point towards the sliding surface. In the case of single input system, it is

lim s < 0
=07 (2.20)
limséo— S > 0
or in a compact method
$§<0 (2.21)

around s(t) = 0. A more strict reachability condition that ensures the sliding surface is reached

despite the presence of uncertainty and in finite time is given by
58 < —nls| (2.22)

where 7 is a small positive design scalar. Eq.(2.22) is called ‘n-reachability condition’ [Slotine and

Li, 1991].

30



2.2.5 Chattering

Invariance of SMC comes from infinite frequency switching of discontinuous finite control action
instead of infinite high gains in the classical continuous control [Utkin, 1992]. However, infinite
frequency switching is impractical as well as infinite high gain. In the practical mechanical or
electrical system, there is always delay in the actuator, i.e. the switching of control is always in
finite frequency. So SMC suffers from chattering in its originality. Figure 2.6 shows how chattering
is caused by delay. A trajectory of state in the region s > 0 is heading toward the sliding manifold
s = 0. It meets the manifold firstly at point a. In ideal SMC, the trajectory should start sliding on
the manifold from this point a. In the real system, the delay between the changing of control signal
and the sign change of the s causes the trajectory crosses the manifold into the region s < 0. When
the control switches, the trajectory reverses its direction and goes again towards the manifold.
Once again it crosses the manifold, and repeat of this process creates the oscillation shown in the
figure, which is known as chattering. Chattering will decrease the control accuracy, lead to high
heat losses in electrical power circuit, and wear the moving mechanical parts greatly. It also may
excite unmodeled high-frequency dynamics, which degrades the performance of the system and may

even lead to instability.

Sliding manifold

s5< 0

Figure 2.6: Chattering due to delay in control switching
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Sliding mode system is equivalent to relay feedback system [Boiko and Fridman, 2005] and
chattering can be considered as a limit cycle or as the existence of a fixed point of the Poincaré
map [Boiko and Fridman, 2005]. Since chattering is unavoidable, controlling the magnitude of
the limit cycle is one solution to make SMC practical in real system [Wang, 1990]. One way of
attenuating the chattering magnitude is to use internal model, i.e. to use the a priori known system
dynamics in the closed-loop control system such that the uncertainty can be decreased. Feedback
linearization is such a method in nonlinear control field, which is the turn point work that makes

SMC a practical control method [Slotine, 1984].

2.2.6 SMC Design with Feedback Linearization
Single Input Single Output (SISO) System

Consider a SISO nonlinear affine system:

& = f(z)+g(@)u
y = h(x)

(2.23)

where f(z) and g(x) are smooth vector fields, and h(z) is differentiable function with relative degree
of n, x € R" is the state vector, y € R is the output and the scalar u is the control input. The
nonlinear system Eq.(2.23) can be transformed into following companion form by using feedback

linearization technique [Utkin, 1977] as:

Z1 = 29
Zog = 23
(2.24)
Zn, = A(z)+ B(z)u
\ Y = A
where
A(z) = L}h(z), B(z) = Ly LYy h(x) (2.25)
are the Lie derivatives of corresponding functions.
Define switching surface as:
s =1 4 )\n,ge(”_Q) + o Ae+ Nge (2.26)
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where

e = ya(t) — y(t) (2.27)
yq is the output reference profile, A9 > 0,A\; > 0,--- , \,_o > 0 are design coefficients chosen to
provide desired sliding mode dynamics:

s=0 (2.28)

Derive this function we have:
5=y (1) — Alz) = B(@)u+ A2 ™D - 4 ME+ Aoé

Choose Lyapunov function as:

1
V=_s (2.29)
2
Design the controller as:
u= B(x)_l[y((in) (t) — A(x) + A2 D 4+ 4 XE + Ngé + psign(s)] (2.30)
The derivative of the Lyapunov function is:
V =—pls| <0

According to the invariant set theory [Slotine and Li, 1991], the system converges to the origin.

Multi Input Multi Output (MIMO) System

This section extends the result of last section to MIMO system. Consider affine nonlinear system

&t = f(x)+G(z)u
y = h(z)

(2.31)

where x € R" is the state vector, y € R™ is the output vector, u € R™ is the control vector;
f(z) € R™, h(z) € R™ are differentiable vector-functions, G(z) € R™™ is the control input

distribution matrix:
G(x) = [gl(x)a 92(1')7 e 7gm($)]

where g;(x) € R"(i = 1,2,---,m) are differentiable vector-functions. Assuming that the system is

completely linearizable in a reasonable domain x € I'. The Eq. (2.31) can then be transformed into
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a companion form [Utkin, 1977] as:

y" L (@)
(r2) L'?ho(x
Y2 = 7ha(@) + E(z)u
Lo | L L) |
where ) )
Ly L 'hy Lo, L 'hy oo Ly, L} 'hy
B(a) = LglL?_lhg Lg2L’%2_1h2 LgmL??_lhg
| Lo L7 hn Lo, Ly ha o+ Lo, L7 i, |

|E(z)| #0V 2z € T; LY} and LgiL;f—lhi (Vi=1,2,---,m) are corresponding Lie derivatives.

Define sliding surface as:

1) (ri—2)

(2.32)

(2.33)

S; = el(-”_ + Ni(ri—2)€; +oHN1€ + Npeg, Vi=1,2,---.m (2.34)
where ‘
ei = ya, (t) — yi(t), el(-j) = Cgtii, Vi=12---.m
ya;(t) is the output reference, A\jp > 0, Aix > 0, -+, Ajp,—9y > 0, Vi = 1,2,---,m are design
coefficients chosen to provide desired sliding mode dynamics:
$;,=0,Vi=1,2,---.m (2.35)
The dynamics of the system in s-subspace is derived as following:
$=Y(z,t) — E(x)u (2.36)
where
U(x,t) = [h1(z,t), ¥o(z,t), -, Yz, t)]T (2.37)
i, t) = g5+ Noyel™ ™ 4 4 Nods — Lihi(a), Vi=1,2,--,m (2.38)
For convenience of derivation, define a new control output:
p=E(r)u (2.39)
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Eq.(2.36) can then be rewritten in scalar format as follows:

Sizwi(l',t)—,ui, Vi:1,2,-~-,m (2.40)

Choose a Lyapunov function as:
L 7 1 2
V=cs's=_ g s; (2.41)

Following theorem can be obtained.

Theorem 2.1 [Slotine and Li, 1991] For the nonlinear system Eq.(2.31), sliding surface Eq.(2.34)

18 asymptotically stable by employing the following feedback control:
w=E(zx) " (¥(z,t) + R- %) (2.42)
where
R = diag{p1,p2,- -, pm}
¥ = [sign(s1), sign(sa), - - -, sign(sm)]*, Vi=1,2,---,m

{pi} are positive values representing the gains of the discontinuous control terms.

Proof: Taking the derivative of the Lyapunov function Eq.(2.41) w.r.t. time, one can obtain
following result:
m
V =sTs=s"[U(x,t) — E(x)u] = —sT RY = — Zpi|5i| <0
i=1

With invariant set theorem [Slotine and Li, 1991], Theorem 2.1 is proved. [ |

2.3 Sliding Mode Fault Tolerant Control

These years, some researchers began to use sliding mode method on aircraft fault tolerant control
[Shtessel et al., 1998; Alwi and Edwards, 2005; Hess and Wells, 2003]. From the control structure,
sliding mode fault tolerant control can be considered as passive fault tolerant control since it does
not need a unique block in the control system to do the collection of faults information [Zhang and

Jiang, 2008]. It is a kind of robust control in this sense. But in contrast to regular robust control,
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which synthesizes the controller on some fixed performance index and does trade-off between
performance and robustness to the uncertainty of the system dynamics, it can accommodate
significant uncertainties without causing great degradation in performance. Combined with adaptive
control, SMC can be synthesized with little or even no knowledge of uncertainties and faults [Hsu
and Costa, 1989; Costa and Hsu, 1990; Leung et al., 1991; Hsu et al., 1994, 1997; Fisher, 2004;
Tao et al., 2004; Alwi and Edwards, 2005; Hsu et al., 2006]. Despite the robustness in handling
uncertainties due to actuator faults, SMC is a ‘fixed’ or ‘unreconfigurable’ or passive method for
FTC, itself alone can only accommodate partial loss faults to some extents and cannot accommodate
total failures and severe partial loss faults which saturates the actuator to the extent that the SMC

cannot stabilize the system due to its position and rate limits.

Most of the FTC based on SMC is designed for partial loss of effectiveness in the actuators.
Shtessel presented a decentralized pure SMC for aircraft in [Shtessel and Tournes, 1995] and
developed finite-reaching-time continuous SMC [Shtessel and Buffington, 1998a,b]. These are the
basics of SMC scheme of the following works of Shtessel on FTC dealing with partial loss control
surface faults. A special continuous power function is used instead of discontinuous control when
the states cross the switching manifold to smooth the discontinuous control and thus eliminate
the chattering. In [Shtessel et al., 1998, 1999, 2000, 2002] multiple time scale reconfigurable sliding
mode control concept, which partitions the system in different time scales, is presented. The control
was synthesized based on the idea of backstepping control. In the most inner loop the discontinuous
control is replaced with boundary layer continuous approximation. The boundary layer is chosen
considering the integrator windup, actuator deflection limit and deflection rate limit. Though this
method considered the position and rate limit of actuators, it cannot accommodate severe partial
loss faults. This is because of the limit of position and rate in actuator deflection, SMC can only
accommodate partial loss to some extent, with sacrifice performance of airplane in normal healthy
condition without faults. In [Shtessel, 1995, 1997; Shtessel and Shkolnikov, 2003] a dynamic sliding
mode control method that can not only accommodate matched uncertainties but also accommodate
the unmatched uncertainties, is presented. All the methods can only deal with some kinds of partial

loss faults.

In [Wells, 2002; Hess and Wells, 2003; Vetter et al., 2003] asymptotic observers are used to

eliminate the effect of the actuator parasitic dynamics, i.e., high-frequency dynamics often neglected
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in control system design. SMC systems are vulnerable to the effect of these parasitic dynamics due
to the chattering caused by high speed switching. In flight control applications, these neglected
dynamics mostly are the high frequency dynamics of the actuators. This method also can only deal

with partial loss actuator faults.

Works by [Corradini and Orlando, 2006; Corradini et al., 2006] present a sliding mode fault
tolerant control method for linear model that detects fault by monitoring sliding surfaces and
identifies the fault by applying particular test input to the plant. Before detecting and identifying
the detailed faults, a conservative controller considering a very “pessimistic” worst case is designed.
The occurrence of a fault is detected simply by monitoring the sliding surfaces: when the state
leaves the sliding hyperplane, it means that a fault has occurred in one of the actuators components.
The method uses specially designed test input to detect the faults from the sliding surface. When
the test input has been utilized, if the absolute value of sliding surface increased, then this actuator
stuck at some position. It is not easy to find such test input. After getting the knowledge of the
faults the controller is reconfigured using the same method as that of the conservative controller
design. This method can deal with stuck actuator failure. But the method assumes the redundant
actuator is exact duplication of the regular actuator which is not available in most real systems.
These results are the stimulation of this thesis in two aspects. Firstly, sliding surface can be used
as the index or indicator of faults and failures; Secondly, some passive controller must be utilized

to stabilize the system before the faults and failures can be detected and identified.

Combined with adaptive control, SMC can be synthesized with little and even without a
priori knowledge of the uncertainties, this makes it more suitable for FTC [Wheeler et al., 1998;
Stepanenko et al., 1998; Tao et al., 2004; Alwi and Edwards, 2005; Shin et al., 2005; Xiao et al.,
2008].

[Alwi and Edwards, 2005, 2008a] proposed a novel adaptive gain in the nonlinear part of the
control law of SMC which reacts to the occurrence of a fault and attempts to keep the switching
function as close as possible to zero, thus maintaining tracking performance. When this gain
reaches the maximum allowable set gain, a warning signal is sent to the pilot or an automatic
change to the “back-up” controller could be initiated. This is a kind of way to detect the stuck
fault in regular control surface, e.g., the elevator. The “back-up” redundant control surface, e.g.,

stabilizer is activated when the adaptive gain reaches some maximum value. Though this method
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can deal with total failure such as stuck as well as partial loss fault, it does not fully utilize the
regular actuator. When the adaptive gain reaches its maximum value that stimulates the redundant
actuator, it does not mean the regular actuator totally fails while this method discards the regular
actuator completely. The faulty regular actuator may still contribute to the system, though itself
alone cannot accommodate the ‘severe’ partial loss fault. Sometimes the redundant actuator may
not work as well as the regular actuator, e.g., the stabilizer is slower than elevator in dynamics.
The not totally failed faulty regular actuator can still work in some degree to help the redundant

actuator to get better performance than only using redundant actuator.

In [Tao et al., 2004; Hu et al., 2011] adaptive SMCs are used to accommodate stuck failures.
These methods need knowledge of the structure of the system when it is healthy and when it is
faulty. This means for different structure of faulty system, e.g., stuck failure and partial loss fault,
different controllers should be synthesized. There will be switching of controllers when the system

structure changes.

In [Alwi and Edwards, 2006, 2007a,b, 2008b, 2010; Hamayun et al., 2012] SMC-based FTCs
combined with control allocation that automatically distribute control efforts when there is fault
or failure are proposed. These schemes use the effectiveness level of the actuators as the weight in
distributing control efforts, and redistribute control to the remaining actuators when faults/failures
occur. The effectiveness level of the actuators is assumed coming from FDD or special sensors. This

method is synthesized based on linear model.

2.4 Summary

Generally, FTC is categorized into PFTC and AFTC. From the above literature review, it can
be seen that most of the works on AFTC come together with the progress in FDD mechanisms.
Theoretically, AFTC can deal with all kinds of faults and failures. In practice, AFTC will be costly
because of the complicated architecture due to the combination with FDD and the reconfiguration of
controller online. Besides, time delay from the faults occurrence to the detection and identification
of faults and then to the reconfiguration of controller based on the faults information, is the main
constraints of the application of AFTC. During the delay from faults occurrence to a reconfigured

controller in execution, the system is in the danger of losing control due to the mismatch of controller
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and system dynamics. The controller-system mismatch may also disable the FDD which cannot get
the right information for building the faulty system model if the system is out of control. So some
kind of controller must be working to stabilize the system during the delay. This is the motivation

of this thesis.

PFTC is mostly a kind of robust control that can accommodate preassigned faults, i.e., it can
only deal with partial loss fault. Hy, and SMC are two mostly researched robust control methods in
FTC field. They both sacrifice the normal controller performance to get robustness to uncertainties
in the system dynamics. However, SMC’s unique design methodology, that separates the design
procedure into two subsystems, makes it possible to be robust to uncertainties without sacrificing
too much performance of normal controller. Even more, the reaching attractor in SMC is extended
to sliding manifold (a dynamic subsystem) from the equilibrium in other methodologies. This
means there is a dynamic subsystem that can sense the dynamic variation due to disturbances and
faults. This is the reason this thesis uses SMC in the development of fast response reconfigurable

FTC.
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Chapter 3

Modeling of Boeing 747-100/200 and

Faulty System

It is costy and time consuming in testing FTC on real systems, especially in aircraft system.
There are available models in the open literature such as nonlinear F-16 model [Sonneveldt, 2006;
Russell, 2003] and ADMIRE (Aero-Data Model In Research Environment) [Forssell and Nilsson,
2005] which comprise full order nonlinear equations of aircrafts. ADMIRE is a generic model of a
small single-seat fighter aircraft with a delta-canard configuration, which is developed within the
project GARTEUR Flight Clearance FM (AG11) in Europe. Both F-16 and ADMIRE are limited
in redundancy, they are suitable for simulation of normal control and partial loss fault tolerant
control. FTLAB747 is a simulation package of Boeing 747-100/200 with rich redundancy and is a

good platform for FTC simulation test.

3.1 FTLABT747

The FTLABT747 software running under MATLAB/Simulink has been developed for the study of
FTC and FDD schemes. It represents a ‘real world’ model of Boeing 747-100/200 aircraft, where
the technical data and motion equations have been obtained from NASA [Hanke and Nordwall,
1970; Hanke, 1971]. The software evolved from DASMAT (Delft University Aircraft Simulation
And Analysis Tool) [van der Linden, 1996] and Flight Lab 747 [Smaili, 1996]. Later it is enhanced
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to FTLAB747 V6.1/V6.6 for use in terms of fault detection and fault tolerant control [Marcos
and Balas, 2003]. It was augmented with a classical autopilot and increased modularization which
make it especially suitable for FTC under GARTEUR AG16 in Europe [Breeman, 2006]. Figure
3.1 shows the AG16 benchmark sketch and Figure 3.2 shows the main frame of AG16 benchmark.
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Figure 3.1: Sketch of AG16 benchmark model (Adopted from [Breeman, 2006))
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Figure 3.2: The main benchmark model of AG16 (Adopted from [Breeman, 2006])

The high fidelity nonlinear model of FTLABT747 has 77 states incorporating rigid body variables,
sensors, actuators and aero-engine dynamics. All the control surfaces and engine dynamics are
modeled with realistic position limits and rate limits. The specific aerodynamics coefficients are

taken from [Hanke and Nordwall, 1970], which have been obtained from extensive wind tunnel
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experiments, simulations and test flights.

Till now, FTLAB747 is the only model in the open literature which replicates a real failure
condition, and it was used in the investigation of the ELAL flight 1862 (Bijlmermeer incident) in
1992 [Smaili et al., 2006] using the real flight recorded data. Therefore, the FTLAB747 model
represents a realistic test bed for the FTC schemes and it was chosen as the test bench for the FTC

algorithms of this thesis.

3.2 High Fidelity Model of Boeing 747-100/200

Boeing 747-100/200 is an inter-continental wide-body transport airplane with range of 10,000 km,
maximum level speed 975 km/hr and design ceiling of 137166 m [Hanke, 1971].

Boeing 747-100/200 aircraft has abundant actuators: four engines, a movable horizontal stabilizer
(used for pitch trim purposes when the elevators work well, can provide pitch moment when
elevators have faults or failures), four elevator segments (i.e. two inboards and two outboards)
for the control of longitudinal axis motion; twelve spoilers (10 in-flight spoilers used symmetrically
for speed brakes and used asymmetric to complement the directional control, 2 ground spoilers
are only used during ground operations), two pairs of inboard and outboard flaps used for lateral
control; a two-panel rudder for direction control [Marcos and Balas, 2003]. This makes it the perfect
representative of commercial airplanes flying today, and thus an ideal benchmark to design and test

FTC and FDD algorithms.
The general mathematical flight dynamics model of a rigid aircraft can be written as:

t = f(x)+G(z)u(t) (3.1)

y = h(z) (3.2)

where x € R™(n = 12) is the vector of states of the aircraft system:

IE:[p q T VTAS @ 5 (b 0 Q;Z) he Te ye]T (33)

p, q, 7 are roll, pitch and yaw angular rates respectively; Vrag, «, [ are the true air speed,
angle of attack and sideslip angle respectively; ¢, 6, 1 are roll angle, pitch angle and yaw angle

respectively; he, xe, y. are the positions of the aircraft with respect to Earth (North-East-Down
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reference frame). f(x) € R™(n = 12) is the system dynamics vector; h(x) € R! is the output vector;
G(z) € R™™ is the control input distribution matrix. w is the m-dimensional control vector; y is

the [-dimensional output vector. For Boeing 747-100/200 with m = 16:
u = [5eil 66’i7‘ 6eol 6@07‘ 5ail 6air 5aol 6(107‘ 57"[ 5ru 5ih 6sp Tl T2 T3 T4] (34)

where eil, eir, eol, eor represent inner left, inner right, outer left and outer right elevators; ail, air,
aol, aor represent inner left, inner right, outer left and outer right ailerons; rl, ru represent lower
and upper rudders; ¢h represents stabilizer; sp represents spoiler; ¢ is deflection of control surface;
T;,Vi = 1,2,3,4, is the thrust output of ith engine. The dynamics model can be detailed in the

following four groups of differential equations [Marcos and Balas, 2003].
The force equations:

—Fysina+ F,cosa+m(—pcosasinf + gcos B — rsinasin 5)Vrag

“ = mVrag cos 8+ Cr.qS VTZS (3.5)

b = —F, cosasin f + Fyycos § — Fysinasin f +m(—psina + rcos a)Vras (3.6)
mVras

Vias = %(Fx cos acos 3 + Fy sin  + F cos fsin «) (3.7)

The moment equations:

p = (c1r + cop)q+ csMy + c4 M, (3.8)
q = cspr—co(p’ — 1)+ erMy (3.9)
Po= (csp—cor)q + calMy + coM. (3.10)
The kinematics equations:
¢ = p+tanb(gsing + rcosd) (3.11)
6 = qcosp—rsing (3.12)
Y = (gsing+rcose) (3.13)
cos

The navigational equations:

he = —(—usinf+ vcosfsing + w cos ¢ cosb) (3.14)
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Te = wcostycost + v(—cos@siny + cossin psinb)

+w(sin ¢ sin ) + cos ¢ cos P sin b)) (3.15)
e = wusiny cosf + v(cos¢cos) + sin ) sin ¢ sin @)
+w(— cos v sin ¢ + cos psin sin f) (3.16)

In these differential equations, the true airspeed Vpag = [u, v, w]:

u = Vragcosacosf (3.17)
v = Vrpagsing (3.18)
w = Vpagsinacosf (3.19)

The products and moments of inertia coefficients are:

Uyy—Toz) 213, Uoo—Tyy+1z2) oz
I

c1 = C2 = T

c3 = Isz Cy = IITZ

5 = Lzl g = L= (3.20)
vy vy ,

or = i cg = M

Cg = Isz ' = Il - Ig%g

The forces and moments in body-axes for the Boeing 747 are:

4
F, = ¢SCx, + ZTW — mgsinf (3.21)
i=1
F, = @SCy, +0.0349(T,,, + Ty, — (Tpy + Tp,)] + mg cosfsin ¢ (3.22)
4
F. = gSCy —0.0436 > T,, + mgcosf cos (3.23)
i=1
o | 1 _ _ o _
M, = qSb Clb + 7(CYchg - CZbycg) - 7CZQ Yeg
i b bVras “%
+0.0436[T,, yeng1 + Thn,yengs — (Thayengs + T, yenga)] (3.24)
| 1 _ _ cév T
M, = gSc _Cmb + E(Cbecg — Cx,Zeg) + Wras <C'm% + égCZdb):|
4
+ Z Ty, zeng; (3.25)
i=1

1 b/
M, = @Sb|Cy, + —(Cx,¥cg — Cy,Zeg) + —/BCn.
b Vras fo

+T,, yengr + Thn,yengs — (Thsyengs + T, yengas) (3.26)
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Transformation of aerodynamic coefficients in stability reference frame to body reference frame

are:
CXb = —Cpcosa+ Cfsina Cyb = Cy
Cyz, = —Cpsina—Crcosa C), = Cjcosa—Cpsina (3.27)
Cm, = Cn Cpn, = Cjcosa+ C,cosa

The aerodynamic coefficients are [Hanke and Nordwall, 1970]:

dc dc v C dc sC
CL = CLbasic + (ACL)awdp—O + A(TaL)awdp—O + T; 2V(;éf45 + TCILQ‘gT;S
9%y + Ko | 95500, + 5208, + 205, | + ACy

+ACT

(3.28)

spotilers

+ AC'Lla,’ﬂuding gear + ACL + AC’Lfla,p failure

outboard ailerons ground ef fect

CD - [CDbaszc + d Délhf”:| + (]‘ - K)CD]Wach + ACD
+ACp +ACp +ACp

+ ACDlanding gear

spoilers

(3.29)
+ AC'Dflap failure

ground ef fect sideslip rudders

_ dCY dCy _psb dCy _r
CY - ’8+ “dp 2Vras + dr QV;AS +ACY

+A0Yle flap failure

+ ACy,

rudders

+ AC'valap failure

spoilers

(3.30)

Crn = Crpegie + (ACmo25)agay_o + A(242028), -+ CL(C’G —0.25) + 40m S ac

dCmo.25 _qsC dC0.25 dCmo.25 dCmo.25 de025
- dq 2VTAS+ dn nZ+Ka[ déin thrl+ d Op; + OF, ]

+ ACmo0.25 (3.31)

+ AC0.25

+AC0.25 + AChmo0.25

+AC,,

outboard ailerons

+ AC0.25

spoilers inboard ailerons

+ AC0.25

0-25landing gear ground ef fect sideslip rudder

+Acm0~25flu.p failure

Cl — dClB + dCl ps + dCl Ts + AC[

dp 2Vras dr 2Vras + A
+AC

+ Aclflap failure + Aclle flap failure

+ AC;

spoilers rudders

inboard ailerons (332)

outboard ailerons

— an psb rsb
Cn - /8 + d,B ZVTAS + dp 2Vras + dT‘ 2V as + ACnspoilers + Acninboard ailerons
—|—AC + AC, + AC, + AC,

Noutboard ailerons

(3.33)

rudders flap failure le flap failure

The meaning of the variables and parameters in these aero-dynamic coefficients can be found in

[Hanke and Nordwall, 1970].

The transformation of angular rate in body-axes to stability-axes is:

ps = pcosa—+rsina (3.34)
& = q (3.35)
rs = —psina+rcosa (3.36)

46



Wing design plane angle of attack (angle between the airflow and the wing root chord line) has

the following relationship with fuselage reference line angle of attack:
Qupdp = QUfr] + 271'/180 (3.37)

where 2° is the incidence angle, i,,.
The above model is the high fidelity nonlinear model used in the FTLAB747 simulation platform.

In [Marcos, 2001], the aerodynamic coefficients are reduced in complexity using analytical and

simulation methods. The following is the reduced aerodynamic coefficients using simulation method:

Cr = Cly..+ dc(quL 25;25 +ACL e (3.38)
Cp = KCpe + (1= K)CDye, + ACD, iers + ACD ey (3.39)
Oy = e+ TR A, (3.40)
Coi = Comyo + d;m 2‘2 ZS + dc;”;'% 25;; (3.41)
C = ‘ZCBZB + ‘;Cpl 25;33 + ‘Z—Crl 2;;25 + ACh s + Ak, (3.42)
C, = ddCB”B + dCZ" 25;; + ddi” 21;;?43 + ACh, aiers (3.43)

These are the aerodynamic coefficients used in the following longitudinal model.

3.3 Nonlinear Longitudinal Model of Boeing 747-100/200

A full nonlinear equations of the Boeing 747 longitudinal motion are taken from [Marcos, 2001;
Szaszi et al., 2005] over the up-and-away flight regime: altitude h. € [3000, 12000]m, angle of attack
a € [—2°,8°] and total airspeed V' € [150,280]m/s. The detailed nonlinear equations of motion

are:

Lbasic

. qSc dCy, gcos(a —0) qS
= |[1———(145—-1.8 —
“ [ 2mV2 AS( eg) dgq ] I Viras mVras

qS dCp, qS dCy,
- Ka el Ka €o
[mVTAS dde; ] 0 [mVTAS ddeo g

. 4
0.0436
B Cosa—l-smaZTni (3‘44)
=1

mVras
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Vras
0

he

c7qSc [_dom

2Vras | dq

+¢7GS [CDyyen (Zeg COS @ — Tegsina) — Cp, . (Zegsin o + Teg cOs )]
ac

+c7GS K, [Em — (Zeg cOSa + Zggsina)
ddei
ac

+c7qSK, [Em — (ZegcOS 4 Zog sin )
dbeo

+c7gSK, éd "o+ i zeng;Tn;

79 S 7 . Gi i

qs

si -0)—-—C
g 1n(a ) m D]\/Iach +

q

—sin(a — 0)Vpas

acr,

déei
acr,

ddeo

c—— — (1.45 — 1.82¢y) (ZTeg COS ¢ + Zeg sin a)} q + c7qSeCyy,

:| 66i
:| 560

m

cosa — 0.0436 sin o 4
>

=1

basic

(3.45)

(3.46)

(3.47)

(3.48)

The aerodynamic coefficients and their derivatives are calculated from the look-up table described

in [Hanke and Nordwall, 1970].

3.4 Fitted Nonlinear Longitudinal Model of Boeing 747-100/200

An approximate fitted nonlinear longitudinal model of Boeing 747-100/200 is obtained from fitted

aerodynamic coefficients as polynomial functions of angle of attack and velocity for level flight over

the flight envelope [Shin et al., 2006]. The thrust generated by four engines is described by “4T”

using one variable and also the four elevators are described as one variable . for simplicity. These

mearn:

Tn1 = T’ng = TTL3 = Tn4 =T

ac,, dc, dC,

dbe;  dbeo  2d0.

The aerodynamic coefficients are approximated as:

CD]\/Iach
dC'y,
dde
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k20 + K10 + ko1 Vras + Koo

T02Vitas + 701Vras + 700 (per degree)

(3.49)
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Clygse = Mo+ n01Vras + moo (3.51)

Conposie = €200° + 100+ €01V as + oo (3.52)
dC,,
s, (()QV']%AS + C01Vras + Coo (per degree) (3.53)

where the constant coefficients are:

Koo = 3.27, kio = 348 %1072, kg1 = 4.45x107°, kg = 9.92x 1073,
Too = —144x1077, 191 = 4.26x107° 7190 = 3.21 x 1073,

no = 5.15, n1 = 121x1073, mo = 6.15x 1073,

£ = 2.39, €10 = —1.46, o1 = —320x107% &o = 0.12,

g = 435x1077, (o1 = —116x107% (o = —1.76x 1072,

The other derivatives are:

Ko = 1, (3.54)
‘Zch = 5.1707, (3.55)
ddC:;” = —20.8073, (3.56)
dc%m = —2.8374 (per rad). (3.57)
The other parameters: z. = 0.25,Tcy = —(Teg — 0.25)C = 0,2y = Zegref — 2¢g = 0,m =

3 x 10°kg, c7 = 1/1yy, I, = 4.5278 x 107kg - m?,g = 9.7851m/s*, ¢ = 8.324m, S = 511m?,p =
0.59kg/m3, zeng1 = 0.94m, zengs = 2.53m, zengs = 2.53m, zengy = 0.94m. The trim point is:
Arim = 0.0162rad, Girim = Orad/s, Ve asirim = 230m/s, Oppim = 0.0162rad, hipim = 7000m, Setrim =
Odeg, otrim = 0.0128rad, Tiripm = 41631N.

The ultimate approximate nonlinear longitudinal model over up-and-away flight rigime of Boeing
747-100/200, which is utilized in the synthesization of some of the algorithms in this proposal, is

shown as following:

9.7851 cos(av — 0)
Vras
+0.00121V7a5)Vras — 0.000502483Vr 45(0.00321 + 0.0000426 V7 45
0.0436 cos « + sin «
75000Vras

& = 0.989186q + — 0.000502483(0.00615 + 5.15a

—1.44 x 107 "VE,6)0e — (3.58)
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¢ = —0.00239997¢Vras + 0.0000277133(0.12 — 1.46a + 2.39a>
—0.00032V7 45) VA4 + 0.0000277133V2 45(—0.0176 — 0.000116 V7 45
+4.35 x 107V 45)0e — 0.0000786336VA 450 + 1.53275 x 107 T (3.59)

VTAS = 9.7851sin(ax — #) — 0.000502483(0.00992 + 0.0348cx + 3.270°2
cos o — 0.0436 sin «

2
+0.0000445Vr 45) Viiiag + =500 (3.60)
0 = ¢ (3.61)
he = —sin(a—0)Vras (3.62)

3.5 Open-Loop Longitudinal Response of Boeing 747-100/200

Here is the simulation results of the open-loop response of longitudinal axis of Boeing 747-100/200
on FTLAB747 (AG16) with high fidelity nonlinear model, the reduced aerodynamic coefficients

based nonlinear longitudinal model and the fitted approximate nonlinear longitudinal model.

The elevator changes from 0 degree to -2 degree at 25 second, then changes to 2 degree at 50
second and at last changes to 0 degree at 75 second. The mass of the aircraft is 30000kg. The trim
point is ayprim = 0.0297ad, qirim = Orad/s, Vrasirim = 230m/s, Oyim = 0.029rad, hipim = 7000m,
Octrim = 0deg, otrim = 0.061rad, Tirim = 41375N. The simulation result is shown in Figure 3.3.
It can be seen that the inclination is similar though the difference is not small on the FTLAB747
to the other two platforms. This is due to the longitudinal dynamics on the other two platforms
are reduced by aerodynamic coefficient complexity in simulation similarity, refer to [Marcos, 2001].
The difference between the other two platforms comes from the fitted aerodynamic coefficients and

also the approximation of some coeflicients and variables to be constants.

3.6 Modeling of Faults and Failures

3.6.1 Types of Actuator Faults and Failures

Faults and failures may occur at any part of the system, such as sensors, controllers, actuators or
the plant components. This thesis focuses on faults and failures occurring at actuators on aircrafts.

Actuator faults and failures on the aircraft can be classified as: partial loss faults, total failure such
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Figure 3.3: Open loop response to elevator doublet on three platforms
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as stuck, hard-over and floating.

Partial loss actuator fault means decreasing in the actuator’s effectiveness. This is the most
common fault situation in aircraft system which may be caused by partial loss of a control surface,
or pressure reduction in hydraulic lines [Fisher, 2004; Zhang and Jiang, 2002]. According to the
IFAC SAFEPROCESS definition of fault in Chapter 1, fault always means partial loss fault. Total
failure means the actuator cannot exert expected designed efforts any more. In aircraft systems

three most commonly occurred actuator failures are stuck, hardover and floating.

Stuck, or lock-in-place failure, is a failure condition when an actuator is stuck at some fixed
position and immovable. This might be caused by a mechanical jam, due to lack of lubrication
for example. This type of failure is studied in [Chen and Jiang, 2005; Fisher, 2004; Ganguli et al.,
2002; Gopinathan et al., 1998; Zhang and Jiang, 2003a].

Float failure is a failure condition when the control surface moves freely without providing any
moment to the aircraft. An example of a float failure is the loss of mechanical link in the elevator’s
actuator causing it to move freely in the direction of angle of attack and therefore not producing
any effective moment in the pitch axis. This situation is considered in [Burcham et al., 1998; Fisher,

2004; Ganguli et al., 2002].

Hardover, or runaway failure is the most catastrophic types of failure where the control surface
moves at its maximum rate limit until it reaches its maximum position limit or its blowdown
limit which is the aerodynamic limit of the control surface deflection at a specified speed which
overpowers the movement of the actuator. It might not be the maximum physical deflection of the
control surface. Any deflection above the blowdown limit can cause structural damage) [Stengel,
2004]. For example, a rudder runaway failure can occur when there is an electronic component
failure which causes a wrong large signal to be sent to the actuators leading the rudder to be
deflected at its maximum rate to its maximum deflection at low speed (or its blowdown limit at
high speed). Hardover can be seen as a special stuck failure at the maximum/minimum limit

position. This type of failure is studied in [Smaili et al., 2006].

The above faults and failures can be graphically shown in Figure 3.4.
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Figure 3.4: Types of actuator faults and failures on aircraft (adopted from [Ducard, 2009])

3.6.2 Modeling of Faults and Failures

The faults and failures defined in the afore section can be modeled as [Zhang, 2006]:

ua(t) = La(t)u(t) + (I = La(t)) fa(t) (3.63)

where u, (t) = [uk(t),u2(t), - - ,u™(t)]T € R™ is the actual control output vector, u(t) = [u'(t), u?(t),

a a a

1l2

arlay

—,u™(t)]T € R™ is the synthesized control output vector, L, = diag{l LI} is a diagonal
matrix represents the operational effectiveness of the actuators, I is m x m identity matrix and
fa(t) = [fE@), f2(t),---, fm™(t)]F € R™ is the vector of stuck or floating value of the actuators.
For different types of actuator fault and failure the above model can be specified in detail by

(Vi=1,2,--,m):

.

ut(t) IL=1;f =0 forall t > tp Fault and failure free
Ll (t) 0<Ii<1;fi=0 forallt>tr Partial loss fault
uh =1 fi=ui(ty) 1i=0 forall t >tp Stuck failure (3.64)
fi=atoru’ IL=0 forallt >tp Hardover failure
{ fi=fit) I =0 for all t > tp Floating failure

where @' is the maximum control output of ith actuator and u is the minimum control output of
ith actuator, ¢tz is the occurrence time of fault or failure, f*(¢) is unknown bounded function out

of control.
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3.6.3 Modeling of Faulty Systems

Consider affine nonlinear system:

z(t) = f(z,t)+ Gz, t)ul(t) (3.65)
y(t) = h(z,t) (3.66)
where x(t) € R" is the state vector, u(t) € R™ the control vector, y € R!; f(x,t) € R" the output
vector, G(z,t) € R™™ and h(x,t) € R!; further, each entry in f(z,t) , G(x,t) and h(z,t) is
assumed to be continuous with continuous bounded derivative with respect to z(t). With actuator
faults (3.63) and (3.64), the affine nonlinear system can be expressed as:
#(t) = f(z,t)+G(z,t)uq
= [fl@,t) + Gz, t) La(t)u(t) + Gz, 1)(I — La(t)) fa(t)

(3.67)
= flz,t) + G (z,t)u(t)
y(t) = h(z,t)
where
[, t) = f(z,t) + Gz, t)(I — La(t)) fa(t) (3.68)
and
G'(z,t) = G(x,t)Ly(t) (3.69)

It can be seen from (3.67) that the partial loss actuator faults will affect the control input distribution
G(z), while the total failures (stuck, hardover and floating) will change the system dynamics by
fa(t) through the input matrix G(z). For total failures (stuck, hard-over and floating), the system
must have redundant actuator to apply/replace the control action that would be generated by the

regular actuators which are totally failed.

3.7 Summary

This chapter introduces the high fidelity model of Boeing 747-100/200 in the simulation and two
approximated longitudinal models used in the design of control algorithms in this thesis. Open-loop
responses of the three models show how the model used in the design of controller approximates
the high fidelity model. The types and modeling of actuator faults and failures are introduced as

well as the modeling of system with faults and failures in actuators in this chapter.
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Chapter 4

Robustness vs. Tolerability

The emergence of closed-loop feedback control is due to the fact that there is always something
uncertain, e.g. disturbance, modeling uncertainty, unmodeling dynamics and measurement noise.
In order to evaluate how the system can deal with these uncertain things, some characteristic of
feedback control system are defined, such as stability, sensitivity and robustness. For the modern
complicated control system like autonomous vehicles, satellite, aircraft and nuclear power plant,
another uncertainty must be considered: the accidental events like load changing, fault and failure.
Robustness can be a very general characteristic that indexes how the feedback control can deal with
all the uncertainties, such as disturbance, measurement noise, modeling uncertainty, unmodeling
dynamics and even more accidental events like fault and failure. Technically, robustness is referred
to how the system can deal with the perturbations of the system model, while leaves disturbance
and measurement noise to other characteristic like stability and sensitivity. For the most uncertain
things, the accidental events like fault and failure, a new characteristic is needed since the different
physical meaning between modeling uncertainty and fault/failure. In this chapter, firstly modeling
uncertainty and fault /failure are compared and distinguished. Then robustness and tolerability are
defined. Lastly, tolerability of SMC with regular actuator is defined and tested on the simulation
model of Boeing 747-100/200.
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4.1 Modeling Uncertainty vs. Fault/Failure

Faults and failures can be treated as uncertainties and disturbances in some sense. In the faulty

system model (3.67), consider uncertainties, i.e.,
f(z,t) = folz,t) + Af(z,t),G(z,t) = Go(x,t) + AG(z, 1) (4.1)

where fo(x,t) is the nominal system dynamics, Af(z,t) is the uncertainty of nominal system
dynamics; Go(z,t) is the nominal control distribution matrix, AG(z,t) is the uncertainty of
nomimal control distribution matrix. Then the model of the system with modeling uncertainty

and faults or failures becomes:

z(t) = fo(x,t)+ Af(z,t) + [Go(z,t) + AG(x,t)]|ug
= fU(x7 t) + Af(:c, t) + [GO(xa t) + AG(xv t)]{La(t)u(t) + [I - La(t)]fa(t)} (4'2)
= folz,t) + A'f(x,t) + [Go(z, t) + A'G(x, t)]u(t)

where

A'f(x,t) = Af(z,t) + [Go(@,1) + AG(, t)][] — La(t)] fa(t) (4.3)

and

G'(2,t) = AG(x, 1) La(t) — Go(x, )[I — La(t)] (4.4)

From Eq.(4.2) it can be seen that partial loss faults go into the uncertainty of control distribution
matrix and failures go into the uncertainty of system dynamics. Though in the mathematical
model Eq.(4.2) faults and failures are represented the same as with modeling uncertainty, the
nature of fault and failure is different from the modeling uncertainties. Modeling uncertainties
are inevitable while faults are some occasional events. For example of aircraft, there will always
be modeling uncertainty in the system dynamics while it will work almost all the time in normal

healthy condition without fault and failure.

Modeling uncertainty can be negotiated with the control performance in the design period, i.e. in
the design of the controller, when the performance is degraded too much that cannot meet the design
specification or the control is too conservative such that demanding more powerful actuators, the
system must be refined to be more precise to lessen the uncertainties. In other words, the statistical

property of modeling uncertainty is ‘fixed’ after the system has been built (generally). However,
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faults and failures are contingent in their happening. Even more complicated, it is contingent in

their occurring time, occurring place, magnitude and character (type of fault and failure).

In the design of controllers, modeling uncertainties can be estimated in their bounds a prior:
and robust control strategy can be resorted to deal with such kinds of uncertainties determinately
without degrading the performance beyond the requirement. For a F'TC system, it is hard to decide
how much severity of the fault and failure and which kind of fault and failure it should deal with.
For safety-critical system like aircraft, the FTC must be able to deal with all kinds of fault and

failure since they are intolerable due to the big risk to the human beings on board.

With robust control method, faults can only be assumed to be in some bounds that only certain
faults can be dealt with. So if we design FTC using robust control method, only certain preassigned
faults can be accommodated. When we want to accommodate more severe faults, the performance
of the closed-loop system will be sacrificed more. To some extent, the trade-off between the
performance and robustness cannot lead to a working system even with degraded performance,
e.g., system with failures or faults saturate the actuator to certain extent that the regular actuator

cannot deal with alone.

Because of the different nature of modeling uncertainty and fault/failure, an effective FTC which
can deal with both of them should deal with them respectively. In the character of FTC, an extra
one should be defined besides robustness. In the following sections, robustness will be introduced
firstly, and then tolerability, the ability against fault and failure, in the sense of SMC design will
then be defined.

4.2 Robustness

Robustness can be a very general character that indexes how the feedback control can deal with
all the uncertainties, such as disturbance, measurement noise, modeling uncertainty, unmodeling
dynamics and fault/failure. Technically, robustness is referred to how the system can deal with the

perturbations of the system model.

Rigid definition of robustness or robust stability can be found in many books, such as [Doyle

et al., 1990; Zhou and Doyle, 1999]. The following shows the robustness of a SMC control system.
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To assess the robustness of the sliding mode control, the vector-function ¥(x,t) and the control

distribution matrix E(z) in Eq. (2.36) are rewritten in the following format:

U(z,t) = VYo(z,t)+ AV(x,t) (4.5)

E(z) = Ey(z)+ AE(x) (4.6)

where Wy(z,t) and Ey(x) are the norminal value of W(z,t) and E(x), while AU(z,t) and AE(x)
are bounded uncertain vector and matrix. AW¥(z,t) is due to modeling error of system dynamics

or failures and AE(x) is due to modeling error of control distribution or partial loss fault. Define:

AM = AE(x)-Ej'(x) (4.7)

O(x,t) = AU(x,t)— AM - To(z, 1) (4.8)

Assumption 4.1 The nominal value of control gain distribution has the following properties:
|Eo(x)] # 0 (4.9)
Assumption 4.2 The uncertainty of control gain distribution meets the following bounds:
[(AM)y;| < Dy <1, Vi=1,2,---.m (4.10)

where D;, ¥ i=1,2,---,m, are some positive constants.

Assumption 4.3 The uncertainty of system dynamics meets the following bounds:

where L;, ¥V i=1,2,---,m are some positive constants.
Substituting the control output Eq. (2.42) with nominal values
u = Eo(z) 1 (Vo(z,t) + R- %) (4.12)
into Eq. (2.36) yields

Choose Lyapunov function as:

1
V= isTs (4.13)



Take the derivative of this function leading to:

vV o= s
= [@(aj, t) — (I, + AM)RY]
= 2 (®)isi — 200 (1 + AM;)pilsi] (4.14)

>
< Y Lilsil = (1 — [AM;])pilsil]
>

[
< DL [Lilsil = (1 = |Dil)pilsil]

Considering the robustness of the control system, Theorem 2.1 becomes the following theorem.

Theorem 4.1 For the nonlinear system Eq. (2.31) with bounded uncertainties Eq. (4.11), sliding
surface Eq. (2.34) is asymptotically stable by employing control Eq. (4.12) with design parameters
as following:

L.
pi>1_7b,Vi:1,2,-'~,m (4.15)
(2

Proof: From Eq. (4.14) and Eq. (4.15), following can be derived:
V<0

Theorem 4.1 is proved. |

From Theorem 4.1, it can be seen that SMC is robust to model perturbation, i.e. SMC is a kind

of robust control.

4.3 Tolerability

In SMC theory, if the control effort can be increased without limits, it can accommodate very large
uncertainties. However, this is not the case in practice, where all the actuators have position and
rate limits, e.g., the control surfaces in the aircraft system have physical position limits in their
deflections and rate limits in the deflection rates. Table 4.1 shows the deflection position and rate

limits of control surfaces of Boeing 747-100/200.

Position limit means that the physical position constraints and rate limit means the actuator has
its own dynamics and it can only change with a limited rate. Partial loss fault in actuator can be

treated as a kind of uncertainty in the control distribution matrix. Hence, SMC can accommodate
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Table 4.1: Control surfaces deflection position and rate limits of Boeing 747-100/200 [Adopted from
Breeman [2006]]

control symbol maximum normal operation | one hydraulic system

surface displacement (full boost) rate failure rate
[deg] [deg/s] [deg/s]

elevators

e inboard | 0pr +17/-23 +37/-37 +30/-26

e outboard | 9go +17/-23 +37/-37 -

stabilizer Aprr | +3/-12 0.5—0.2 0.25—0.1

ailerons

e inboard OAr +20/-20 +40/-45 +27/-35

e outboard | 40 +15/-25 +45/-55 +22/-45

spoilers dsp

e inboard +20/0 +75/-75 -

e midspan +45/0 +75/-75 -

e outboard +45/0 +75/-75 -

e ground +20/0 +75/-75 -

flaps

e inboard OFr +113/0 +1.83/-1.83 -

e outboard | dro +113/0 +1.83/-1.83 -

rudder

e upper dRrU +25/-25 +50/-50 +40/-40

e lower ORL +25/-25 +50/-50 +40/-40

yaw

damper

e upper dyu +3.6/-3.6 +15/-15 -

e lower oy L +3.6/-3.6 +15/-15 -
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partial loss fault in some extent due to its inherent robustness as stated in the last section, i.e.,
there is a point of partial loss fault, where the faulty actuator cannot deal with the fault alone.
In this scenario the redundant actuators will be activated to work together with the faulty regular

actuator to keep the same/similar function of the healthy regular actuators.

This point can be found from the position limit and rate limit. Here position limit is used to
show how to reach the point of the tolerability of system for regular actuator with SMC. Consider

companion affine nonlinear system Eq. (2.32) and rewrite E(x) as:
E(x) = Ep(x)W,
Ey(x) is the nominal input distribution matrix. W, is effectiveness matrix of actuators:
W, = diag{we1, Wea, -+, Wen (4.16)

where:

1>we >0, Vi=1,2-,m (4.17)

we; = 1 means there is no fault in the regular actuator, w., = 0 means total loss of the regular

actuator and the value between 1 and 0 means there is a partial loss fault in the regular actuator.

Choose the control law as:

u=R-% (4.18)

where R and ¥ are the same as in Eq. (2.42). By choosing the same Lyapunov function as in

Eq. (2.41) and taking derivative of this Lyapunov function, one obtains:
V=s"s=s"(V - EgW.RY)
where W(x,t) is the same as in Eq. (2.37). We have:
8i8;i = Yisi — Eoiiweipilsil, Vi=1,2,---,m
Utilizing n-reachability condition [Slotine and Li, 1991]:
Yisi — Eoiiweipilsil < —nlsil

That is:
Eoiiweipi > ni — |4
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Here p; must have the same sign as Eg;;. So one has:

i — |l
Wei Z 1 Eoalloil 4.19
“ = |Eoiillpil (4.19)
Suppose p; is limited in its magnitude by |p;|mae. and ¢ has a bound of F, then w,; should be:
I ni—F
v = = We 4.20
“ ‘pi‘maz ’EOM‘ ctolerable ( )

This is the point of tolerability of the system for faults in the regular actuators with SMC, i.e.,
when the effectiveness of the actuator is less than this upper bound we,,,,., ..., the faulty actuator
cannot accommodate the fault alone, some redundant actuators are needed. The tolerability is

defined as:

Definition 4.1 Tolerability of the system for faults in actuators with SMC' is defined as the limited

fault (uncertainty) that certain actuator can accommodate alone with SMC.

Remark 4.1 This definition is the starting point of activating redundant actuators, since from
this point the reqular actuators cannot accommodate the fault solely, redundant actuator(s) must be

actiwated. We,, . .. %S the threshold of activating the redundant actuators.

4.4 Tolerability of the Elevator on Boeing 747-100/200 with SMC

It is not easy to get the analytical tolerability because analytical model is not always obtainable,
e.g., the aerodynamic coefficients are always given in lookup table. Since we have the high fidelity
simulation model of Boeing 747 with lookup tables of aerodynamic coefficients, simulations have
been done to estimate the tolerability of elevator with SMC. The simulations here are performed on
the 3 platforms: longitudinal axis of Boeing 747-100/200 on FTLAB747 (AG16) with high fidelity
nonlinear model, the reduced aerodynamic coefficients based nonlinear longitudinal model and the

fitted approximate nonlinear longitudinal model.

Figure 4.1 and Figure 4.2 show the simulation results under SMC with maximum deflection of
elevator at the full range of 17°. This is the situation the effectiveness is 1, i.e., there is no fault in

elevator.

The simulation results under SMC with maximum deflection of elevator at 10° (59% of effectiveness)

are shown in Figure 4.3 and Figure 4.4.
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The simulation results under SMC with maximum deflection of elevator at 5 ° (29% of effectiveness)

are shown in Figure 4.5 and Figure 4.6.
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The simulation results under SMC with maximum deflection of elevator at 4 ° (24% of effectiveness)

are shown in Figure 4.7 and Figure 4.8.
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Figure 4.8: Sliding surface of SMC controlled system with 24% effectiveness

The simulation results under SMC with maximum deflection of elevator at 3 ° (18% of effectiveness)

are shown in Figure 4.9 and Figure 4.10.
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Figure 4.10: Sliding surface of SMC controlled system with 18% effectiveness

The simulation results under SMC with maximum deflection of elevator at 2 ° (12% of effectiveness)

are shown in Figure 4.11 and Figure 4.12.
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Figure 4.11: States and control of SMC controlled system with 12% effectiveness

From the above simulation results we can see that for the FTLAB747 when the elevator has
maximum deflection of only 4° the elevator cannot accommodate the fault itself, while for the

reduced nonlinear models this is 2°. This will be used in the reconfigurable control design.

4.5 Summary

The chapter investigates several characteristics of FTC systems. In the context of FTC, the
capability to accommodate fault and failure is one extra characteristic of the control system. In this
chapter, faults and failures are compared with modeling uncertainty firstly. Then the robustness
of the controller against modeling uncertainty and the tolerability of the controller accommodating

fault and failure are introduced and defined on the design of SMC. The tolerability will be used in

68



approximated

0.2 \
» 0
_02 | | | | | | |
0 5 10 15 20 25 30 35 40
t (sec)
fitted

t (sec)
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the reconfigurable control design in Chapter 6.
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Chapter 5

Sliding Mode Fault Tolerant Control
Dealing with Modeling Uncertainties
and Actuator Faults Separately

In Chapter 4, the difference between modeling uncertainty and actuator faults have been discussed
and it is necessary to deal with these two kind of uncertainties separately in an effective FTC
design. In this chapter, two sliding mode control algorithms are developed for nonlinear systems
with both modeling uncertainties and actuator faults. The first algorithm is developed under an
assumption that the uncertainty bounds are known. Different design parameters are utilized to deal
with modeling uncertainties and actuator faults respectively. The second algorithm is an adaptive
version of the first one, which is developed to accommodate the uncertainties and faults without
utilizing the exact bounds information. The stability of the overall control systems is proved by
using Lyapunov function. The effectiveness of the developed algorithms have been verified on the

nonlinear longitudinal model of Boeing 747-100/200.

5.1 Introduction

Partial loss fault in actuator is a very common fault in aircraft systems. This kind of fault

can be treated as uncertainty added to the control distribution gain and incorporated in the
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controller design. Robust control techniques can then be resorted to accommodate this kind of
fault. Traditional robust control, e.g. H,, makes trade-off between performance and robustness
[Blanke et al., 2003]. Actuator fault may cause large changes in the control distribution gain, i.e.,
a large uncertainty may be caused by actuator fault which may occur uncertainly in terms of time,
location and magnitude. In the normal situation, such uncertainty does not affect the system and
only pose effects on the system when there is a fault. If this occasional large uncertainty is taken into
consideration in the traditional robust control system design, it will lead to unacceptable system
performance in normal situation due to the big trade-off for considering such great uncertainty. As

discussed in Chapter 2.2, SMC is a suitable candidate because of its insensitivity and robustness.

Since faults do not occur all the time (normally real system will mostly work under conditions
without faults), uncertainties due to faults are not always in effect. In general, SMC was synthesized
with one design parameter in the discontinuous part of the control considering the uncertainty in
the system dynamics and the uncertainty caused by actuator faults together [Shtessel et al., 1998;
Wheeler et al., 1998; Alwi and Edwards, 2005; Huang and Way, 2001; Hess and Wells, 2003]. This
leads to significant control effort even there is no actuator fault. In [Slotine and Coetsee, 1986] the
uncertainties of system dynamics and control gain are separated. However, both lower and upper
bounds of the uncertainty of control distribution gain should be known, because these uncertainties

are still dealt with by only one design parameter.

For some applications, the uncertainty bound of the system dynamics is hard to obtain. In
FTC system, faults in fact occur at unknown time and with unknown magnitude. The uncertainty
incurred by such faults in control distribution gain may be significant and come into play at unknown
time with unknown magnitude. This stimulates a new control strategy, which incorporates adaptive
strategies in the SMC to accommodate unknown uncertainty bound [Wheeler et al., 1998; Alwi and
Edwards, 2005; Alwi et al., 2010; Edwards et al., 2010a]. Adaptive mechanism was used on the
uncertainty bound in [Wheeler et al., 1998] and on the discontinuous control term in [Alwi and
Edwards, 2005; Alwi et al., 2010; Edwards et al., 2010a]. However, the estimated parameters are

concerned with both uncertainties in system dynamics and those caused by actuator faults.

This chapter develops firstly a SMC algorithm that deals with the uncertainties in system
dynamics and control distribution gain separately with only the information on upper bounds

of the uncertainties. An extra design parameter, compared with traditional SMC, is introduced in
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the discontinuous component of the control to deal with the uncertainty caused by actuator faults.
Then an adaptive SMC method is synthesized with different estimated parameters which deals with
the uncertainties of system dynamics and actuator faults separately. This method does not need
the exact values of the uncertainty bounds. The gain of discontinuous control term that deals with
the uncertainty in system dynamics and the gain of discontinuous control term that deals with

uncertainty incurred by actuator faults are estimated respectively.

The rest of this chapter is organized as follows. In Section 5.2 a SMC is derived with separated
uncertainties in system dynamics and control distribution gain for affine nonlinear systems using
Lyapunov method. Derivation of an adaptive SMC and proof of its stability are provided in Section
5.3. In Section 5.4, the simulation results on the nonlinear longitudinal model of Boeing 747-100/200
are given to show the effectiveness of the developed algorithms. Finally, a summary is presented in

Section 5.5.

5.2 Sliding Mode Fault Tolerant Control with Separated Uncertainty

Bounds

Considering the SISO affine nonlinear system Eq.(2.23) with modeling uncertainty and faults, the
system dynamics and control distribution gain can be rewritten as:

A(z) = Ap(z)+ AA(z)

B(z) = Bo(z)+ AB(z)

(5.1)

where Ag(z) is the nominal system dynamics, By(z) is the nominal control distribution gain;
AA(x) is the modeling uncertainty on system dynamics and AB(z) is the uncertainty in control
distribution gain incurred by a fault in actuator. In this chapter only partial loss fault in actuator
is considered, which means that faulty actuator will not lose its effectiveness completely. Thus we

have the following assumption.
Assumption 5.1 The control distribution gain has the following properties:
Bo(x) £ 0, B(x) £0 (5.2)

We assume that the uncertainties in system dynamics and control distribution gain are limited

to certain constants.
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Assumption 5.2 The uncertainty of system dynamics and the uncertainty caused by actuator fault

are bounded and satisfy:
[|AA(z)|| < F < +0o0

5.3
|IAB(z)By'(z)| < L < 1 >3

where ' > 0, L > 0 are positive numbers representing the upper bound of uncertainty in the system

dynamics and upper bound of the uncertainty caused by actuator fault.

The derivative of the sliding manifold Eq.(2.26) becomes:

§ = NoE+ME+ -+ Ange@ D gl 1)y (1)
= Yo(z) — AA(z) — (Bo(z) + AB(x))u
where

¢0(.’L‘) = )\oé + )\1é + -+ An_ge(nil) + yfin) (t) — Ao(l‘) (5.4)

In traditional SMC-based FTC, one parameter p is designed as the gain of the discontinuous
control term to deal with uncertainty in system dynamics and uncertainty caused by partial loss
fault together. In the following theorem, two parameters (p, ) are designed in the discontinuous
control term to deal with uncertainty in system dynamics and uncertainty caused by fault separately,

in the presence of both system uncertainties and faults.

Theorem 5.1 For the nonlinear system Eq.(2.23) with bounded uncertainties Eq.(5.3), sliding
manifold Eq.(2.26) is asymptotically stable by employing following feedback control:

U= Up + Uss + Usg (5.5)

where

u, = By Mo (5.6)
18 the nominal control with knowledge of a priori nominal model and
uss = By ' psign(s) (5.7)
usg = By y[tholsign(s) (5.8)
are the discontinuous control terms. The design parameters p and v are chosen as following:

p>—: (5.9)



5.10
V> 1T (5.10)
Proof:
Define a Lyapunov function as:

1
V= _s (5.11)

2

The derivative of the above function is:
V = —sAA—sABB; YW — p|s| — ABB;p|s

0 = pls] — ABE; gl o)

—lvolls| = ABBg ' ylvolls|

Using the uncertainty bound assumption Eq.(5.3) obtains:
V < —[p(l = L) = Flls| = [y(1 = L) = L]jolls| (5.13)

If the two design parameters p and v are selected as in Eq.(5.9) and Eq.(5.10), it can be concluded
that:

V<0
which shows the sliding manifold Eq.(2.26) is asymptotically stable. Thus the system can asymptotically

track the desired reference y,(t). [

Remark 5.1 Here we use two design parameters (p,7y) to deal with the uncertainties in system
dynamics and control distribution gain separately with only the information of the upper bounds
of the uncertainties (F,L). Compared with traditional SMC, an extra design parameter 7y is
introduced into the discontinuous control term to accommodate the uncertainty caused by actuator

faults separately from the uncertainty in system dynamics.

5.3 Adaptive Sliding Mode Fault Tolerant Control

For some applications, not only the precise system model is hard to obtain, but also the uncertainty
bound is hard to know in advance. This is obvious in FTC system. The faults may occur at
uncertain time and with unknown magnitudes. Hence for partial loss fault in actuator, the change in
control distribution gain of AB(z) is not available in advance. Adaptive method can be introduced

into SMC to accommodate the unknown uncertainty bound of the system dynamics, and also partial
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loss fault in actuators. The uncertainty bounds in system dynamics are considered to be nominal,
so the adaptive method can be used. In FTC system, partial loss fault in actuator occurs at certain
unknown time but the fault magnitude will be kept invariable after the occurrence of the fault.
Hence, the uncertainty in the control distribution gain caused by partial loss fault is bounded by a
constant after the fault occurs. An adaptive SMC synthesized with two design parameters in the
discontinuous control term is proposed for the nonlinear system with system dynamic uncertainties
and actuator faults. Two adaptive laws are designed to estimate separately the uncertainty bounds
of system dynamics and control distribution gain. This method avoids significant control effort in
the methods that the combined uncertainty bound is used. This is the design philosophy of efficient

FTC: when no fault occurs, no extra control effort will be exerted.

The adaptive SMC synthesized with two design parameters in the discontinuous control term is

summarized as follows.

Theorem 5.2 For the nonlinear system FEq.(2.23) under control of Fq.(5.5), sliding manifold
Eq.(2.26) is asymptotically stable utilizing the following adaptive laws:

po= apls| (5.14)
o= ayls||tol
where a, and ay are adaptive rates.
Proof:
Define parameter errors as:
p= pp—p (5.15)
Y= WY
where
F L
= = .1
Pb l_Lafo 1- (5 6)
F >0 and L > 0 are defined as in Eq.(5.3).
Choose a Lyapunov function as:
1 11-L 11-L
V=842 57+ 72 5.17
2" T3 e, P ) (5.17)



The derivative of this Lyapunov function with respect to time is:

V = —sAA-— SABBo_lwo — pls| — ABBO_Ip|s|
—lvol|s| — ABBy [l |s] (5.18)
—(po = p)Is|(1 = L) — (75 — ¥)[tbol[s|(1 — L)

All the symbols except the adaptive rates used here are as defined in Section 5.2. With Eq.(5.3),

Eq.(5.18) can be rewritten as:

V. < [s|F + Llsllto] = (1 = L)pls| — (1 = L)nltolls]
—(po = p)Is|(1 = L) = (% — ) [¢ol[s|(1 = L)

Based on Eq.(5.16):
V<0
which shows the sliding manifold Eq.(2.26) with the adaptive sliding mode algorithm is asymptotically

stable. Thus the system can asymptotically track the desired reference y;(t). ]

Remark 5.2 The adaptive SMC' algorithm proposed here is synthesized with two adaptive laws to
estimate two parameters (p,~y), which clearly separated the uncertainties in system dynamics and in
control distribution gain. Thus the synthesization is clearly aimed and the control effort is greatly
reduced when there is small uncertainty in control distribution gain. The control effort reduction
is more significant in the FTC system where we can deal separately with uncertainty of system

dynamics and the uncertainty caused by the partial loss fault in actuator.

5.4 Simulation and Evaluation

The longitudinal motion considered is to track a pitch angle command 6, in the presence of both
partial loss fault of elevator and system dynamics uncertainties. The control was synthesized with
the fitted nonlinear longitudinal model of Boeing 747-100/200 and the simulation was carried out
on the nonlinear longitudinal model of Boeing 747-100/200 in Chapter 3.

The reference signals come from following prefilter:
g + 304+ 404 = 40* (5.19)
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where 0* changes from 0 to 0.1 rad at 5 second, and goes back to 0 at 10 second, then changes to
— 0.1 rad at 15 seconds, and goes back to 0 at 20 seconds and last for 5 seconds. This pattern will
repeat in the next 25 seconds. Partial loss of effectiveness in elevator occurs at 25 seconds and there
is certain uncertainties in system dynamics A(z). To make it simple, multiplicative uncertainty is
used in the simulation, e.g., 10% uncertainty in system dynamics means that the nominal system
dynamics used in the control synthesization is (1 — 10%)A. Three cases are simulated. In the
first case there is 10% uncertainty in system dynamics and 50% partial loss fault will occur at 25
seconds. In the second case there is 10% uncertainty in system dynamics and 70% partial loss fault
will occur at 25 seconds. In the third case there is 20% uncertainty in system dynamics and 50%

partial loss fault will occur at 25 seconds.

Case 1: 10% uncertainties in system dynamics, 50% partial loss fault

Choose A =1, FF = 0.02, L = 0.5, p = 0.04, v = 1 in the proposed sliding mode algorithm. For
comparison, the traditional SMC with only one design parameter in the discontinuous control term

had been implemented with p = 0.166.

Figure 5.1 shows the tracking performance and the control output with the proposed SMC
(PSMC) and the traditional SMC (TSMC) simulated on the nonlinear longitudinal model of Boeing
747-100/200. The solid line is the desired pitch angle profile, the dash dot line is the pitch angle
output of the system with the proposed SMC and the dotted line is the pitch angle output of the
system with the traditional SMC. The bottom plot in the figure shows the control effort of the
elevator. The solid line is the control output with the proposed SMC and the dotted line is the

control output with the traditional SMC.

The simulation results shows that, with both the proposed a SMC method and the traditional
SMC, the aircraft can track the pitch angle command profile with a small tracking error even when
there is uncertainty in the system dynamics and partial loss fault in the elevator. The tracking
performance is quantified by Root Mean Square Error (RMSE) of the tracking error of pitch angle
shown in Table 5.1. Compared with the traditional SMC method, the control effort is greatly
reduced in proposed SMC, which can be observed in Figure 5.1 and is quantified by the Root Mean
Square (RMS) of the control effort as in Table 5.1. In the figure, f7 and J.r mean the pitch angle

and control output of the system under control of traditional SMC.
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Figure 5.1: Tracking performance using SMCs with 10% uncertainty in system dynamics and 50%

loss of effectiveness in elevator
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In the proposed adaptive SMC method, A = 3, a, = 0.3, a, = 5 were chosen. For comparison,
the traditional adaptive SMC with only one estimated parameter in the discontinuous control term

had been implemented with adaptive rates as a, = 1.

The tracking performance with the adaptive SMC methods is shown on top plot of Figure 5.2
and the control effort of the elevator is shown on the bottom plot of Figure 5.2. The adaptive
parameter p and ~ are illustrated in Figure 5.3. pr means the variation of p in the simulation
with the traditional adaptive SMC. The simulation results show that the adaptive SMC algorithms
can still track the desired command without using the exact uncertainty bounds. Compared with
the traditional adaptive SMC method, the control effort is reduced in the proposed adaptive SMC,
which can be observed in Figure 5.2 and is quantified in Table 5.1. Compared with the nonadaptive
algorithm, the control effort is less, which can be observed from Figure 5.1 and Figure 5.2 and the

RMS value is shown in Table 5.1. The estimated parameters converge to some values.

Case 2: 10% uncertainties in system dynamics, 70% partial loss fault

It is shown in Figure 5.4, with the nonadaptive SMC, when the partial loss fault was increased
to 70% loss of effectiveness in the elevator, i.e., only 30% of the control surface is in effective, the
system cannot track the desired trajectory. However, the adaptive SMC can still track the desired
trajectory although there is certain tracking errors in the initial stage after fault occurrence at 25
sec. In the figure, 0, and J., mean the pitch angle and control output of the system under control
of adaptive SMC. Figure 5.5 shows the variation of the estimated parameters in adaptive SMC

which converge to some values.

Case 3: 20% uncertainties in system dynamics, 50% partial loss fault

It is shown in Figure 5.6, with the nonadaptive SMC, when the uncertainty in system dynamics was
increased to 20%, the tracking performance is bad. However, with the adaptive SMC, the system
can still track the desired trajectory with acceptable performance. The estimated parameters in

the adaptive SMC, which are shown in Figure 5.7, converge to some values.

All the three cases show that the proposed algorithms can accommodate partial loss fault in the

actuator and uncertainty in the system dynamics without losing significant performance in normal
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Figure 5.2: Tracking performance using adaptive SMCs with 10% uncertainty in system dynamics

and 50% loss of effectiveness in elevator
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Figure 5.3: Adaptive parameters p and ~ used in adaptive SMCs with 10% uncertainty in system

dynamics and 50% loss of effectiveness in elevator
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Figure 5.4: Tracking performance using proposed SMCs with 10% uncertainty in system dynamics

and 70% loss of effectiveness in elevator
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Figure 5.5: Adaptive parameters p and 7 used in proposed adaptive SMC with 10% uncertainty in

system dynamics and 70% loss of effectiveness in elevator
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Figure 5.6: Tracking performance using proposed SMCs with 20% uncertainty in system dynamics

and 50% loss of effectiveness in elevator
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Figure 5.7: Adaptive parameters p and 7 used in proposed adaptive SMC with 20% uncertainty in

system dynamics and 50% loss of effectiveness in elevator
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Table 5.1: RMSE of pitch angle’s tracking error and RMS of control effort (PA: pitch angle, TE:

tracking error, AF: after fault, CE: control effort)

RMSE of | RMSE of
Control algorithm PA’s TE | PA’s TE AF | RMS of CE
(rad) (rad) (°)
TSMC | 0.0014 0.0019 5.1482
nonadaptive
PSMC | 0.0013 0.0019 3.7238
Case 1
TSMC | 0.0061 0.0081 4.3172
adaptive
PSMC | 0.0062 0.0081 2.6909
nonadaptive | PSMC | 0.0250 0.0354 3.2993
Case 2
adaptive PSMC | 0.0125 0.0174 2.6358
nonadaptive | PSMC | 0.0086 0.0122 3.6753
Case 3
adaptive PSMC | 0.0064 0.0080 2.7149

situation. The simulation results of the first case show that the proposed SMC can reduce the
control effort without sacrificing the tracking performance compared to the traditional SMC with
one design parameter in the discontinuous control term. The adaptive SMC can still track the
command profile with little degradation of the tracking performance, without the information of
the bound of the uncertainty. The second and third cases show that the proposed adaptive SMC
can still track the command profile even when the partial loss fault or the uncertainty in system

dynamics increases.

5.5 Summary

In this chapter, SMC algorithm is developed with introduction of an extra design parameter in the
discontinuous control term to accommodate the uncertainty caused by actuator faults separately
from the uncertainty in system dynamics for affine nonlinear system. The controller can deal with
these two uncertainties respectively. In addition, an adaptive SMC algorithm, with two estimated
parameters concerning the uncertainties of system dynamics and control distribution gain (the

fault), is developed without using exact bound values of the uncertainties. Simulations on the
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nonlinear longitudinal Boeing 747-100/200 airplane show the effectiveness of both algorithms.
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Chapter 6

Sliding Mode Reconfigurable Control
Using Information of Control

Effectiveness of Actuators

In this chapter, a sliding mode reconfigurable control algorithm is developed to deal with nonlinear
aircraft system with partial loss fault or total loss failure of actuators. Sliding mode controllers
for redundant actuators are combined with those for regular actuators to reconfigure the control
system autonomously with the information of effectiveness of the regular actuators. The tolerability
of the sliding mode control system for faults is utilized in the reconfigurable control to improve
the efficiency of the controller. The stability of the control algorithm is proved with Lyapunov
method. The effectiveness of the developed control system has been validated by simulation of the

longitudinal control of Boeing 747-100/200 on FTLAB747.

6.1 Introduction

The paper [Alwi and Edwards, 2008a] developed an adaptive sliding mode control method to deal
with partial loss faults and stuck failures in actuator system of an aircraft based on linear system
model. This is a controller that can only work around the trim points of the aircraft. The redundant

actuators are activated when the online estimated discontinuous control magnitude exceeds a certain
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limit. The regular actuators are discarded completely when the redundant actuators are activated,
though the regular actuators may still contribute to the control of the airplane, e.g., when the regular
actuators suffer from a severe partial loss faults that saturate the actuators. In this situation,
the regular actuator cannot accommodate the faults solely, but they can still contribute to the
control of aircraft. [Zhang et al., 2007; Alwi and Edwards, 2008b; Hamayun et al., 2010a,b, 2011]
developed control allocation algorithms that reallocates the control efforts with health information
of actuators. This method will redistribute the control efforts even under the situations where the
regular actuators can still accommodate the partial loss faults, i.e., the reallocation will start even

though the regular actuator can deal with the fault solely.

In the last chapter, a sliding mode fault tolerate control is developed to deal with fault and
modeling uncertainty separately. The method can only deal with partial loss fault the below some
level. As shown in Figure 6.1, when the partial loss fault increase to 90% the controller can not
deal with it. And surely, this method cannot deal with failures. In this chapter, a sliding mode
reconfigurable control law is developed to accommodate all levels of partial loss fault and total
loss failure in the regular actuators without redesigning the controller, with benefits of simple and
reliable control system design since the baseline controller does not need to be changed on-line
for the concern to stability, safety as well as verification & certification in practical engineering
practices. The control effort is reconfigured autonomously between the regular actuator and the
redundant actuator when the regular actuator with fault cannot accommodate the fault solely.
The difference between this method and the work of [Alwi and Edwards, 2008a] is that the regular
actuator will still contribute to the fault tolerant control when the regular actuator does not totally
fail, but loses its effectiveness partially. The redundant actuator is not designed for having the same
features or capabilities as the regular actuator, such as stabilizer and elevator, since stabilizer is
normally used for airplane trimming and its moving rate is much slower than that of the elevator,
as shown in Table 4.1. It is better to use the regular actuator when it still can contribute to the
control of the airplane since the highest priority of an aircraft is to try all possible solutions and
available control resources for keeping the aircraft to be controlled and landed safely. The method
of this thesis work is different from [Alwi and Edwards, 2008b; Hamayun et al., 2010a,b, 2011] in
that it uses the tolerability of the system for regular actuator with sliding mode control to determine

when the reconfiguration of the control effort starts, i.e., the redundant actuators are only started
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when the regular actuators cannot deal with faults solely. Faults information (effectiveness of
certain actuators) is needed in the development of the fault tolerant controller. This information
can be obtained from certain sensors installed on actuators [Alwi and Edwards, 2008b] or by using
certain fault magnitude estimation scheme. The stability of the designed controller is proved by
using Lyapunov method. The effectiveness of the control algorithm is simulated and validated on

longitudinal control of Boeing 747 under platform FTLAB747.

Partial loss fault occured in elevator at 25 seconds
I:I15 I T I T I T T I

0.1

oosk------ ........ ......... ........ ........ ......... L Lo ....... i

pitch angle & (rad)

deflection of elevator 5, (=]

i I B N BN NS NS NS BN
a 5 10 15 20 25 30 35 40 45 a0
t (sec)

Figure 6.1: Control performance of 90% partial loss fault in elevator

The rest of this chapter is organized as follows. Firstly, the problem this chapter will deal
with is formulated. Secondly, a sliding mode reconfigurable control is derived for affine nonlinear
systems using Lyapunov method. Thirdly, the simulation results of the longitudinal control of

Boeing 747-100/200 on FTLABT747 are given. Summary is given finally.
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6.2 Problem Formulation

The flight dynamics of a rigid aircraft can be modeled as affine nonlinear system in Eq.(2.31) where
x € R is the state vector of the aircraft:

x:[p qr Vras a B ¢ 0 zﬂhexeye]T
where p, ¢, r are roll, pitch and yaw angular rates respectively; Vrag, «, 8 are the true air speed,
angle of attack and sideslip angle respectively; ¢, 6, ¢ are roll angle, pitch angle and yaw angle

respectively.

Remark 6.1 As one important family of nonlinear systems, the above affine nonlinear system
representation in Eq. (2.31) is widely used for airplane modeling. Due to inherent nonlinearity
of airplanes, the dynamics of airplane should generally be represented by nonlinear function f(x)
with respect to the states x, while the control actions can be approximated as linear addition to the

system as G(x)u (although G(x) is nonlinear function with respect to the states x).

Considering the modeling uncertainty and the control redundancy, system Eq. (2.31) can be

reformulated as:

z = folx)+Af(z) + (Ge(z) + AG.(2))uc + (Gr(2) + AG,(x))uy,
y = h(z)

(6.1)

where fo(z) is the nominal form of f(z); G.(z) € R™*™ is the control input distribution matrix of
regular actuators; G,(x) € R"™™ is the control input distribution matrix of redundant actuators.
Af(x), AG.(z), AG,(z) are unknown bounded perturbations which may be caused by modeling
uncertainties and faults. u. is the control effort of regular actuators and w, is the control effort of

redundant actuators.

Remark 6.2 When there are no redundant actuators for certain reqular actuators, the output of
redundant actuators will be zero. If there are more than one redundant actuators for one reqular
actuator, then allocation algorithms are needed. In this situation, the control output for these

redundant actuators can still be synthesized as ‘one’ control output.
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Problem 6.1 Given a real-time command reference profile yq(t), a SMC for aircraft system Eq. (6.1)
is designed so that the system can track the command reference profile, even when there are

faults/failures in the actuators, with tracking errors asymptotically converged to zero:

lim |yg, —yi| =0, Vi=1,2,---,m (6.2)
t—o0

6.3 Sliding Mode Reconfigurable Control

From the robustness analysis of the method in Chapter 4, it can be seen that sliding mode control
can accommodate modeling errors and certain partial loss faults in one regular actuator. When there
is severe partial loss faults that saturate the regular actuators significantly, the regular actuator can
not deal with them solely. Furthermore, when there is a total failure such as stuck or floating in the
regular actuator, it has no capability to deal with it. From the tolerability analysis in Chapter 4,
there is a point where the regular actuator with SMC cannot accommodate severe partial loss fault
alone. For stuck and floating faults, the actuators lost their effectiveness totally, and even worse
the outputs of the regular actuators become constant or time-varying disturbances added to the
system. In the first situation, the regular actuator can still contribute to the fault tolerant control
of the aircraft, and it can work together with redundant actuators to accommodate the faults. In
the second situation, the redundant actuators will replace the regular actuators completely. In
this section, a method that can reconfigure the controller autonomously when these two kinds of
faults occur in the system by utilizing the effectiveness information of the regular actuators will be

developed.

Rewrite the companion format Eq. (2.32) into the format of Eq. (6.1), i.e., rewrite E(z)u:
E(z)u = Ec(x)uc + Er(x)u, = [Eeo(z) + AEc(2)]ue + [Ero(x) + AE ()], (6.3)

where E.(z), E,(x) are the control input distribution of regular actuators and redundant actuators;
Eq(z), Ero(z) are the nominal value of control input distribution of regular actuators and redundant
actuators; AE.(x), AE,(z) are bounded uncertain matrix of the nominal control input distribution

of regular actuators and redundant actuators.

The control effectiveness of the regular actuators is defined in Eq. (4.16). It can be obtained

from fault detection and diagnosis block or from certain sensors installed on the control surfaces.
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With this effectiveness information of the regular actuators, Eq. (6.3) can be rewritten as:
E(x)u = [Eo(z)+ AE(x)|Weue + [Ero(z) + AE - (z)]uy (6.4)

Following theorem can be obtained for the sliding mode reconfigurable controller that can

accommodate not only partial loss but also total loss of regular actuators.

Theorem 6.1 For the nonlinear system FEq. (2.32) and Eq. (6.4), sliding surface Eq. (2.34) is

asymptotically stable by employing the following feedback control law:

ue = Euolz) Y (¥o(z,t) + R-X%) (6.5)

Urtrim lf Wei 2 wcitolerable

Ero(.'lj)_l(_[m - WC)(\I’O($7 t) + R : Z) lf Wei < wcitolerable

even when there are partial loss fault or total failure in reqular actuators. The uncertainty of control

input distribution meets the following bounds:
(AE.E N < Di <1, (AEENul <Di <1, Vi=12,---m (6.7)

Proof: If we; > Weiy,,., 000 it 18 evident from Theorem 4.1.

If we; < Weiyyyopane» choose a Lyapunov function as:
V=_s"s (6.8)
The time derivative of the Lyapunov function Eq. (6.8) can be obtained as following:

v = sT;
= sT[Wo+ AV — (I, + AE.LEYWe(Uo + R-%) — (I, + AEE ) (I, — We) (¥ + R - )]
= sT[®.— (Iy, + AE.E)YW.R- % — (I, + AEE ) (I, — Wo)R - 3]
= YR H(®)isi — 1+ (AEE  )ilweipilsil — [1 + (AE B )ul (1 — wes) pil sil}
where &, = AV — AE.E W, Vo — AE,.E ¢ (I, — W) ¥,.

Assume that the uncertainty of system dynamics meets the following bounds:

where Lg;, Vi=1,2,---,m are some positive constants.

94



Choose the design parameter as:

L.
pi>ﬁ, Vi=1,2,---,m (6.10)
—

Then the derivative of V meets:

Vo< YR {Lilsil = [1 = (AEEQ illweipilsi| — [1 = [(AE B, all(1 — wei) pil sil}
< ilLilsil = (1= Di)weipilsi| — (1 — Di)(1 — wei) pilsi]
= Yiti[Le — (L= Di)pillsi
< 0
The sliding surface Eq. (2.34) is then asymptotically stable. [ |

6.4 Simulation Results

The longitudinal motion is considered to track a pitch angle command 6; even in the presence
of partial loss or total loss of effectiveness of elevator. The control law was synthesized with the
fitted approximate longitudinal model of Boeing 747-100/200 and the simulation was carried out
on FTLAB747.

The reference signals come from following prefilter:
04+ 304 + 464 = 46* (6.11)

where 0* changes from 0 to 0.1 rad at 5 second, and goes back to 0 at 10 second, then changes to
-0.1 rad at 15 seconds, and then goes back to 0 at 20 seconds and lasts for 5 seconds. This pattern

will repeat every 25 seconds.

The sliding surface is chosen as:

s=04—q+ Mg —0) (6.12)

Assume AFE = 0.4Fy, then AM = 0.4 and D =1+ AM = 1.4. The focus of this chapter is
on how the faults and failures affect the control system, therefore it is assumed that there is no

uncertainty in f(x). From the trim values, it can be calculated that |®| < 0.7073, so L = 0.5052.

Choose A = 3, p = 0.53 and w,,,,,,,,,. = 0.4 and three sliding mode reconfigurable control

algorithms are simulated: the one proposed in this chapter, the one with control allocation [Alwi
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and Edwards, 2008b] and the one proposed in [Alwi and Edwards, 2008a]. Simulation results are
shown in Fig. 6.2, Fig. 6.3 and Fig. 6.4. In the figures, subscript C'A means the related variable in
control allocation sliding mode control algorithm and subscript switch means the related variable
in the adaptive sliding mode control proposed in [Alwi and Edwards, 2008a]. Six situations with
different types and levels of elevator faults are simulated: 1) normal, 2) 50% partial loss fault, 3)
90% partial loss fault, 4) total failure floating with angle of attack «, 5) total failure stuck at 17°
and 6) total failure stuck at —1°.
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Figure 6.2: Pitch angle tracking under different testing scenarios
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Figure 6.3: Elevator deflection under different testing scenarios
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Figure 6.4: Stabilizer deflection under different testing scenarios
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Fig. 6.2 shows the tracking performance with the three sliding mode reconfigurable control
algorithms. The solid line is the reference profile ;. The dash line is the pitch angle simulated on
the nonlinear longitudinal model Boeing 747-100/200 with the proposed algorithm in this chapter,
the dot line is with the control allocation SMC and the dash-dot line is with the adaptive SMC
proposed in [Alwi and Edwards, 2008a]. Fig. 6.3 shows the synthesized control output of elevator
and Fig. 6.4 shows the synthesized control output of stabilizer. The dash line in these two figures is
the control output with the SMC algorithm proposed in this chapter, the dot line with the control
allocation SMC and the dash-dot line with the adaptive SMC presented in [Alwi and Edwards,
2008a].

The simulation results show that, with the three sliding mode reconfigurable controller, the
aircraft can track the pitch angle command profile with small tracking error even when there is a
partial loss fault or a total loss failure of elevator. With the proposed SMC in this chapter, the
control effort is reconfigured autonomously between elevator and stabilizer with control effectiveness
information of the elevator when there is a fault in the elevator which is beyond the tolerability
of elevator. Contrast to the SMC with control allocation which will activate stabilizer whenever
there is a fault, the stabilizer will only be activated beyond tolerability of the regular actuator with
SMC. This can be found in Fig. 6.3 and Fig. 6.4. For the adaptive SMC proposed in [Alwi and
Edwards, 2008a], when it is beyond the tolerability the stabilizer will be activated and the elevator
will discarded completely even though the elevator still can contribute to fault accommodation.
This can be observed in Fig. 6.3 and Fig. 6.4. In the design of the plane, stabilizer is not for
control surface of pitch control under normal flight conditions, but mainly for trimming purpose.
So practically, it is better only to activate stabilizer when the elevator cannot accommodate the

fault soly and it is better to use elevator together with stabilizer when it is not completely failed.

6.5 Summary

In this chapter, a sliding mode reconfigurable control algorithm is developed to accommodate partial
or total loss of control effectiveness of regular actuator under the assumption that the effectiveness
of the regular actuator can be obtained from a fault detection and diagnosis scheme or certain

sensors. The redundant actuator is activated autonomously when there is severe partial loss fault

99



that saturates the regular actuator or the regular actuator fails totally. This algorithm is effective
in normal situation, partial fault situation and even total failure situation. The stability of the
reconfigurable control is proved using Lyapunov method. Simulation validation on the longitudinal

control of Boeing 747-100/200 shows the effectiveness of the developed algorithm.
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Chapter 7

Sliding Mode Reconfigurable Fault
Tolerant Control for Nonlinear

Aircraft Systems without FDD

In Chapter 6, a sliding mode reconfigurable controller using the information of actuator effectiveness
from special sensors or an FDD scheme which are costly and are not always available, was proposed.
In this chapter, a sliding mode reconfigurable control is developed to accommodate partial loss fault
and total failure occurred in regular actuators without using explicit knowledge of the faults/failures.
With the proposed reconfiguration control, the system even does not ‘notice’ the faults or failures.
No fault detection and identification module (compared with the active fault tolerant control
method [Song et al., 2003]) or special sensors is needed. The control is reconfigured autonomously by
monitoring the switching function. The synthesis of sliding mode control on regular and redundant
actuators are ‘combined’ or ‘integrated’ into one procedure. The redundant actuators will start to
work together with the regular actuators when the regular actuators cannot suppress the tracking
error to the defined boundary due to total failures or partial loss faults that saturate the regular

actuators.
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7.1 Sliding Mode Reconfigurable Control without Dedicated FDD

Considering the same Problem 6.1 in Chapter 6. With the nonlinear airplane Eq.(2.32), Eq.(6.1)
and Eq.(6.3), we have the following theorem for the sliding mode reconfigurable controller that can
accommodate partial loss and total failure of regular actuators such as stuck and floating without

explicit knowledge of faults/failures.

Theorem 7.1 For nonlinear system FEq.(2.32), Eq.(6.1) and Eq.(6.3), sliding manifold Eq.(2.34)

is asymptotically stable by employing the following feedback control

1

e = 3 o(z) N (Vo(z,t) + R-2) (=P + I,) (7.1)
1 _
ur = g o(2) "N (Wo(z,t) + R-2) (P + Iy,) (7.2)
where
P = diag{sign(|s1| — e1), sign(|sz| — €2), -+ , sign(|sm| — em)}
€1, €2, , €y are small positive constants. This controller works in normal situation, under partial

loss fault, and under total failure of reqular actuators. The uncertainty of control input distribution

meets the following bounds:

(AEE)ul <Di<1, Vi=1,2,---,m (7.3)
(AEE il <Dy <1, Vi=1,2--,m (7.4)
where D;, ¥ 1 =1,2,---,m, are some positive constants.

Proof: Choose a Lyapunov function as:

1
V= isTs (7.5)

In the normal healthy situation or partial loss fault situation (which means the regular actuator

can still contribute), taking the time derivative of Lyapunov function Eq.(7.5) and using control
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Eq.(7.1)-Eq.(7.2), one obtains:

1 1
= sT[Wg+ AT — 5 (Im+ AEE) (Yo +R-S)(—P+ 1) — 5 (Im+ AEE (T + R-%) (P + I,)]

1 1

= sT[®, — 5 I + AE.E)R-%(—P+1,) — 5 I + AE.ER-S(P+1,)]
" 1 _ 1 _

= ) {(@e)isi — S+ (AE.Eq )ilpilsil(—Pi + 1) — S+ (AE, B )iilpilsi| (Pi + 1)} (7.6)
=1

where

1 1
b, = AT — 5AECEC—OHIIO(—P + 1) — iAETET_Ol\IIO(P + In)
It is assumed that the uncertainty of system dynamics meets the following bounds:
H(pc(xat)]l‘ SLC’M v’l: 1)2)"' , M (77)

where L., Vi=1,2,---,m, are some positive constants.

Choose the design parameter as:

ci

1-D;’

pi > Vi=1,2---,m (7.8)

Then the derivative of V' becomes:

: = 1 _ 1 _
Vo< ) {Lalsi| - St (AEE illpilsil (=P + 1) — St (AE,Eq )iillpilsil (Pi + 1)}
=1

m

1
> [ Leilsil — 5 (L= Da)pilsil(=Fii + 1)
=1

— Z[Lci — (1 = Dy)pillsi

i=1
< 0 (7.9)

1
2

IN

(1 = Di)pilsil (P + 1)]

This means that the system is stable with the control laws Eq.(7.1)-Eq.(7.2).

When there is a total failure, u. loses all its effectiveness and becomes disturbance added to the
system, i.e., u. = U.(z,t), where U.(z,t) is a bounded function, e.g., if it is a stuck failure, U.(z,t)
will be a constant; if it is a floating failure, U.(z,¢) will be a function of angle of attack which

is limited. The control output u, for regular actuator still keeps as in Eq.(7.2). We assume the
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bound Eq.(7.4) still keeps. When |s;| > ¢;, 5(P + I;,) = Ly, 3(—P + I,,,) = 0. Choose a Lyapunov
function

V= 1sTs (7.10)
Taking the time derivative of the Lyaponov function and using control law Eq.(7.2), one can obtain:
Vo= s's
= sT[Wy+ AV — (I, + AEE ) (Vo + R- %)
= s'[®, — (In, + AE,EHR -3
= i{(q)r)isi — 1+ (AEEg ilpilsil} (7.11)
i=1
where
P, = AV — AE, BT,
AV = AV — E.(2)U.(x,t)
The uncertainty of system dynamics is assumed to meet the following bounds:
I[Py (z,0)]i| < Lpiy Vi=1,2,--- ,m (7.12)
where L,;, Vi=1,2,--- ,m, are some positive constants.

Choose the design parameter as:

Ly ,
pi>1_”Di,Vz:1,2,-~,m (7.13)
Then the derivative of V' becomes:
m
Vo< Y {Lilsil — [1 = [(AEE"iillpilsil}
i=1
m
< Y ML= (1= Dipillsil
i=1
< 0 (7.14)
This means the system will converge to the boundary layer |s;| = ¢, Vi=1,2,--- ,m.
We choose
Le; Ly;
pi > mar{—- ~1 (7.15)

1-D,’1-D,
With the control laws Eq.(7.1) and Eq.(7.2), the system can track the reference profile in all the

situations: normal, partial loss fault and total failure. ]
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Remark 7.1 In this algorithm, control outputs are reconfigured autonomously to reqular actuators
and redundant actuators, using the variation of sliding surface, i.e., the combined state error signal
of the system. When there is a big change in the state due to initial condition, big disturbance,
big change in the desire state trajectory as well as fault or failures, the redundant actuators will be
activated to help the reqular actuator goes back to the steady state, or at least in a small boundary

i the situation of totally failure in the reqular actuators.

7.2 Simulation Results

The longitudinal motion is considered to track a pitch angle command 6; with partial loss fault
and total failure of elevator. The control was synthesized with the fitted approximate longitudinal
model of Boeing 747-100/200 and the simulation was done on FTLAB747. The redundant actuator

is stabilizer.

The reference signals are generated by the following prefilter:
éd -+ 3éd + 460, = 40" (7.16)

where 0* changes from 0 to 0.1 rad at 5 second, and goes back to 0 at 10 second, then changes to

-0.1 rad at 15 seconds, and goes back to 0 at 20 seconds.

The switching surface is chosen as:
s=04—q+ Mg —0) (7.17)

Choose A = 3, p = 0.53, € = 0.01 in the control algorithm. Simulation results are shown in Fig. 7.1
(the tracking performance with the sliding mode reconfigurable control), Fig. 7.2 (the synthesized
control output of elevator), Fig. 7.3 (the synthesized control output of stabilizer) and Fig. 7.4
(the switching function). Six situations with respect to elevator operating condition are simulated:
health, 50% partial loss fault, 90% partial loss fault, floating with angle of attack, lock at 17° and

—1°. All the faults/failures occur at 10 second.

The simulation results shows that, with the designed sliding mode reconfigurable controller, the
aircraft can track the pitch angle command profile with small tracking error even when there is

partial loss and total failure on the regular actuator: elevator.
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Figure 7.1: Pitch angle tracking
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7.3 Summary

A sliding mode fault tolerant control algorithm is developed to accommodate partial loss fault and
total failure in regular actuators with the help of redundant actuators. The fault and failure are
detected by monitoring the sliding surface without using a dedicated fault and failure detection
module. The controller integrates the regular actuators and the redundant actuators seamlessly.
The stability of proposed controller is proved using Lyapunov method. Simulation results show the

effectiveness of the proposed fault tolerant controller.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

This thesis has developed several fault tolerant controllers based on sliding mode control. The

research works focus on the aircraft with partial loss fault and totally failure in regular actuators.

In order to improve the control efficiency of fault tolerant control without sacrificing performance
of normal controller, it is effective to deal with modeling uncertainty and fault separately in the
controller design. The conceptual differentiation of modeling uncertainty and faults introduces an

extra characteristic of fault tolerant controller other than normal or robust controller.

With extra design parameters in the sliding mode controller design, handling of fault can be
separated from the handling of modeling uncertainty in the sliding mode controller naturally. This
kind of fault tolerant control is efficient because of the separate dealing of faults and modeling
uncertainty. The performance of the normal controller will not sacrifice much if adaptive mechanism

is introduced in the controller.

If the effectiveness of the control surface can be obtained from special sensors or FDD scheme,
an efficient reconfigurable controller can be synthesized to be tolerant with partial loss fault and
total failure in regular actuator. The tolerability sets a point on which if the regular actuators can
accommodate the fault solely. When the regular actuator cannot accommodate the fault solely,
redundant actuators are activated to help the regular actuator to stabilize the system. The faulty

regular actuator will still contribute even it cannot deal with the faults itself provided it is not
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in a failure situation. The reconfiguration of the control effort among the regular actuators and

redundant actuators is autonomously and seamlessly.

Because of the cost of special sensors and the delay of FDD, the effectiveness information is not
always available. A reconfigurable control that monitors the absolute value of the sliding function
is developed to deal with faults as well as failures without dedicated fault and failure detection
mechanism. This method can make sure the faulty system is stabilized all the time. This is also
the requirement for a working fault detection and diagnosis system which will provide the fault and

failure information of the system in the fault tolerant control with better performance.

The theoretical analysis with Lyapunov function and the simulation on the high fidelity Boeing
747-100/200 aircraft model showed the effective of all the algorithms developed in this thesis.

8.2 Future Works

Since there is always physical position and rate limit in the actuator, it is significant both in theory
and practice in optimizing the SMC-based FTC considering these constraints. In the simulations
of this thesis, although in the FTLAB747 and also in the nonlinear longitudinal model the physical
position limit and rate limit are implemented in the simulation model, the effects of these limits

have not been studied yet. This is one of the future works that expands the research of this thesis.

Chattering is an unavoidable problem in all SMC-based control algorithms. In the context of the
research of this thesis, the immediate future work is the study on how the chattering will interact
with the dynamics of the actuators. From the point of view in frequency domain, chattering is a
limit cycle. The study on how this limit cycle will affect the system, especially how it will interact

with faults in the actuators, is another future work.

SMC is chosen as an option for FTC in the thesis, it is not only because of its methodology
but also the philosophy behind it: the dynamic behavior of the system can be partitioned through
control. Since fault and failure are contingent event in the system, new methods that can partition
the dynamic feature of the system, especially the faults and failures from the normal system is a

challenging and interest future research direction.

In the Networked Autonomous Vehicles (NAV) Lab of Concordia, several platforms have been
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introduced in the research of FTC, such as the quadrotor and Airbus A380 unmanned aerial vehicle

test-beds. In the near future, the algorithms of this thesis can be implemented on these platforms.
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