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ABSTRACT

Fault Recovery of an Under-Actuated Quadrotor Aerial Vehicle

Mina Ranjbaranhesarmaskan

The research on autonomous flying robots has inteﬁsiﬁed considerably due to re-
cent growth of civilian and military interests in Unmanned Aerial Vehicles (UAV).
Miniature UAVs with the ability to vertically take off and land such as quadrotor
aerial vehicles exhibit further advantages and features in maneuverability that have
recently gained interest among the research community.

Reliability of control systems require robustness and fault tolerance in presence
of anomalies and unexpected failures in actuators, sensors or subsystems. Autonomy
of dynamical systems that are vulnerable to the above failures has been an important
topic of research during the past several years. Particularly, in small aerial vehicles
due to hardware redundancy limitations design of a reliable control system plays an
important role in ensuring acceptable and efficient performance.

In view of the above, an autonomous recovery from actuators faults in under-
actuated quadrotor aerial vehicles constitutes the main focus of the research investi-
gated in this dissertation. A self-recovery mechanism, which extends the capabilities
of the quadrotor system to operate under the presence of actuator faults is devel-
oped. The solution proposed takes into account the management of ‘the‘éontrol
authority in the system by taking advantage of the post-fault model of an actuator.

The first step in accomplishing this task is achieved by developing a controller
under healthy condition that guarantees the stability of the quadrotor system in
response to the commanded trajectories. This controller is then extended to incor-
porate the effects of a certain type of actuators fault by estimating the post-fault
model of the system and then by properly commanding the faulty actuators accord-
ingly. The performance of the proposed fault recovery scheme in presence of noise

in the input and output channels and under different fault severities is evaluated

i



through numerical simulations. It is shown that a significant reduction in the aver-
age tracking steady state errors are obtained through the application of the proposed
recovery mechanism. The proposed scheme is applicable to rotorcraft systems even

in presence of multiple faults in actuators.
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Chapter 1

Introduction

Unmanned Aerial Vehicles, or UAVs are becoming widely used as valuable tools in
today’s society. These vehicles provide an added measure of safety and convenience
when applied to numerous situations that previously required a full-sized aircraft
with pilot.

Unmanned vehicles are important when it comes to performing a desired task
in a dangerous or unaccessible environment. Unmanned indoor and outdoor mobile
robots have been successfully used for some decades [2].

As their application both in the military and in the industrial sector increases,
potential miniature UAVs have constantly gained interest among the research com-
munity. Mostly used for surveillance and inspection tasks, building exploration or
missions in unaccessible or dangerous environments, the easy handling of the UAVs
by an operator without hours of training is of paramount interest [3].

UAVs have several basic advantages over manned systems including increased
manoeuvrability, low cost, reduced radar signatures and less risk to crews. Vertical
take off and landing type UAVs exhibit further advantages in manoeuvrability fea-
tures. Such vehicles are to require little human intervention from the take-off to the

landing [4].



Quadrotors have become an exciting new area of unmanned aerial vehicle
research in the last few years. It is an aircraft that is lifted and propelled by four
rotors in a cross configuration and its basic motions are generated by varying the
speeds of all the four rotors. The quadrotor rotorcraft is not a new configuration.
It already existed in the year 1922 [5]. The uniqueness of this type of UAV is in
its vertical landing/take off capability, hovering ability, great maneuverability and
being simple to manufacture.

The quadrotor is a 6 Degree of Freedom (DOF) device with only four actuators,
which make it an under-actuated vehicle with unstable dynamics and highly coupled
states. In order to develop a reliable control to guarantee the capability of a stable
autonomous flight, the development of simple and robust control laws stabilizing
the quadrotor becomes more and more important.

Furthermore, more reliability and safety of the system due to occurrence of
faults in actuators are shown to be achieved by incorporating Fault Diagnosis, Iso-
lation and Recovery (FDIR) mechanisms in the design of the control system.

The present work is focused on the controller design and a model-based actua-
tor fault recovery for the under-actuated quadrotor vehicle. As in an under actuated
systems the degrees of freedom are more than the actuators and no redundant actu-
ator exists to cover the performance of the faulty one. Therefore, only certain types

of faults could be recovered.

1.1 Problem Statement

The purpose of this work is to design a controller to stabilize the under actuated
quadrotor model and then to propose a recovery mechanism for the quadrotor that

is subject to a fault in one or more of the actuators to ensure stability of the system.



1.2 Literature Review

1.2.1 Fault Detection, Isolation and Recovery

A Fault Detection, Isolation and Recovery (FDIR) module is in charge of detecting,

identifying, isolating and generating a mechanism to allow acceptable performance

of the system that is subject to a fault. The main objective of this module is to

enhance the reliability, performance and survivability of the system. Some main

concepts used in the area of FDIR are listed below.

Fault refers to an unexpected change in a system, such as component mal-
function and variations in operating conditions, that tend to degrade overall

system performance.
Failure refers to the situation where a component has stopped working.
Fault detection is the determination of the presence of faults in a system.

Fault isolation is the determination of the origin, location and the time of

the detected fault.

Fault identification corresponds to the recognition of the type, size, nature

and behavior of the detected fault.

Fault diagnosis includes the fault isolation and identification modules and

tasks.

Fault recovery refers to the reconfiguration of the system using healthy or

the available components and actuators/sensors.

A general classification of the types of the faults can be summarized as follows



e Gross parameter changes in a model, which arise when there is a distur-
bance entering the process from the environment through one or more inde-

pendent variables.

e Structural changes, which refers to changes in the process itself and occur

due to hard failures in the equipment.

¢ Malfunctioning sensors and actuators, which lead to deviation of the

plant state variables beyond acceptable ranges.

In general, the methods for implementing fault detection are classified into two
categories, namely process-history based method and process-model based method
[6]. The first approach depends on the knowledge processed from past experiences
and the availability of large amount of historical data, while the latter relies on in-
teractions between various dynamical system components and variables and a priori

knowledge about the process.

1.2.2 Fault Recovery

The goal of the fault recovery mechanism is to select an optimal possible configura-
tion of non-faulty components in a system where a fault has occurred and diagnosed,
to maintain the quality of the performance of the system despite the presence of
faults.

Over the past decade many researchers have proposed different approaches for
the fault recovery problem. Broadly speaking, these rhethods fall into two main

categories [7], [8]:

s Passive methods which make use of robust control techniques to ensure that
a closed-loop system remains insensitive for certain types of structural failures

that can be modeled as uncertainty regions around a nominal model. Any



failure which does not push the system outside of the stability radius given
by the robust controller will still have satisfactory stability and performance.
However, the drawback of this method is that, any controller with a large
enough stability radius to encompass most failure situations will likely be
unnecessarily conservative and there is no guarantee that unanticipated or
multiple failures could be handled or even that such a controller exists. On
the other hand, there are also many types of common failures, such as actuator

or sensor faults, which cannot be adequately modeled as uncertainty.

e The active or reconfigurable methods differentiate themselves from passive
approaches in that they take fault information explicitly into account and do

not assume a static nominal model.

The existing active methods for the fault recovery problem are classified into
the following approaches [9], [7]:
e Multiple Model

There are basically three methods that fall under the heading of multiple model>
control:

— Multiple Model Switching and Tuning (MMST) [10], [11],

— Interacting Multiple Model (IMM) [12], and

— Propulsion Controlled Aircraft (PCA) [13].
In the first two cases all expected failure scenarios are enumerated during a
Failure Modes and Effects Analysis (FMEA) and fault models constructed
which cover each situation. When a failure occurs MMST switches to a pre-
computed control law corresponding to the current failure situation. Rather

than using the model which is closest to the current failure scenario, IMM

computes a fault model as a convex combination of all pre-computed fault

5



models and then uses this new model to make control decisions. PCA is a
special case of MMST, where the only anticipated fault is a total hydraulics

failure, and in this case only the engines are used for control.

Adaptive Control Methods

The following methods fall under this category of active approach to fault

recovery problem:

— Model Reference Adaptive Control (MRAC) or Model Following method

— Adaptive feedback linearization

An adaptive controller is a controller with adjustable parameters and a mech-
anism for adjusting those parameters. Model following is an attractive can-
didate for the redesign process associated with fault tolerant control, because
the goal is to emulate the performance characteristics of a desirable model [8].
In this approach a desired reference model is assumed, then the control laws
of the system vary adaptively so that the output of the system in the healthy
or faulty mode tracks that of the desired one. In the indirect adaptation ap-
proach, by using a parameter estimation technique, the new parameters of
the faulty system are estimated and then the control law is designed so that
the output matches the desired one. Direct adaptive control attempts to esti-
mate the controller parameters directly rather than first computing the model

parameters. This method is fully addressed in [14] and [15].

One of the nonlinear control tools available for the fault recovery problem is
feedback linearization [7], [8], [16]. The main idea behind feedback lineariza-
tion is to transform the nonlinear system into a linear one through a change of
coordinates and nonlinear feedback. If feedback linearization is feasible [17],
it is possible to achieve first cancellation of the nonlinear function and sce-

ond, desired closed loop performance through the application of linear control

6



methodologies. In this approach the faults are identified indirectly by esti-
mating the parameters of the system, and then these estimated parameters
are used to update the new parameters of the controller. Artificial neural net-
works or least-square parameter estimation are some of the techniques used to

estimate the post-fault model of the system.

Control Allocation Problem

Control allocation is the problem of producing a desired set of forces and
moments from a (usually large) set of actuators [7]. In fault recovery problem,
the idea of this method is to use the redundancy of the operable actuators
to cancel the effect of the failed ones due to the fault in the system. Clearly,
the greater the control redundancy, the better this approach is suited for [18].
References [19] and [20] contain a list of recent work on control allocation
and provides exploratory discussions on several control allocation approaches
based on quadratic and linear programming methods. Application of control

allocation in fault recovery is also addressed in [18], [21], [22] and [23].

Model Predictive Control (MPC)

Model predictive control has been proposed as a method for reconfiguration
due to its ability to handle constraints and changiﬁg model dynamics sys-
tematically [7]. Since MPC relies on an internal model of the system a fault
model is required. MPC with fault detection and isolation capabilities can be
applied in fault tolerant control systems. In case of detecting a faulty compo-
nent in the process, the diagnostic information can be used to accommodate

or reconfigure the control system to improve the availability of the process.

Eigenstructure Assignment (EA) and Pseudo-Inverse Modeling (PIM)

The idea behind the EA method is to place the eigenvalues of a linear system

using state feedback and then use any remaining degrees of freedom to align

7



the eigenvectors as accurately as is possible. The eigenvalues determine the
natural frequency and damping of each mode while the eigenvectors control
how much each mode contributes to a given output [7]. There are several
limitations to this approach when applied to reconfiguration. First, only linear
systems have been considered and actuator limitations have not been taken
into account. On the other hand, a perfect fault model is assumed and the

effects of uncertainty have not been extensively studied.

The PIM principal is to modify the constant feedback gains so that the recon-
figured system approximates the nominal system in some sense. This method
uses no fault detection and isolation mechanism and certain fault models are
assumed [8]. Due to significant limitations of these two methodé, only a few

researchers have addressed these methods.

e Artificial Intelligence (AI) Methods

The Al approaches to reconfigurable control seek to automate the expertise of
the pilot and control system designer in reconfiguring the nominal control laws
in case there is a failure [24]. In the case of fault diagnosis in complex systems,
one is faced with the problem that no, or no sufficiently accurate, mathematical
models are available. The use of knowledge-model-based techniques either in
the framework of diagnosis expert systems or in combination with a human
expert is then the only feasible way [13]. Neural networks and fuzzy logic

approaches are powerful tools used in Al methods.

1.2.3 Controlling the Quadrotor

Various researchers have used the quad-rotor platform for studies in control. The
quadrotor is an under-actuated system and it also requires observer style sensors

(GPS, camera, ultrasound, etc.) for full attitude and position control.



In 1922, Georges de Bothezat built a quadrotor with a rotor located at each end
of a truss structure of intersecting beams, placed in the shape of a cross [5]. In time
due to the tremendous improvements in manufacturing techniques and innovations
in material knowledge more precise and smaller sensors can now be produced. As a
result of this improvement in technology very small quadrotors are developed around
the world. Some examples of the most recent and important quadrotor projects can

be listed as follows:

e Dragonflyer, a commercial RC toy [25].

e Mesicopter in Stanford University [26], [27].

e Starmac in Stanford University [28].

e ANU X-4 Flyer in Australia National University [29].

e CEA X4-flyer [30]

e 0S4 in Ecole Polythechnique Federal De Lausanne [1], [31].

e RAVEN in Massachusetts Institute of Technology [32].

Many researchers have also developed different control methods to stabilize
the quadrotor. The work done in [33], [32], [34], [35] and [36] have used optimal
Linear Quadratic Regulator (LQR) for the controller design.

Lyapunov theory is also used as another design technique as it could be found
in [37], [38], [39] and [40]. According to this method, it is possible to ensure, under
certain conditions, the asymptotic stability of the helicopter.

The authors in [35], [2] and [41] have used PD2 feedback and PID structures for
control law design. The strength of the PD2 feedback is the exponential convergence

property mainly due to the compensation of the Coriolis and gyroscopic terms.



Backstepping and sliding mode control have been used in the work done by [42],
[43], [44], [45], [46], [47] and [48]. In the respective publications the convergence of
the quadrotor internal states is guaranteed, however, a large number of computations
is required;

A few work are also based on visual feedback. The camera used for this purpose
can be mounted on-board [49], [50] and [51] (fixed on the helicopter) or off board [52]
and [53] (fixed on the ground).Other control algorithms have been developed based
on fuzzy techniques [54], neural networks [55], and reinforcement learning [56].

Feedback linearization method was first used by the authors in [57] to make
the quadrotor track a reference trajectory. They developed the dynamic model
in non linear state space representation, and used an exact lineérization and non-
interacting control for the global system to evaluate translational motion and yaw
angle outputs.

This method was also used by the authors in [58]. In their work a PD controller
was designed to control y and the yaw angle, and the feedback linearization con-
troller was implemented to control x and 2 (translational motions). In [59], feedback
linearization with a high-order sliding mode observer was presented for a quadrotor
and in simulation it was shown to be quite robust against wind disturbance and
noise. In [46], feedback linearization method and adaptive sliding mode control for
a quadrotor are presented and compared.

Among the work in the literature as reviewed brieﬁy above, the feedback lin-
earization technique and the LQR controller together are considered to be quite
adequate for the application of our proposed fault recovery solution. The quadro-
tor has a nonlinear and highly coupled dynamic equations. Moreover, being an
under-actuated system limits the possible choices for a proper method for control
and fault recovery. As we will see in next chapters, adaptive feedback linearization

is employed for the purpose of fault recovery which shows relatively an acceptable
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behavior and performance in presence of certain fault types in actuators.

1.3 Thesis Contribution

To the best of author’s knowledge, the problem of autonomous fault recovery in
under-actuated nonlinear vehicles as well as quadrotors is still an open area of re-
search and the present work constitutes a new contribution to the probl_em.

A comprehensive analysis of the operation and the model of the quadrotor and
actuators are provided. A control scheme is proposed to stabilize the system by tak-
ing into account the dynamics of the input moments to the system, derived from the
dynamics of the actuators, which other works in the literature have not considered.
A comprehensive stability analysis of the healthy system without faults is provided
and investigated through simulation results. These simulations are carried out by
using a model that includes relevant environmental disturbances and noise as well
as parameter uncertainties.

Furthermore, different types of actuator faults are introduced and their effects
on the model and performance of the system are analyzed. The solution to the au-
tonomous fault recovery problem takes into account the management of the control
authority in thev system by taking advantage of the non-faulty actuators. In other
words, the recovery mechanism that is proposed in this thesis does not utilize hard-
ware redundancy (which does not exist in an under-actuated system) as the existing
actuators are used to perform the required control action. The post-fault model of
the faulty actuator is estimated through proper algorithms and the control laws are
modified to be compatible with the post-fault system model.

In order to eliminate the need for a fault diagnosis and isolation modulé, the
proposed fault recovery method is then extended to a general scheme which is able to

monitor the performance of all the actuators and in case of fault occurrence proper
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control commands are generated to accommodate the anomalies due to the faults.
The proposed fault tolerant control system is also capable of recovering in case of
multiple faults in different actuators. Simulation results are presented that show
successful recovery regardless of the severity of the faults. Steady state errors are

also analyzed to study the performance of the proposed fault recovery method.

1.4 - Thesis Outline

This dissertation is divided into five chapters that are described as follows. Chap-
ter one introduces the objectives of this thesis. An overview of the motivations,
the statement of the problem and a brief discussion regarding FDIR approaches
and the problem of controlling the quadrotor system are made. Furthermore, the
contributions of this thesis are also detailed.

The second chapter presents the mathematical model of the quadrotor and
the actuators. In the first place, a simple description of the quadrotor coordinate
system, physical shape and different movements are provided. The kinematics and
dynamic equations that describe the quadrotor system are presented and the motor
dynamics considering the gearbox and the propellers are provided.

Chapter three is dedicated to the control of the healthy quadrotor. It contains
details regarding the dynamics of the input moments to the system resulting from
the actuator dynamics. Comprehensive description of the methods for designing
the controller are made and by taking into account some assumptions the system
is partitioned into four semi-decoupled subsystems. Proper controllers are designed
for each subsystem by employing LQR and feedback linearization techniques. The
stability analysis of the closed-loop system 1s also addressed in this chapter. The final
section presents the results obtained from simulations of the proposed controller.

The fourth chapter begins with a discussion on different types of faults in
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actuators followed by the modeling of these faults in the quadrotor system. Imple-
mentation of a fault recovery system is discussed in detail. The proposed adaptive
feedback linearization method is then introduced, which is able to estimate the post-
fault parameters that are subject to change due to a fault in an actuator. Stability
analysis of the closed-loop system recovered from failure is provided. The proposed
adaptive controller is then extended to a fault tolerant controller that is capable of
monitoring the performance of all actuators and provide proper control commands
in case of faults in one or more actuators. A discussion on the types and models of
faults which the system canvnot be recovered from by using our proposed method
is also provided. Simulation results corresponding to different fault scenarios are
presented in the final section of this chapter and a discussion on the performance of
the fault recovery mechanism is also provided.

The last chapter lists the conclusions and the work accomplished in this the-
sis as well as the open problems that the author considers to be addressed and

investigated in future.
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Chapter 2

Mathematical Model of the

Quadrotor System

In this chapter, the quadrotor model derivation is discussed. The importance of this
chapter is due to the fact that it describes how the helicopter moves according to
its inputs. Newton-Euler fdrmulation and DC motor equations are used to model
the quadrotor in this work. We will use these equations of motion to design the
controller for the system in the next chapter.

In the first section 2.1 the main idea of the quadrotor dynamics is discussed. It
intuitively describes which movements are allowed and how this vehicle manages to
perform hovering flight. The second section 2.2 is about the mathematical derivation
of the quadrotor model. In the last section 2.3, the motor dynamics considering the

gearbox and the propellérs are provided.

2.1 Basic Concepts

The quadrotor simply consists of four dc motors on which propellers are mounted in a
cross configuration. Each propeller is connected to the motor through the reduction

gears. All the propellers axes of rotation are fixed and parallel. Furthermore, they
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Left
Q,

‘Figure 2.1: Simplified quadrotor model at hovering and coordinate systems (body
and earth frame)

have fixed-pitch blades and their air flows point downward (to get an upward lift).
These considerations point out that the structure is quite rigid and the only things
that can vary are the propeller speeds [1].

The front and the rear propellers rotate counter-clockwise, while the left and
the right ones turn clockwise. This configuration of opposite pair directions removes
the need for a tail rotor (needed instead in the standard helicopter structure).

In Figure 2.1 a sketch of a simplified quadrotor structure is shown. €;(rads™?)
refers to the propellers rotation speed. For each propeller,two arrows are drawn: the
curved one represents the direction of rotation and the straight upward arrow shows
the vertical thrust force generated by the propeller. Let us consider the body fixed
frame (2, yp, 2p) and earth fixed frame (zg, yg, z¢) as shown in Figure 2.1.

While at hovering, all the four propellers rotate at the same speed which means
that Q; = Qg for ¢ = 1,2, 3.4 to counterbalance the acceleration due to gravity.
Although the quadrotor has 6 DOF| it is just equipped with four propellers, hence
it is not possible to reach a desired set point for all the DOF and the system is under-

actuated. However by selecting four controllable variables properly, it is possible to
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Figure 2.2: Quadrotor movement concepts; (a) Going up; (b) Moving right; (c)
Moving forward; (d) Rotating left; (e) and Rotating right.

design a controller so that the vehicle could reach a desired height and attitude.

Basic movements in the quadrotor are achieved by the differences between
the propellers speeds. Vertical rotation is achieved by creating an angular speed
difference between the two pairs of rotors. Increasing or decreasing the speed of the
four propellers simultaneously permits climbing and descending. Rotation about the
longitudinal and the lateral axis and consequently horizontal motions are achieved
by tilting the vehicle. This is possible by conversely changing the propeller speed of
one pair of rotors as described in Figurc 2.2. In this figurc the width of the arrows
is proportional to the propellers angular speed.

Considering Qy(rads™') as the speed of the propellers at hovering condition
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and 1, Qo, Q3 and Q4 referring to the speed of the front, right, rear and left propeller

respectively, then the movements can be described as follows:

o (), = Qy+Ayfori=1234leads to a vertical force (U1) with respect to
body-fixed frame which raises or lowers the quadrotor. This is shown in Figure
2.2(a). A4 (rads™') is a positive variable which represents an increment with

respect to the constant (p.

e Ui =03 =0 & QU =0y — A4, QU = Qy + Ap lead to a roll moment (Us)
coupled with its lateral motion along the z;, axis. The positive variables A 4
and Ap (rads™!) are chosen to maintain the vertical thrust unchanged. This

is shown in Figure 2.2(b).

e N =0y+A40 =0y —Ag & Qy = Q4 = Qpy lead to a pitch moment (Us)
coupled with lateral motion with respect to gy, which is similar to the pitch
moment but it differs in the direction of the lateral movement.which is shown

in Figure 2.2(c).

e V==& =QU=0y+A40r Q2 =03 =Qu+Ax & Q= Q =0y
lead to a torque (U;) with respect to the z, axis which makes the quadrotor
turn left or right. The yaw movement is generated due to the fact that the
left-right propellers rotate clockwise while the front-rear ones rotate counter

clockwise. This is shown in Figures 2.2 (d) and (e).

2.2 Newton-Euler Model

This section provides a mathematical model for the quadrotor derived from Newton-
Euler formulation. At the start descriptions of the kinematics and dynamics which

identify a 6 DOF rigid body are presented.
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2.2.1 Kinematics Model

Kinematics is a branch of classical mechanics that describes the motion of objects
without consideration of the causes leading to the motion. To describe a 6 DOF

rigid body two reference frames are defined [60]:
o Earth inertial reference frame (E-frame)
o Body-fixed reference frame (B-frame)

E-frame (xp,yE, 2i) is used to define the linear position I'”(m) and the angular
position ©F (rad) of the quadrotor. The B-frame (zp,ys,2p) is attached to the
body. The linear velocity VZ(ms™!), the angular velocity w?(rads™!), the forces
FB(N) and the torques 78(Nm) are defined in this frame. The linear position I'*
is determined by the coordinates of the vector between the origin of the B-frame

and the origin of the E-frame with respect to the E-frame as in equation (2.1)

e[z y Z]T (2.1)

The angular position ©F of the quadrotor is defined by the orientation of the
B-frame with respect to the E-frame which is given by three rotations about the
main axes that take the E-frame into the B-frame. Euler angles (roll, pitch, yaw)

are used for this purpose as in equation (2.2)

oF = [¢ 9 ¢]T (2.2)

Considering a right-hand oriented coordinate system, the three single rotations are

described separately by:

¢ Rotation about the x-axis of the ¢ angle (roll) through R(z, ).

e Rotation about the y-axis of the # angle (pitch) through R(y,#).
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Figure 2.3: Quadrotor rotation; (a) Roll; (b) Pitch; and (c) Yaw.

¢ Rotation about the z-axis of the ¥ angle (yaw) through R(z,v).

This is also shown in Figure 2.3. These rotation matrices are presented in [60]:

-

1 0 0
R(z,¢) = | 0 cos¢ —sing (2.3)
0 sing cos¢

cosf 0O sind

R(y,0) = 0 1 0 (2.4)

—sin@® 0 cos@

cosyy —siny 0O
R(z,%) = | sinyy cosyp O : (2.5)
0 0 1

The complete rotation matrix Rg is obtained by multiplying these three matrices.

Re = R(z,$)R(y,0)R(z.¢) (2.6)

19



which results in :

costcosh cosysinfsing — sinycosg cos¢sinf cosg + siny sin @
Re = | sinycosf sinysinfsing + cospcosd singsinfcosd — sin¢cosyp

—sing cosfsin ¢ cos @ cos ¢
(2.7)

The linear VZ and the angular w? velocities are defined in the B-frame as

VB

[www] 28)

WE = [ poqr ]T (2.9)

The relations between linear and angular positions and velocities in the B-frame

and the E-frame are defined from (2.10) and(2.11) [60]:

VE=TF = Rg.VE (2.10)
WP = OF = To.w? (2.11)
where Ty is given by
-1
1 0 —sin¢
To= {0 cos¢ cosfsing (2.12)

0 —sin¢g cosfcos¢

For complete represent ion of the body in space we can combine linear or angular
quantities and define generalized position £ and velocity v vectors as in (2.13) and

(2.14) according to

T

5:[111; @E}T:[xyz(bﬁgb] (2.13)
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U-—_[VE wE]T:[uvaqT]T (2.14)

From (2.10) and (2.11) it is possible to relate the generalized position £ in the

E-frame with the generalized velocity v in the B-frame as in equation (2.15):

£ = Jov : (2.15)
T'E ‘R O VB
. _ ] 3x3 (216)
@E 03><3 T@ wB

2.2.2 Dynamic Models

Dynamics is a branch of mechanics that is concerned with the effects of forces on
the motion of a body or system of bodies, especially of forces that do not originate
within the system itself.

In deriving the dynamical equations of the quadrotor the following assumptions

are taking into account [1], [61] :
e The structure is supposed to be fully rigid.
e The structure is considered symmetric.
e The propellers are assumed to be rigid.
e The thrust and the drag are proportional to the square of the propellers speed.

e The origin of the body fixed frame is coincident with the center of mass of the

body.
e Axes of the body fixed frame coincide with the body principal axes of inertia.

Assuming that the structure is rigid and the propellers eliminate the consider-
ation of forces acting on individual elements of the mass, while the last assumption

leads to a diagonal inertia matrix I, simplifies the equations considerably.
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Since a rigid body has both translational and rotational motion, two inde-
pendent balance laws are required to fully specify the motion of the body. As a
result of Newton’s second law, Euler’s two laws are used to completely specify the
translational (first law) and rotational (second law) motions of a rigid body [62].

Euler’s first law describes how the forces control the translational motion of
the rigid body. In other words, it states that the resﬁltant force applied to a rigid
body is equal to the product of the mass of the rigid body and the acceleration of

the center of mass of the rigid body shown in equation (2.17):

mT¥P = FE (2.17)

where T'® (m s~2) is the quadrotor linear acceleration vector with respect to E-
frame, m (Kg) is the quadrotor mass, and F (N) is the forces vector with respect
to the F-frame. From (2.17) we can derive (2.18) where the relation in expressed in
the B-frame

m RoVE = RoFB
m (ReV® + RoVE) = RoF? (2.18)

The following relation also exists for the rotation matrix Rg, namely
Ro = ReS(w) (2.19)

In (2.19), S(w) is a skew-symmetric matrix such that S(w)V=w x V for any vector

V € R3, where x denotes the vector cross-product. In other words, for a given vector
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T
like K = [ ki ko ks ] the skew-symmetric matrix S(w) is defined as follows:

0 —k3 ko
S(w) = ks 0 —k (2.20)
—ko Kk 0

Using equation (2.19) one can rewrite and simplify (2.18) as in (2.21),
m Re(VE + wP x VB) = RgF®

m(VE +wB x VE) = FEB (2.21)

Euler’s second laws describes how the change of angular momentum of the rigid

body is controlled by the moment of forces, that is

168 =7F (2.22)

In (2.22), I (Nms?) is the body inertia matrix (in the body-fixed frame),
OF(rads~?) is the quadrotor angular acceleration vector with respect to the E-
frame, and 7% (Nm) is the quadrotor torques vector with respect to the E-frame.

Expanding the relation in (2.22) results in (2.23) where w?(rads=2) is the

quadrotor angular acceleration vector with respect to the B-frame as
Tof +w?B x (TwB) =78 (2.23)

By putting equations (2.21) and (2.23) in one equation it is possible to fully describe

the translational and rotational equations of motions of a 6 DOF rigid body as given
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by (2.24) that is

m.Izxz 0 VB wB x (mVE FB
R + (mVE) (2.24)
0343 I wB wB x (Iw?) B
where the notation 3,3 denotes an identity matrix with dimension 3 x 3.

By introducing a generalized force vector as in equation (2.25), one can rewrite

the equation (2.24) in one matrix form as shown in (2.26)

A=[FB B }TZ[FI F, F, . 7y 7, ]T (2.25)

AfBV + CB(I/) v=A (226)

where 1 is the generalized acceleration vector with respect to the B-frame. The

Mpg[+] and Cp(v) matrices are defined as in equations (2.27) and (2.28) by

(w0 0 0 0 0]
0Om 0 0 0 0
My = | T Oz | _ |0 0 m 0 0 0 2.27)
O 1 00 0 I, 0 0
00 0 0 I, 0
000 0 0 I,
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[ 000 0 mw —mu —
00 0 —mw 0 mu
Co) = O3 —mS@®) | |00 0 mv —mu 0 .28
Osx3 —S(Iw?) 000 O L,r —1I,q
00 0 —I,r 0 Irap
000 —-I,g —Igp O

Equation (2.26) is a general equation for any rigid body provided that the
considered assumptions are valid. The forces that are effective on the quadrotor

body can be divided to three components as
e The force due to gravity.
e The torque due to the effect produced by the propeller rotation.
e The thrust force and body moments due to the forces generated by rotors.

The gravitational vector is given by (2.29) due to the acceleration from the
gravity g(ms~2). This force is about the z-axis and is only effective on the linear

and not the angular equations

- mgsin g ]
~ 0 - —mg cosfsin ¢
Gp(§) = FE | 2 Re' F& _ Re | 0 _ | ~mgcostsing
O3x1 0351 —mg 0
i O3x1 | 0
0

(2.29)

where FE(N) is the gravitational force vector with respect to the B-frame and
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FE(N) is the one with respect to the E-frame. It is to be noted that Re is an
orthogonal normalized matrix and its inverse is equal to its transpose.

The quadrotor also experiences a torque due to the gyroscopic effects produced
by the propellers according to equation (2.30) [4]. Since two propellers rotate clock-
wise and the other pair rotates counter clockwise, there is an overall imbalance if
the algebraic sum of the rotor speeds is not zero. The axes of these propellers (spin
axes) are parallel to z-axis of the platform. When the quadrotor rolls or pitches it
changes the direction of the angular momentum vectors of the four motors. The
result is a gyroscopic torque that attempts to turn the spin axis so that it aligns

with rotation around the z-axis, that is

O3x1 O3x1
0 —q
OB(V) — 4 —
— Z Jgp LUB X 0 (—l)k Qk Jtp P wr
k=1
1 0
0 0 0 0
0 0 0 0
0 0 0 0
= J, 0 (2.30)
q —q 49 —q
-p P —pPp P
0 0 0 0

In the above equation Op(v) is the gyroscopic propeller matrix and Jy,(N m s?)
is the total rotational moment of inertia around the propeller axis which will be
discussed in the next section. The variables Qr(rads™!) and Q(rads™') are the
overall propellers’ speed and the propellers’ speed vector, respectively, as defined in

equation (2.31)
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91

Q
Qr=—-Q1+ 0 — Q3+ Q4; Q= 2 (231)

Q3
Q4

A voltage applied to each motor results in a net torque being applied to the
rotor shaft, which results in a thrust 7;. Forward velocity also causes a drag force
on the rotor that acts opposite to the direction of travel D;. As stated in the
assumptions in the beginnihg of this section, the thrust and the drag are proportional

to the square of each propellers speed as given by (2.32)
T, = b2 and D; = dQ? (2.32)

In equation (2.32) b and d denote the thrust and the drag coefficients, respectively.
The thrust force and the body moments effective on the quadrotor due to the
combination of the rotors rotation are modeled by equation (2.33) as a movement

vector Ug(Q?), that is

_ . - - . ;
0 0
Us(€) = E50? = U | _ b3 + O3+ Q3 + QF+) (2.33)
Us Ib(Q] — Q%)
Us I6(022 — Q2)
| Us | _d(—Q%’+Q§—Q§+Q§)_

where [(m) is the distance between the center of the quadrotor and the center of a
propeller, Uy, Us, Uz and U, are the movement vector components introduced in the

previous section and Ep is also a constant matrix defined in (2.34), that is.



0 o0 0 0

0 0 0 0

b b b b
Eg =

0 - 0 W

- 0 b 0

-d d —-d d

(2.34)

Considering the above mentioned forces and torques in (2.29),(2.30) and (2.33)

‘we can rewrite equation (2.26) to fully describe the dynamics of the quadrotor vehicle

as given by equation (2.35), that is

Mgy + Cp(v)v = Gp(€) + Op(v) + EpQ?

(2.35)

By rearranging equation (2.35) it is possible to isolate the derivate of the

generalized velocity vector with respect to the B-frame v, according to

U= Mg (-=Cp(v)nu + Gp(€) + Op(v) + EgQ?)

(2.36)

Equation (2.37) shows the previous expression as a system of equations, namely.

.

= (vr — wq) + gsind

28

v = (wp — ur) — g cosfsin ¢

. . U
W = (ug — vp) — gcosfsing + 2

<
g = Ty lee 0 Jtp Uy
P = gr = 1 2q0r 4 2
R e o, ﬁ . _L_YJ_
4= Tyy pr+ ]yprr+Iyy
LA Tpa—1y Uy
U Sl U

(2.37)



where the propellers’ speed inputs are given through the equation (2.38)

)
Up = b(Q2 + Q2+ 02+ Q)

Uz = b(92] — )
§ Us = (03 — 03) | (2.38)
Us=d(—3 + 0} - Q3 + 03)

Qp = =0 + O — Q3 + Q4

\

The quadrotor dynamics in equation (2.37) is written in the B-frame. It is
more useful and practical for control purposes to write the dynamic equations in the
E-frame and for the generalized position vector as defined in (2.13). Fi or simplicity
of the equations it is possible to assume that the angular velocity in the E-frame ©F
is equal to the angular velocity in the B-frame w?. This assumption can be verified
through the fact that in hovering condition the transfer matrix Ty, as defined in
(2.12), is close to an identity matrix.

By using the relation defined in (2.15) and assuming Ty = I3x3 in (2.16), it is
possible to map the system dynamics in (2.37) from the B-frame to the E-frame as
given by equation (2.39)

(
& = (cos ¢sin @ cosy + sin g sinp) &

§ = (cos¢sin @ sine) — sin ¢ cos w)%

Z=—g+ (cosgcosf)L
(2.39)

6= 04(H=) — 72600 + 12

TR "
0 = ¢p(*==) 4+ 32607 + 72

L ,
\1/1=q>6’(——,;]ﬂ)+%

where the propellers’ speed inputs are the same as in the system with respect to the
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Figure 2.4: DC motor model

B-frame and given through the equation (2.38).

2.3 The DC Motor Actuator

The DC motor is an electromechanical device with an electrical input (voltage,
current) and a mechanical output (speed, torque). Operating as an actuator, it
converts the electrical energy into the mechanical energy.

The DC motor basically consists of a fixed stator and a rotor which is free
to rotate around the stator. The characteristics of a DC motor can be analyzed
through a well-known model which links both electrical and mechanical quantities.

The model consists of three elements in series for the stator as shown in Figure
2.4. It is characterized by an inductance L, due to the windings and a resistance
Riot, due to the dispersions in the conductor. The input to the motor is the volt-
age u(V) and the generator e , called as the back-EMF, also supplies a voltage
proportional to the motor speed. |

Applying the KCL to the circuit diagram of Figure 2.4 results in
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.
w = Ronosi + Ld—: te (2.40)

where

e = kewnm (2.41)

In equation (2.41), k. (V s rad™!) is called the back-EMF constant and w,,(rad s~')
is the motor angular speed. Most of the motors used in robotics have small and neg-
ligible inductance due to the construction optimization [61]. For more simplicity
and hé.ving a first order dynamic equation instead of a second order one, the effect
of inductance could be neglected. With this assumption equations (2.40)-(2.41) are

simplified to
u = Rmoti + kewm (242)

- The dynamics of the motor is described by the following equation
Jtmd)m = ]‘It - ]\/[l (243)

where J,,, (N m s2) is the total motor moment of inertia, w,, (rad s™2) is the motor
angular acceleration, M; (N m) is the motor torque, and M, (N m) is the load torque.
The torque produced in the motor is proportional to the current ¢ and is given by

(2.44) where k; (N A™') is called the torque constant, that is
M, = ki (2.44)

It is to be noted that the torque constant k; (N m A~') has the same numerical value
as the back-EMF constant k. (V srad=!). This is verified through the fact that the
mechanical and electrical power are equal in the motor.

From equations (2.42) and (2.44), the dynamic equation in (2.43) is rewritten
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as in (2.45), namely

- ke m
Jumiom = k== — M,
32 mot (2.45)
=——% ., — M i
Rmotw : + molu

The real motor system is composed of the motor itself, the gear box and the pro-
peller. The gear box has a reduction ratio r, which is equal to the motor speed w,,
divided by the propeller speed w,. It also has an efficiency factor n which binds the
mechanical power of the motor axis P, to the propeller axis one P, (Nms~'), that

is

o= Wm
w (2.46)
P

n=p

Considering the propeller and the gearbox, the load torque experienced by the

motor is given by equation (2.47), that is

M, (2.47)

= e W

where d(Nms?) is the aerodynamic drag factor. The total inertia seen by the motor
can also be described as

(2.48)

where J,, (N m s?) is the rotor moment of inertia about the motor axis and J, (N m 5°)
is the rotor moment of inertia about the propeller axis.

Equation (2.45) could be rewritten according to (2.46) and (2.48) as follows
Ip . k2 d , ke

Wy, = — Wy — —5 Wy, +
) Rmot " 7""3 ]{mot

(Jm + u (2.49)

Equation (2.49) is formulated with respect to the motor axis. It is possible to
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reformulate this equation from the propeller axis as shown below (2.50).

2

' . ke
(Jp + 777“2Jm)wp = - R < 777“2wp - dw,?J + I nru (2.50)
mot mot

From equation (2.50), the total rotational inertia around the propeller axis Ji, (N m s?)
can be defined as follows:

Jip = (Jp + 1% J) (2.51)

By setting #jjwnr? = Tlt, the equation (2.50) could be rewritten as:

u (2.52)

1
Wy = ——w, — dw? +
P T " P kerm
The above dynamic equation of the motor system will be used in the next chapter

to design a controller for the quadrotor vehicle.

2.4 Conclusions

In this chapter the fundamental concepts on the quadrotor motion and dynamics
are introduced. Furthermore, the description of the coordinate systems, kinematics
and dynamic models and the Newton-Euler formulation of the system are presented.
The model of the actuators of the quadrotor are also discussed and included in the
entire model of the system to obtain a complete representation of the quadrotor
system.

The next chapter .will be devoted to designing a controller for this system to

meet the goal of tracking a given reference trajectory without any faults.
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Chapter 3

Control Design for the Healthy

Quadrotor System

In this chapter a controller is designed to stabilize the quadrotor. As mentioned
in Chapter 2, quadrotor has a nonlinear and a highly coupled dynamics with 6
DOF and four inputs which makes it an under-actuated system. The Feedback
Linearization (FL) and Linear Quadratic Regulator (LQR) techniques will be used
in this chapter for designing the controller.

FL technique is known as a powerful method for control of nonlinear systems.
It has been used in both the control and the fault recovery mechanism of systems.
One of the important reasons for choosing this method over the other existing control
methods is the fact that we are considering the actuator dynamics in controlling
the system. In FL technique these dynamics are taking into account directly and
therefore in case of fault occurrence, the system is able to accommodate the fault
by changing the feedback law adaptively to reduce the fault effects on the system.
The LQR technique is also used along the FL method to meet the goal of tracking
a desired trajectory optimally.

The first section (3.1) discusses the basic simplifications that are assumed
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in the quadrotor model that is developed in Chapter 2 for control design. These
simplifications will reduce the complexity of the control algorithm.

The second section (3.2) derives the dynamics of the input moments to the
quadrotor from the dynamics of the rotors. By using a simple transform it is possible
to decouple the dynamic equations to simplify the design of the controller.

In the third section (3.3) the controllers that are designed for the quadrotor
by using the FL and the LQR techniques are presented.

The last section of this chapter presents the simulation results for the closed

loop system of the quadrotor.

3.1 Control Modeling

The dynamics of the quadrotor is well described in the previous chapter. The most
important concepts can be summarized in equations (3.1), (3.2) and (3.3). The
first equation shows how the quadrotor accelerates according to the basic movement
commands given. It should be noted that the following equations in the E-frame
are derived by assuming that the rotation matrix Tg defined in (2.10) is close to an

identity matrix, that is

’

. - . . U
i = (cos¢sinfcosyp + sinpsinyp) 2
o . . . . U
ij = (cos ¢ sinfsiny — sin¢cos )22
%= —g+ (cos¢cos )L

¢ = fp(le=le) — 7260, + 12

6 = Gip(Tten) + 7290 + 1

T
k’l//‘ = 0(=7 ) + 1U—4

The second system of equations explains how the basic movements are related
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to the propellers’ speed, namely

(

U = b2+ Q2+ Q% + 02)

Uy = (02 — 02)

S Us = Ib(2 — Q2) (3.2)
Uy =d(—Q2 + Q2 - Q2 + O?)

Qr=—-Q14+ Q-3+ QU

\

The third equation takes into accounts the motors dynamics and shows the
relation between propellers’ speed and motors’ voltage, that is
1

0, =——0 —dO? +
Ty kerty

U (3.3)

Since the motion of the quadrotor can be assumed close to the hovering con-
dition, small angular changes occur (especially for the roll and the pitch). Since
the rates of change in 6 and ¢ are small, the terms due to the gyroscopic effects
appearing in the dynamic equations of ¢ and 8 in (3.1) are also negligible. These
assumptions are also verified through simulation results. |

Moreover, since the structure of the quadrotor is symmetric, the Body moments
of inertia I, and I, are equal. This fact will also simplify the dynamic equation of
¥ in (3.1).

Considering the above mentioned facts, equations (3.1) and (3.2) can be rewrit-

ten as in (3.4)and (3.5), respectively, that is
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)
i = (cos ¢ sinfcos 1) + sin gsinyy) L

i = (cos ¢psinfsiny — sind)COStb)%

= —g+ (cospcosf)L

. (3.4)
b=t
9=}{7§
=4

\

(

Up=b(Q2+ Q2+ Q%+ Q9)

Uz = 1b(QF - 03) (3.5)

Us = b5 — Q%)

KU4 =d(—02 +Q2 - Q2+ 03)

The control algorithm to be designed is used to give the appropriate signals
to the actuators. Since there are only four propellers, no more than four variables
can be controlled in the loop. It is possible to define the position of the quadrotor
in space completely by the linear position I'¥ = [ Ty z }T and the yaw angle
(heading angle) 1. These four variables are indeed selected for control purposes in

this work.

3.2 Moment Dynamics

The dynamic equations of the propeller angular speeds §; (rad s™!) were defined
according to equation (3.3). On the other hand, the input moments to the quadrotor
system that are defined in equation (3.5) are related to the propeller’s speed. Hence,
it is possible to derive these input moment dynamic equations and complete the

quadrotor model by considering the cffects of the motor dynamics on the dynamics
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of the entire system.
In Chapter 2, the thrust and the drag forces were introduced according to

T,=b92 and D;=dQ? i=1,... 4 (3.6)

where (2 (rads™!) is the speed of the the " propeller. It is clear that D; = $T;.
From equations (3.6) and (3.3) the input voltage to the propeller ¢, u;, and to the

thrust T; dynamic equation could be obtained as follows:

T, = 26,8
2b 26€2;
= 2202 - 2dpQ3 L
ok dbsy; + P u; (3.7)
2 2d 2vb
=T~ —=TivTi+ —V Ty
Ty Vb + kerTi u

Since the differential equation (3.7) is nonlinear, a suitable approach is to
linearize this dynamics around an operating working point, Tg. The first order
Taylor series expansion has been chosen here to derive the linearized model given

by

In the above equation, the parameters A,, B, and C; are the linearized coefficients

and are defined as follows:

A= _—2—%\/%

Tt

{B, = k@\/ﬁ (3.9)
3
Ct - %7102

The set point corresponding to the linearizing condition could be calculated

from the fact that at hovering the total thrust should be equal to the gravitational
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force effective on the quadrotor. In other words, we have

4 .
ZTi = mg (3.10)
i=1

It is possible to rewrite equation (3.5) in terms of 7} for i = 1,...,4 as in equation

(3.11), that is

(

U1=T1+T2+T3+T4

Uy = —ITo + 1Ty
< ‘ (3.11)
Us=—IT +1T3

Us=—4T1+ 4T, — 4T3 + 4T,

\

The above equation can also be represented in a matrix form as

U = LUTT (312)

T T
where U = [ Uy Uy Us Us } is the movement vector and T' = [ TN T, Ty Ty ]

is the thrust vector.The constant matrix Ly is defined from

1 1 1 1
0o -1 0 1
Lyr = (3.13)
-1 0 1 0
_d d _d d
L b b b b

Using the linearized dynamic equation for the thrust 7; developed in (3.8), it
is possible to find the dynamic equations from the input voltage to the propellers to

the movement moments. For this purpose it is useful to write the dynamic equation
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T
in (3.8) in a matrix form for the thrust vector T' = [ T, Ta Ty J , as follows

T=-ArT + Bru+ Cr (3.14)

where Ar = Ail(4x4) and By = Byl(4x4) are constant matrices and Cr = C} [ 111
is a constant vector. The notation I(4,4) refers to an identity matrix of the dimension
4, the variable © = [ u Us U3 U4 ]T is also defined as the vector of the input
voltages to the propellers.

By left-multiplying the transfer matrix between U and T, Lyy to (3.14), the

following equation is obtained

LyrT = —(LyrAr)T + (LyrBr)u + (LyrCr) (3.15)
It should be noted that:
LyrAr = Lyur(Adaxey) = Ai(laxay) Lty = ArLyr

LyrBr = BrLyr

From equation (3.12), it is possible to rewrite the equation (3.15) as

U= ——ATU -+ BT_'Q+ DT (316)

In the above equation the dynamics corresponding to the movement vector are
T
obtained. The new input vector v = [ V1 U2 U3 g ] is defined according to

equation (3.17) as a linear transfer by Ly from the actual input voltage vector u,

40



that is

(&1
V2
v3

Vg

] 1 1 1 1 Uy
0 -1 0 | Us
= (3.17)
-l 0 1 0 us
JoL-% 5 -% 5] [w]
4C,
0
Dy = LyrCr = (3.18)
0
0

The system of equations shown below represent the dynamics of the movement

vector as in (3.16) but now in a non-compact form, namely

f

U, = AUy + Byvr + 4C,

U2 = AtUZ + Btv2

< (3.19)

U3 = AtU3 + Bt'U3

Uy = AUy + By
\

The purpose of the controller design is to find the proper inputs to the pro-

pellers that guérantee the system stability and desired closed-loop performance. By

considering the new input vector v as the virtual input to the system and designing

the controller to get the proper virtual input signal, it is possible to find the actual

input voltages through the inverse of the transfer matrix Lyt as in (3.20), that is

u=(Lyr)~'v (3.20)
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By putting together the system dynamics developed in (3.4) and the moment
dynamics in (3.19) the system of equations in (3.21) fully describe the dynamics of
the quadrotor. It is to be noted that the rotor dynamics are taken into account in

this representation of the system through the moment dynamics, namely

(

% = (cos ¢sinf cosyp + singbsinlb)g,;l
4= (cos ¢psinfsiny) — sing&cosw)%

7= —g+ (cosgcosf)d

$=1
f— i

fe (3.21)
y=

U] = AUy + Byvi +4C;
U2 = AtU2 + Bt’UQ
U3 = AtU3 + Btvg

U4 = AtU4 -+ BtU4

\

3.3 Development of Control Schemes for the Healthy

Quadrotor

The first part of this section provides an overview on the Linear Quadratic Regulator

(LQR) [63] and Feedback Linearization (FL) [64], [65], [17] techniques in controlling a

system. Moreover, the designed controller for the quadrotor system is also discussed.
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3.3.1 LQR Controller

The general equations for representing a linear time invariant system in state space

form is shown as

z(t) = Az(t) + Bu(t)
(3.22)

y(t) = Cx(t)
where u(t) € R, y(t) € R are the input and output variables, respectively, z(t) € R"
is the state of thé system and A, «n, Bnx1 and Ciy, are the matrices defining the
system. The purpose of LQR design is to find an optimal state feedback control law

K. given in (3.23) that minimizes the cost function J defined in (3.24) that is
u(t) = —K.xz(t) (3.23)

J = /(xTQa: + u” Ru) dt | (3.24)

where @ and R are symmetric positive-definite weight matrices of proper dimension.
K, is given by:
K.=R'BT'P (3.25)

where P is the solution of the continuous time algebraic Riccati Equation given by
ATP+PA—PBR'P+Q=0 (3.26)

It should be noted that full access to the states is assumed in this controller. In
other words, it is assumed that all states of the system are measurable. In designing
a controller, in addition to providing the stability of the system, it is also desirable
that the outputs of the system converge to a desired set point value, like r4. This

can be achieved by making the state z and the input u of the process (3.22) converge
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to values z* and u* for which:

0= Az* + Bu*
(3.27)

rq = Cuzx*

The first equation in (3.27) states that the output vector y will converge to r4
as z and u converge to z* and u* and the second equation implies that when these
values are achieved, & = 0 and therefore z will remain equal to z*. In other words
z* is an equilibrium state.

Given a desired set point ry, it is possible to find 2* and u* from the set of
equations in (3.27) as given in (3.28). It is to be noted that unless there exists a
zero at the origin of the transfer function between y and « (which will always make
y converge to zero when the input converges to a constant), the system of equations

in (3.27) has at least one solution, that is

rt = FT‘d
(3.28)

u* = Nry

where ' and N could be found by solving the equation given in (3.27), that is

' -1
A B z* 0 z* A B 0
0 C w* Ty u* 0 C 74

By setting the input signal « as defined in (3.30) the output of the system y

will converge to the desired set point r,;, namely

u=—-K.(z—z%)+u" (3.30)
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> N
rd + u J
> Ke x=Ax+ Bu
+ X

Figure 3.1: The schematic of the set-point optimal LQR control.

where z* and u* are given by (3.28) and K, is the optimum gain matrix. The state

space model for the closed loop system is shown in Figure (3.3.1).

The closed loop system equations can be written as in (3.31).

i=Ar+ Bu= (A- BK,)z + B(K.F + N)rg
(3.31)
y=Cz

In order to show that by setting the input signal u as stated in (3.30), the output of

the system y will converge to the desired set point ry, suppose three new variables

as defined in (3.32), namely
: (
T=x—z"
Yy=y—rd
\
where z* and u* are defined in (3.28). It is possible to show that:
= Az + Bu= A(z — z*) + B(u — u*) + Az* + Bu*
(3.33)
g=Cx—rg=Clx—2*)+Czr* -1y
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Considering the equation in (3.27), the above equations can be rewritten as

7= A%+ Bu |
(3.34)
y=Cz
The state feedback control law in (3.30) could also be represented as
u—u*=-K(r—z")=1=—-KZ (3.35)
where K is minimizing the following cost function:
Jo= / (#TQz +u" Ru) dt (3.36)

This controller makes the system (3.34) asymptotically stable, therefore z, u and y,

all converge to zero as t — oo, which implies that y converges to rg.

3.3.2 Feedback Linearization Control Design

Feedback linearization (FL) is a common approach used in contfolling nonlinear
systems. The approach involves obtaining a transformation for the nonlinear sys-
tem that maps the system into an equivalent linear system through a change of
coordinates and a suitable control input.

Assume that the nonlinear system is defined by [64]:

z(t) = f(z(t)) + g(z(t))ult)
y(t) = h(z(t))

(3.37)

where u(t) € R, y(t) € R and z(t) € R are the input, output and state vectors

respectively. We assume that the vector fields f : D — R" and g : D — R" are
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smooth in the domain D € R", that is their partial derivatives with respect to z of
any order exist and are continuous in D, and h : D — R is also assumed to be a
smooth scalar function. We are searching for a state feedback law that renders a
linear input-output map between the new input w and the output y. An outer-loop

control strategy for the resulting linear control system can then be applied [65].

Definition 1. [65] Let h : D — R be a smooth scalar function, and f : D — R®
be a smooth vector field on D € R®, then the Lie derivative of h with respect to f is

a scalar function defined by Lih = <7h f.

In the above definition VA denotes to the gradient of h as \yh = g—’;. Thus,
the Lie derivative L¢h is simply the directional derivative of h along the direction
of the vector f.

In this work we have used input-output linearization [65] to find the control
law. By input-output linearization we mean the generation of a linear differential
relation between the output y(¢) and a new input w. The basic approach of input-
output linearization is simply to differentiate the output function y(t) repeatedly
until the input u(t) appears, and then design u(¢) to cancel the nonlinearities.

The process of repeated differentiation means that we start with:
y = Vh(z)(f(z) + g(z)u) = Ly h(z) + Ly h(z)u (3.38)

If Ly h(x) # 0 for some z = x4 , then the input transformation as defined in (3.39)
will result in a linear relation between the output y(¢) and a the new input w as
given in (3.40), that is

1

u= W(—L; h(z) +w) (3.39)

y=w (3.40)

If Ly h(x) = 0 for all z then the act of differentiation on y(t) should be repeated
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for 1 times as in (3.41), namely
y = L} h(z) + L, L}—l h{z)u (3.41)

until for an integer ¢ = r, L, L;‘lh(m) # 0 for some z = 3. Then the control law

given by (3.42)

1 r

applied to the equation (3.41) while ¢ = r, yields the following linear relation:

Yy =w (3.43)
Definition 2. [17] The nonlinear system in (3.37) is said to have relative degree r,
1 <r<n,inaregion Dy C D if

LyLi'h(z) =0, i=1,2,..,r—1; LyL7 'h(z)#0 (3.44)

for all x € Dy.

Definition 3. [17] A function ® : R* — R", defined in a region D is called a

diffeomorphism if it is smooth, and if its inverse ®~! exists and is smooth.

Lemma 1. [17] Let ®(z) be a smooth function defined in a region D in R™. If the
Jacobian matriz V& is non-singular at a point x = x¢ of D, then ®(z) defines a

local diffeomorphism in a subregion of D like Dy.

Theorem 1. [65] Suppose that the nonlinear system in (3.37) has relative degree r
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mn Do . Let

¢1(z) = h(z)

¢2(x) = Lyh(z)

br(x) = I *hz)

Ifr < n there exists (n—r) smooh functions ¢,4+1(z), ..., ¢n(z) such that the mapping

[ 41(0)

¢2@ (3.45)

| 6.() |

has a nonsingular Jacobian matriz in Do, and thus the ®(x) defines a diffeomophism
in a neighborhood of xo € Dy. Furthermore, it is always possible to choose ¢,41(x), ..., dn(T)

in such a way that
Lypi(x) =0 i=r+1,..n VreD

The proof to this theorem can be found in [65], where it is shown that the gra-
dients V@1, Voo, ..., Vo, are linearly independent, provided that ¢,,1(x), ..., dn(z)
are selected properly as stated in Theorem 1.

Therefore, it is possible to construct a coordinate transformation Z = &(x)

that could map the nonlinear system (3.37) into a linear one [64]. The first r

49



components of Z are exactly as

z1 =y = h(z)

29 = y = th(l‘)

2, =y = L}_lh(x)

The normal form [17] of the system can now be written as:

21 = Z9 (346)
22 = Z3
Zr_1 = 2p

Z = a(z) + b(z)u

Z.r+1 = Gr+1 (:)

Zp = Qn(z)

y=2

where
a(z) = L3h(z) |o=s-1(
! © (3.47)
b(Z) = Lg L}_lh(;”[’) !I:cp—l(z)
and
Qi(z) = Llf I.7:=ti>‘1(z) (348)

By setting the input « as in (3.42), the closed loop system in the normal form is
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obtained as

4 =29 (3.49)
29 = 23

ér—l = 2Zr
Zr=w

z-:r+l = gr+1 (Z)

It is seen that the control law has acted in such a way that the closed loop sys-
tem has been partitioned into linear and nonlinear parts. More precisely, let Z =

T T T
[ gT 7)7‘ j' Where 6 = [ 21 22 ... Zy ] a’nd n = [ Zr4l Zp42 ... Zp ] -

Therefore, the equations (3.49) could be rewritten as

4

f = A+ By,w

0= q(€,) (3:50)

\y - Cnf

where A,, B, and C, are the canonical representation form of the first r equations

T
in (3.49) and ¢(¢,7) = [ Gor qn] .

Therefore, the dyhamics of the nonlinear system is decomposed into an exter-
nal (related to &) and an unobservable internal part (related to n). The external

part consists of a linear relation between y and w and it is simply possible to design
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the input w so that the output y behaves as desired. Since the control design must
account for the entire system dynamics, the internal behavior has to be studied to
guarantee the stabﬂity of the entire system. The internal dynamics are described
by:

n=q(&n) (3.51)

Setting £ = 0 in (3.52) results in the following

n=q(0,n) (3.52)

which is called the zero dynamics [17].
The system is said to be minimum phase if equation (3.52) has an asymptot-
ically stable equilibrium point [17]. In the special case where r = n, or in other

words the relative degree of the system is equal to n, the normal form reduces to

£ = Ané + Bow
(3.53)
y= Cnf
T
where 7 = ¢ = [ 21 za ... zZn ] and the 7 variable does not exist. In this case

the system has no zero dynamics and by default is said to be minimum phase [17].

3.3.3 Quadrotor Control Scheme Design

At the end of section (3.2) the entire dynamic equations describing the quadrotor
system were derived in (3.21). It should be noted that the dynamic equation related

to the yaw 1 is controlled by Uy and v4. Therefore, it is possible to design a controller
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for this decoupled subsystem (i — Uy), namely

J=p
(3.54)
Us = AUs + Byva

For the above linear subsystem an LQR controller is designed by considering

the following state space representation,

T %
X=|a|=| 4 (3.55)

Xz()()I;L X+ | 0 |va

4 00 A B, (3.56)

T

y= [ 100 } X

\

By setting ) = I(3x3) and R = 1 and solving the Riccati Equation in (3.26), the gain
T

vector K = [ ky1 kg2 kys ] is obtained. By setting the control input v4 as in

(3.57), the (¢ — Uy) subsystem becomes asymptotically stable as stated in Section

3.3.1, namely

va=—Ky | o (3.57)
Us
It should be noted that in this control law the desired output is set to zero, that is

P — 0.
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Now, the remaining variables to be controlled are z, y and 2. It is possible to
assume that the altitude z could be controlled by U;. The dynamics governing the
z is given by

i = —g+ (cosgcosf)L
(3.58)

Ul = AtU] + Bt'l)l + 4Ct

If the altitude z reaches a desired set-point like z4, then z — 0. As stated before,
in hovering condition the total thrust should be equal to the gravitational force

effective on the quadrotor, in other words:

4
Uy=)Y Ti=mg (3.59)
i=1

Therefore, if 2 — 0 and ¢ and @ are sufficiently close to zero, then Uy — mg.

By assuming U; — mg and ¥ — 0, it is possible to simplify the dynamic
equations of z and y defined by (3.21) as given by equations (3.60) and (3.61), that
is

,

j = —gsing
16="2 (3.60)

UQ = AtU2 + BtUQ
\

)

T =gsing
6= }/_3 (3.61)

Us = A,Us + Byus
\

Through these assumptions, which would be verified by simulations, the dy-
“namics of the quadrotor in (3.21) is partitioned into four semi-decoupled subsystems
of (z,U1), (y,Us), (x,Us) and (3, Us) as defined in (3.58),(3.60),(3.61) and (3.54)

respectively. The reason for calling these subsystems semi-decoupled is because z is
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still coupled with ¢ and 6.

For the control of the altitude z, the input-output linearization technique de-
scribed in section (3.3.2) is employed to derive a linear relation between the output
and a new input variable.

By differentiating the dynamic equation of z as defined in (3.58) once, we have

28 = _$singcos ()g—l — fcos¢sin Gﬂ + cos ¢ cos eﬂ (3.62)
m m m

By substituting the equation for U; from (3.58) in the above equation, the input v

appears as in (3.63), that is

ALUl + BLU] -+ 4C{
m

2(3) — —(éSiI’lQﬁCOSQ‘l'J—l‘ — 9cos¢sin9—U—1 —+ COS(z)COSe (363)
m m

Therefore, the relative degree of the nonlinear system in (3.58) is equal to n = 3.

The normal coordinates are defined according to
D, = 3 (3.64)

which is a diffeomorphism on the region R3. There is no internal dynamics for this
nonlinear system and it is minimum phase.
By setting v; as in (3.65), a linear relation between z(® and the new input w;

is obtained, namely

' ' A 4
v1 = _E'——__(wl + ¢sing cos 9—[{1 + 8 cos Qﬁsinﬂgl — €OS ¢ COS QM)
Stcos g cosf m m -

(3.65)
Therefore,
d = wy (3.66)
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It should be noted that the input v; is just valid for the case that cos ¢ cos 8 # 0.Local

asymptotic stability is achieved by setting the new input wy as:
wy = 28—k, (6,) — kow(é,) — ksa(es) (3.67)

where 2, refers to the desired altitude set point, e, refers to the error e, = z — z; and
the gains K, = [ ki, ko, ks, ]T are optimally obtained from the LQR method as
described in section (3.3.1).

The error dynamic equation is now derived by substituting (3.67) into (3.66),
that is

62'3) + klz(éz) + k2z(éz) + k3z (ez) = 0 ‘ (368)

which yields an asymptotically stable error dynamics that converges to zero as t —»
0o. Therefore, the subsystem (z, U;) is stable, that is z — z; and U; — myg.

The same procedure can be followed to obtain the control laws for (y, Us) and
(z, Us) subsystems as defined in equations (3.60) and (3.61). To obtain the input
controller, we differentiate repeatedly from the § and Z until the input terms v, and
vs appear, that is

y® = —gpcos¢

(3.69)
z® = gfcos
y = —gdcos ¢ + g@*sin ¢
(3.70)
W = gf cos§ — gf*sin b
Substituting ¢ and 8 from (3.60) and (3.61) results in:
y® = —g¥2 cos ¢ + gd?sin ¢
= (3.71)
¥ = gl[i_f, cosf — gf%sin §
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By another differentiation the inputs ve and vs would appear in the equations,

namely
y(5) = __gIU—2 cos ¢ + giU—z-q'Ssingb + 2gq'5(£ sin ¢ + g¢3 cos ¢
xT Tz (372)
z® = g% cosf — gjli—ayé sinf — 2¢00sin 0 — g3 cos 6
y(5) — _git.[_/?I_M Cos¢+gIU—2¢Sln¢+2g¢-Igz Sin¢+g(]‘53 COS¢ ( )
Tz Tz Tz 373

£ = gﬂfyﬁﬂ cosf — g%’:é sinf — 299% sin @ — g6° cos 6

where (3.73) is obtained by replacing Us and Us by (3.60) and (3.61) in (3.72).
It is seen that the relative degrees for these two nonlinear subsystems is equal to

r =n = 5. The normal coordinates are defined in (3.74) and (3.75), that is

b, =1 4 (3.74)

o)

e

which represents diffeomorphisms on R3. Moreover, since the relative degrees are
equal to the systems order, there are no internal dynamics for these two subsystems

to be analyzed for stability.
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By setting the control variables vy and vs from (3.76), namely

v2 = —gi——(wa + g4 cos§ — g L2 dsin — 29 L2 sin g — g4 cos )

9Ty 8¢ L=
_ 1 AUs Us p o3 VUs o 13
3 = wy — g2 cosf + g2 0sinf + 203 sin 0° cos
s 915'50059( 379 Tyy +J1yy t2g Iyy tyg )

(3.76)

a linear relation between y® and z® and the new inputs w, and ws is obtained as

y®) = w,
(3.77)
1(5) == W3
It should be noted that ve and vg are only valid if cos ¢ # 0 and cos 8 # 0.
The new inputs ws and w; are selected as :
wy =y — kyyel” — koyel) — ka8, — kayéy — ksye,
(3.78)
ws = 25 = k1ol — kogel — kagéy — kagey — ksgen

where y4 and x4 refer to the desired set points fory and z , e, = y—ysand e, = z—z4
are defined as the error signals. The gain vecfors K, = [ kiy koy ks, kay ks, ]T
and K, = [ kir kow ks Kkaw FKse }T are obtained from the LQR method that is
described in section (3.3.1).

The error dynamics are then obtained from (3.77) and (3.78) as :

61(45) + k1y61(44) + k2y€1(13) + k3yéy + k4yéy + k5y€y =0

(3.79)
et ke 4 ko e® 4 ks b+ kg, + Espe, = 0

Therefore asymptotically stable error dynamics are obtained from the above selected
control inputs, where e, and e, converge to zero ast — oo. In other words, y — y4

and r — x4 a8 t — oc.
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3.4 Simulation Results

In this section the behavior of the quadrotor system with the designed FL controller
and under normal conditions is evaluated through numerical simulations by com-
manding the control system to follow a desired trajectory. The parameters of the
model are taken from the model OS4 developed in Ecole Polythechnique Federal De
Lausanne [1]. The physical parameters of the OS4 quadrotor are shown in Table
3.1. Table 3.2 also shows the parameters that are related to the propulsion group
consisting of the DC motor, gearbox and the propellers. All the simulations are
done for the nonlinear model of the quadrotor and actuators as explained in the

previous chapter by equations (2.39), (2.38) and (2.52).

Table 3.1: 0S4 Quadrotor physical parameters [1]

Name Parameter Value  Unit
mass m 0.650 kg
inertia on z axis I, 7.5e-3  kg.m?
inertia on y axis Ly 7.5e-3  kg.m?
inertia on z axis 1., 1.3e-2  kg.m?
~ thrust coefficient b 3.13e-5  Ns?
drag coefficient d 7.5e-7  Nms?
arm length l 0.23 | m
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Table 3.2: 0S4 Quadrotor physical parameters [1]

Name Parameter Value Unit
propeller inertia Jp 6e-5 kg.m?
gearbox efﬁciency n 90 %
gearbox ratio r 4:1
motor inertia I 4e-7 kg.m?
motor internal resistance Root 0.6 Q
back-EMF constant k. 52 Vsrad!

3.4.1 Healthy System Response to 1st Trajectory

In this section the response of the healthy system to a simple trajectory is presented.
The mission starts at the position (z,y, z) = (0,0,0) while the roll, the pitch and
the yaw angles are inifially equal to zero. The commanded trajectory is to fly from
the initial point to the point (10, 10, 10)(m) in 20 seconds and hovering at this point.

In order to simulate a more realistic environment, we added noise to the output
signals as well as input signals. The noise is chosen to be an additive white Gaussian
noise and the power of the noise is set to a value so that the signal to noise ratio
(SNR) is a prespecificd value, which represents a practical environment [1]. The
SNRs are as follows:

SN R, =15.59db

SNR, =1535db
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SNR, =15.85db

Figures 3.2 and 3.3 show the linear position and the Euler angles of the system
with respect to time as a response to the commanded trajectory. It is seen that the
response of the system to this trajectory is acceptable in the sense of meeting design
requirements. The error signals between the desired commanded trajectory and the
observed ones are depicted in Figure 3.6. Table 3.3 shows the mean and standard
deviation of the error signals for z, y, z and v angle.

Table 3.3: Mean and standard deviation (Stdv) of the error signals for the 1%
trajectory

Error Mean Stdv  Unit
€y -0.0760 0.2938 m
ey -0.1393 0.4008 m
€, -0.0577 0.1869 m

ey  1.6597e-004 0.0011 rad

It should be noted that the error signals are bounded within less than 1.5%
of the steady state value which satisfies the design criteria according to [1] which is
2%.

Figures‘ 3.4 and 3.5 show the input voltage signal to the rotors and the move-
ment moments. As expected, U; — mg as the system altitude has been stabilized
and at hovering conditi’on.

In order to check to robustness of the designed nominal controller to parameter
variations, we have performed the simulations while the parameters of the body
inertia matrix I, I, and I, are changed by 10%. The resulting error signals are
depicted in Figure 3.7. Table 3.4 shows the mean and standard deviation of the
error signals for x, y, z and ¢ angle while there are parameter variations in the

model of the system.
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Table 3.4: Mean and standard deviation (Stdv) of the error signals for the 1%
trajectory with 10% variations in the body inertia parameters

Error Mean Stdv Unit
€ -0.0787 0.2921 m
ey -0.1400 0.4012 m
e, -0.0578 0.1865 m

ey  -4.5996e-005 8.1810e-004 rad

It is seen that the controller is totally robust to 10% variations in the param-
eters of the body inertia matrix and neglectable diffrences between the results from

Table 3.4 to the results from Table 3.3 obtained with no parameter variations.

3.4.2 Healthy System Response to 2nd Trajectory

The second set of simulation results is related to the trajectory that is defined as
in Table 3.6 while the quadrotor is commanded to move and reach certain points in
space and hover for a specified amount of time. In this trajectory, the initial state
of the quadrotor is assumed to be at the (0, 0, 0) position and the roll, the pitch and
.the yaw angles are also assumed to be zero at the initial time.

Figures 3.8 and 3.10 show the linear position and the Euler angles of the system
with respect to time as a response to the commanded trajectory shown in Figure
3.5 . Tt is seen that the response of the system to this trajectory is acceptable. The
error signals between the desired commanded trajectory and the observed ones are
depicted in Figure 3.13. Table 3.5 shows the mean and standard deviation of the
error signals for z, y, z and ¢ angle. It is seen that the error signals are still bounded
within an acceptable range of less than 1.5%.

Figures 3.11 and 3.12 show the input voltage signal to the rotors and the
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Table 3.5: Mean and standard deviation (Stdv) of the error signals for the 274
trajectory.

Error Mean Stdv Unit
€ 0.0105 0.5777 m
ey -0.0110 0.3872 m
e, -0.0013 0.3960 m

ey  9.3510e-005 7.1473e-004 rad

movement moments. As expected, Uy — mg as the system altitude has been

stabilized at hovering condition.

3.5 Conclusions

In this chapter the dynamics of the quadrotor model are partitioned into four semi-
decoupled subsystems by considering some approximations at the hovering condi-
tion. Furthermore, the dynamics governing the input moments to the quadrotor
are derived and considered in the controller design for the system. By using the
FL and the LQR methods, controllers are designed for the nonlinear subsystems
and analysis is performed to show that the closed-loop system is asymptotically sta-
ble. Simulation results are also presented to show the performance of the nominal
controller under different trajectories in healthy condition.

The next chapter will discuss the effects of different actuator faults on the
quadrotor performance and a fault recovery module is proposed to compensate the

effect of these faults on the system.

63



Table 3.6: Second Trajectory

Time(sec) Position(z,y, z)(m) State Duration
0 (0,0,0) vertical flight to next position 5 sec
5 (0,0,10) hover 55 sec
60 (0,0,10) horizontal flight to next position 5 sec
65 (10,0, 10) hover 55 sec
120 (10,0, 10) horizontal flight to next position 20 sec
140 (10, 10, 10) hover 40 sec
180 (10, 10, 10) vertical flight to next position 5 sec
185 (10, 10,0) hover 55 sec
240 (10, 10,0) horizontal flight to next position 5 sec
245 (0,10,0) hover 55 sec
300 (0,10,0) horizontal flight to next position 20 sec
320 (0,0,0) back to the starting point ended
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Figure 3.2: Linear position response to the commanded 1st trajectory : (a) z, (b) y
and (c) z measured in meters.
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Figure 3.3: Euler angles in response to the commanded 1st trajectory : (a) Roll
(rad), (b) Pitch (rad) and (c) Yaw (rad).
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Figure 3.4: Input voltage to the 4 propellers in response to the commanded Ist
trajectory.
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Figure 3.5: Input moments Uy, Us, Uz and Uy to the dynamics of the quadrotor
system in response to the commanded 1st trajectory.
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Figure 3.6: Error signals e,, e,, e, measured in meters and e,, in radian in response
to the commanded 1st trajectory.
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Figure 3.7: Error signals e, ¢,, ¢, and e, measured in meters and e, in radian in

response to the commanded 1st trajectory with 10% variations in the body inertia
parameters.

70



(a

12 T T T T T T
10+ . e
8 -
E 6t
x
4 -
A
0 e 1 1 I —— 4
0 50 100 150 200 250 300
time (sec)
(b)
12 T T T T T T
10} ma—
8 -
E &t
=
4}
2+
0 " " i i 1 § 1
0 50 100 150 200 250 300
time (sec) )
(©
12 T T T T T ¥
10 i
8r
E st
N
4
2
0 I 1 1 b 4 . 5
0 50 100 150 200 250 300
time (sec)
Figure 3.8: Linear position response to the commanded 2nd trajectory : (a) z, (b)

y and (c¢) z measured in meters.




— Observed Trajectory
Desired Trajectory

Figure 3.9: 3-D representation of the linear position response to the commanded

2nd trajectory.
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Figure 3.11: Input voltage to the 4 propellers in response to the commanded 2nd
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Figure 3.12: Input moments Uy, Uy, Us and Uy to the dynamics of the quadrotor
system in response to the commanded 2nd trajectory.
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Figure 3.13: Error signals e,, €,, e, measured in meters and ey, in radian in response
to the commanded 2nd trajectory.



Chapter 4

Fault Recovery of the Quadrotor

System

This chapter presents the results that are employed to develop a fecovery solution
due to actuator faults. The first section of this chapter will describe the general rep-
resentation of the types of faults that might affect the actuators. The second section
is dedicated to modeling of partial loss of effectiveness (LOE) fault in an actuator.
The third section describes implementation of the fault recovery system. The above
sections are dedicated to describe the proposed fault recovery algorithm by designing
an adaptive feedback linearization controller. The final section presents simulation

results performed to analyze the performance of the designed fault recovery module.

4.1 Faults in the Quadrotor Actuators

Dynamical control systems may be subject to faults in actuators, sensors or abrupt
changes in the physical structure. This work is focused on the study of failures in
actuators. In this section we present the parameterizé.tion of faults, which covers
several different cases due to control effector faults.

Typical Actuator faults are classified into four categories [6]:
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Lock-in-place (LIP)
e Float

e Hard-over-fault (HOF).

Partial loss of effectiveness (LOE)

In the case of LIP faults the actuator freezes at a certain condition and does
not respond to subsequent commands. HOF is characterized by the effector moving
to the upper or lower position limit regardless of the command. Float fault occurs
when the actuator floats with zero moment and does not contribute to the control
authority. Loss of effectiveness is characterized by lowering the actuator gain with
respect to its nominal value.

The parameterization of different types of actuator faults is given by

(

Yei(t), k;(t) = 1,YL > to, Nofault

ki(t)ye(2), 0<e<ki(t)<1,Vt >tp, LOE

yi(t) = 4 0, ki(t) = 0,Vt < ty;, Float (4.1)
Feilts), ki(t) = 0,Vt < tp;, LIP
| Yim OT Yim, ki(t) =0,Vt <ty, HOF

where y; is the actual output of the actuator, y,; is the output of the controller
and y;, and y;ps are the upper and lower limit, k; € (e , 1] denotes the actuator
effectiveness coefficient and models partial LOE fault and ¢ < 1 and ¢; also denotes
the time instant of fault occurrence in the i** actuator. In the case of LIP fault,
7.; is a value within the range of operation of the i actuator frozen at the time of
failure (1;).

As discussed in the previous chapters, the quadrotor has 4 rotors as actuators.

In Chapter 2 the thrust force was introduced as:
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T, =60 i=1,...,4 (4.2)

where §2; (rad s™!) is the speed of the the i*h propeller. In Chapter 3 the linearized

dynamic equation from the input voltage to the i** propeller, u;, to the thrust T}

was obtained as

ﬁ = Atﬂ + Btui + Ct (43)
where A,, B; and C; are the linearized coeflicients and are defined as follows:
4
A= ig - %\/TS
Bt = k:{‘l_:'t \/7_-‘0 (44)
{ Cz = \/ETO
where = = —Lnrz In the above equation d and b refer to the aerodynamic drag

Rmot le

and thrust factors (N m s?), Ji, (N m s?) is the total rotational inertia around the
propeller axis, k, (Nm A~!) is the back-EMF constant, R0 18 the motor resistance
in ohms, 7 is the efficiency factor and r refers to the gear box reduction ratio.

In the healthy model of the system we assume that all the four thrust torques
T;, for ¢+ = 1,2, 3,4, which are proportional to the square of propellers speeds, are
equal and share the same equal parameters.

Considering T = [ T, Th Ts Ty JT as the thrust vector, the compact rep-
resentation of the dynamics becomes

T = —ArT + Bru+ Cr (4.5)

where A = A;l(ax4) and By = B,I(4x4) are constant matrices and Cr = C} [ 111

is a constant vector. The notation I, (4x4) refers to an identity matrix of the dimension
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4 and u = [ w1 Uz U3 Us ]T is the vector of the input voltages to the propellers.

Quadrotor is an under-actuated system and there is no redundant actuator to
compensate for the effects of fault due to other actuator failure. Therefore, in case
of other type of faults, where one of the actuators is either stuck in a certain speed
with no possibility of controlling as in the LIP and HOF or fully nonfunctional as
in the float, the other three remaining healthy actuators should be commanded to
compensate the loss of control on the faulty actuator. In this work, our concentration
is on the recovery process due to the partial LOE fault, where all the actuators
are still functional, however, a short discussion on the other types of faults is also

provided in Section 4.5

4.2 Partial LOE Fault Modeling

In case of a partial LOE fault, the output speed of the quadrotor is different from

the commanded output by the controller, that is

O =kQy O<e<k<l (4.6)

where Q; refers to the actual output from the ¢** actuator and €2 is the commanded
output by the controller. Therefore, the resulting thrust force from this actuator
varies according to the following equation
T, = b}
(4.7)
= b(kiS2ai)’
The dynamics of T; defined in equation (4.3) would also change due to the
LOE fault, that is
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T, = 2bk2Q €2,
‘ (4.8)
= kZA, + k2B, + k2C,

or in other words,

Ty = AuTi 4+ Byui + G, i=1,2,3,4 (4.9)

where Ay = kA, and By, = k?B,. It should be noted that we have assumed that
the only coefficients subject to change due to a fault are the A;; and By and C;
would stay unaffected. The term C’t is proportional to the drag and inverse square
of the thrust factor, which makes it a relatively small constant value.

Equation (4.10) is a matrix form of equation (4.9), that is

T = ApoT + Brou+ Cr (4.10)

where
Aqg 0 0 0

Aro = (4.11)

BT() = (412)
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Cr=

-Ct 0 0 O ]
0 ¢, 0 0
0 0 C O

i 0 0 O Ct_

(4.13)

Now if the thrust dynamics for all the actuators are not equal, the equations

for the dynamiqs of the movement vector U change since Ay # A, and By # B,I.

Therefore, it is necessary to derive the dynamic equations for the movement vector

while the actuators do not have the same characteristics, in other words when A;; #

Ay and By, # Byjfori,j=1,...,4,1# 3.

The relation between the movement vector U and T was defined as in equation

(3.11). By left-multiplying Lyt to equation (4.10), we would have

LyrT = —(Lyr A70)T + (LyrBro)u + (LyrCr)

(4.14)

From equation (3.11), the equation (4.14) could be rewritten as (4.15), namely

U = —(LyrAroLgr)U + (LyrBro)u + (LyrCr)

Now we define another new input vector vy as

Vo = (LUTBTO)

e

I

Vo1

Vo2

Up3

Vo4

By By B3
0 —{B)s 0

—1Bn 0 [By3

d d d
| —3Bu §Be —yBs

w = (LyrBro) v
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Uy

Uz

u3

Ug

(4.15)

(4.16)
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The matrix (LyrAroLyy) is given by

LyrAroLyy =
1(An + A+ A + Au) 3 (—Aw+ Aw)  §(—Au + Ap) zlb—d(_Atl + App — Az + Aw)
§(— A+ A) 3 (A + Aw) 0 1 (— A+ Aw)
L(—An+ Ap) 0 1(An + Ass) (A - As)
| E(—An + Ap — A+ Au) o (=An+ Au) o5 (An — As)  F(Aa+Ap + A + Aw)
(4.18)

From equation (4.18), it is obvious that if the actuators share the same parameters
, in other words A, = A; and B, = B; fori=1,...,4, then (LUTATOL{,,}) = Ar =
A, 44 as expected for the healthy system.

Hence, it is possible to rewrite equation (4.15) as

U = —(LurAroLip)U + v + (LurCr) (4.19)

The above equation shows the dynamics of the movement vector U, while the
dynamics of the thrust forces are considered to be different from each other due to

the presence of LOE fault.

4.3 Implementation of a Fault Recovery System

Figure (4.1) depicts the modules that conform the fault recovery system developed
in this chapter. The descriptions of each component of the quadrotor control system

with fault recovery for actuator faults are provided below.

e Linear Compensator: This corresponds to assigning the control input for
the purpose of tracking the desired trajectory for the system according to an

LQR design.
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Figure 4.1: Quadrotor augmented control system with a fault recovery functionality.

o Actuators: This block contains the model of the actuators, where the input
is the voltage to the rotors and the output is in terms of the thrust force due

to the rotation of the propellers.

¢ Fault Diagnosis and Isolation (FDI): Is in charge of generating fault de-

tection alarms and information about the location and type of the fault.

e Parameter Estimation: Given the information from the system input and
output and the FDI information, this module is in charge of generating an
estimate of the post fault model of the actuator to be used by the feedback

linearization scheme.

¢ Adaptive Feedback Linearization : Receiving the information from the
FDI unit as well as the parameter estimation unit and the current measured (or
estimated) values of the outputs or states of the quadrotor system, this block

is in charge of generating a control input to linearize the system adaptively. In
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the no-fault case, this block generates the control input for the healthy system.

e Quadrotor : The full nonlinear model of the dynamics and kinematics equa-

tions of motion of the quadrotor are placed in this block.

4.4 Fault Recovery Module

The recovery strategy in this work is to adapt the control inputs so that the effects
of changes in the outputs due to the LOE fault in an actuator can be compensated
for. Therefore, it is necessary to analyze the contribution of each actuator output

in terms of the thrust force in the control of the system outputs.

4.4.1 Adaptive Feedback Linearization

At the end of Section 4.1, the dynamic equations of movement vector were derived in
equation (4.19). In this equation the contribution of each actuator in the resulting
movement vector was obtained. As discussed before, in case of the partial LOE fault
occurrence the parameters of the actuators may change. A parameter estimation
algorithm is presented in this section to provide an estimate of the faulty actuator
dynamics and to guarantee the stability of the closed-loop system.

Moreover, a controller based on adaptive feedback linearization technique is
designed by considering the dynamic equation of the movement vector obtained in
equation (4.19).

In Chapter 3, Section 3.3.3 the following equations were derived while designing

the FL controller for (z,Uy), (y, U2), (z,Us) and (¢, Us) subsystems, namely

. . I ]
2®) = _@sin ¢ cos Hﬂ — 6 cos ¢sin F)2 -+ €oS ¢ cos 921— (4.20)
m m m
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y® = ~g§]—2 cos ¢ + g;]—zésinqﬁ + 2g¢psin ¢ + g¢° cos ¢ (4.21)

a® = g@ cosf — g&ésine — 266 sin @ — g6 cos b (4.22)
Iyy Yy
o = j_fi (4.23)

Without loss of generality, let us assume that the partial LOE fault has oc-

curred in the first actuator and the other three actuators are healthy, that is

Tl = AﬂTl + Btlul + Ct
(4.24)

T, = AT, + B, +C, for i=2314

where Ay = k*A, and By = k2B,.

The dynamics of the movement vector defined in (4.15) can be written as

[ Uy 1T HAn +34) 0 3-Aa+A) H(—Au+A4) [ U ]
Us | 0 Ay 0 0 Us
Us LH-An+A) 0 3Aa+A) 2(4n-A) Us
| Ui | | &(-Au+A) 0 g5(Aa—A) §(Aa+3A) | | Us | 1)

By By _ B; B, Ui

0o -IB, 0 B u .
+ + (LyrCr)

—"lBtl 0 lBt 0 usg

“‘éBtl %Bt ‘—%Bt %Bt Ug

The above dynamic equation is then substituted in the equations (4.20) to

(4.23) and could be rewritten in a compact matrix form. Here we are seeking a form
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to separate the terms that are related to the unknown variables Ay and By;. This

is done in the following equation as

23 By 0 0 O w
y ) 0 B, 0 0 Uy
=R+ A F+F3 (4.26)
z® 0 0 B O© us
»® 0 0 0 B Uy

where

—¢sin g cos 0% - écosqbsin&% + WS—OAL(%Ul +1Us + 4%(]4) +4C,

i ' ng—iqa sin ¢ + g¢3 cos ¢ — 7= cospAUz
: 1= . .
—Sgg—zesinﬁ — g63cosh + —-—g;:jeAt(éUl +3Us — 5Us)

L ALV — £Us + 3Us)

5 Iz g
(4.27a)
cosd:ncose(%Ul __ %U;g _ faUz;)
0
Fp = (4.27b)
22040+ JUs + U
| AU+ apUs + 3Us)
[ cosgcosf cosgpcosf cosgpcosf  cos¢cosf ]
0 g e o)
F3 = oz ez (4.27c)
_QCOSGZ 0 QCOSGZ O
Tyy Tyy
=D @ D 6
The input signal u is defined as
_ - - 4y —1 - -
ur Btl 0 0 0 wi
(73] 0 Bt 0 0 w2 ~
=| R —F — AnF (4.28)
us 0 0 Bt 0 ws
g 0 0 0 B Wy
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where A'ﬂ and Btl are the estimates of the unknown parameters A,; and B;; and

T
the new control input vector W = [ w] wy W3 Wi ] is to be defined so that the

stability and control (LQR) of the feedback linearized system is achieved.
By applying the control law defined in (4.28) to the system in (4.26), the

closed-loop dynamics could be written as

B - -

23 By 0 0 0 Bha 0 0 O

y® 0 B 0 O 0 B 0 O
=F +AuF2+ F3

z® 0 0 B 0 0 0 B ©

»® 0 0 0 B 0 0 0 B

Wy

—F1 - AuFy

(4.29)

It is possible to simplify the above equation by using the following relation,

that is
— ) 4 - - -1 _
Bi 0 0 0 |[Bs 0 0 0 gz—ioooT
0 B, 0 0 0O B, 0 0 0 100
0 0 B, 0 o 0o B O| |0 010
0 0o 0o B[ 0 0 0 B | | 0 00 1|
[ Bu=Bu ¢ ¢ o |
"
| o o000
| 0 o000
0 00 0]

o o O

10

01
0 0

[l e N e}

1

(4.30)

Let us define the estimation error § as the difference between the actual value

of the unknown parameter and its estimate, i.e. §4,, = An —/itl and dp,, = Bn —Bﬂ.

Therefore, equation (4.29) can be rewritten as
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(3)
y(5)
' . =4+ AnF2+ F3
X
¢’(3)
wi
-1 w2
ws
w4
w1
w2
= + 15,4” Fy
w3
Wy
Let )
1
By
0
F4 — F3
0
0

Hence, the linearized dynamics of system (4.31) can be rewritten as

)
y®)

£

¢(3)

o _
E—:OOO
0O 0 00
0 0 00
0O 0 0O
— Fy — AnF

_1
EZO
0 O
"r‘(SBqu
0 0
0 0
000
0 00 )
Fy
0 00
0 0 O

ws

Wy

o o o O

- o -

w9

W3

L Ws J
- - o
o
3

w3
. - W4

- Fy = AnF,

+ (5At1F2 + (53“F4

—F, — AnF

—F — AuF,

(4.31)

(4.32)

(4.33)

The control inputs w1, we, ws and wy are defined according to the following
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equations

wy = 25— k1a(6:) — kaz(é:) — ksz(e2) (4.34)

wy =y — ki (e§0) — oy () = kay (é,) — kay (€)= kay(ey) (4.35)
ws = 25 = kip(e) = koo (e) = kaa(8)s — kan(é)e — Fsalex) (4.36)
wy =P8 — kig(Ey) — kay(éy) — ksy(ey) (4.37)

In the above equations, zg, yq, T4 and v, refer to the desired output variables,
e, = z—24, €y =Y —Yyqand e; = £ — x4 and ey, = Y — 1)y are defined as error signals.
The gain vectors K, = [ ki, ko ks, ]1 , Ky = [ kiy koy ksy kay ksy ]F,
K, = [ kie kor ksx kap kse ]F and Ky = [ kiy koy kay ]Tare obtained from
the LQR method as described in Section 3.3.1.

From the equations (4.33) and (4.34) to (4.37), it is possible to write the

dynamic equations of the error signals e, e,, e, and e, as follows

¢ 4 k1és + kasé, + ksse,

(5) (4) (3) - :
ey’ + kiyey + koger’ + ks €, + kg€, + ks e,
:/5) 1y (y4) Yy :(U3) Y-y y-y Y-y - 6A“F2 + 5Bt1F4 (438)
Ex + klmex + k‘g,,;(iz + kgz;er + k4yez + k5x€x '

@) :
61/, + kh/,ed, + kzwew + kgd,ew

It is possible to represent the above equation in the state-space model. The

selected state vector for this purpose is as follows

1
X=ey%éygez@ézwézﬁ)ﬁ)@ézﬁ)£)@]
(4.39)

Therefore, we could form the state-space representation according to the above
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state vector, that is

X = Awex16X + 04, Fy + 65, Fj (4.40)

where

I

F ' (4.41a)

L 4 16x1

Fl ' (4.41b)

Fy

- J416x1

The A(16x16) matrix in equation (4.40) is given by

0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 o 0 1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
0 0 0 0 —ks: O 0 0 —ka O 0 0 —ki; O 0 0
—ksy 0 —kay O 0 —ksyy O 0 0 —kzy O 0 0 —kiy, O 0
0 ks O —kaz O 0 —ksz O 0 0 —koz O 0 0 —kiz O
| o 0 0 0 0 0 0 —ksy O 0 0 —kzy O 0 0 —kiy |
(4.42)

All the eigenvalues of this matrix are negative according to the selection of the k;

parameters, in other words, A is a Hurwitz matrix.
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Now we define the update law for the estimation errors d4,, and dp,, according

to the following equation

day = — (FY'PX + X' PF;) )
4.43

dp, = — (FTPX + XTPF))
where X is the state vector defined in equation (4.39), and P is a (16 x 16) matrix

obtained by solving the following Lyapunov equation, that is
ATP + PA = —Ilﬁxlﬁ (444)

where A matrix is defined in (4.42) and the notation I16x16 denotes an identity
matrix with dimension 16 x 16. It should be noted that since A is a Hurwitz matrix,
P is a positive definite matrix [65).

The following theorem provides a sufficient condition for stability of the closed-

loop system.

Theorem 2. The state trajectories of system (4.40) with the update law for the
estimation errors 84, and dp,, gwen in equation (4.43) are globally stable in the
sense of Lyapunov.

Proof: To carry out the stability analysis, choose the Lyapanov function can-
didate as

1 1
V=(XTPX + 3583, +505,) (4.45)

The derivative of this Lyapunov function along the state trajectories of system (4.40)
yields
V = XTPX + XTPX + (5:4t15~41,1 + 5Bt153t1 (4'46)
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Now, using (4.43) one arrives at the following relation

V = (AX + 64, Fy+ 05, F))"PX + XTP(AX + 04, F} + 65, F})

+ 04, (=F5'PX — XT"PF})) + 6, (—~F," ' PX — XTPFy)

(4.47)
= XTATPX + XTPAX
= XT(ATP+ PA)X
It can be concluded from (4.44) that
V=-XTX | (4.48)

which guarantees the negative semi-definiteness of the derivative function V. This

implies that the origin is a globally stable equilibrium point of the system (4.40).

Remark 1. Stability of system (4.40) implies that the state variables defined in

(4.39) as well as the estimation errors remain bounded as t — oco.

In this section, we studied the case of partial LOE fault recovery by assuming
that the fault has occurred in the first actuator. The same method could be applied
to design three other controllers that accommodate the LOE fault in the other three
actuators. In other words, this module of the fault recovery contains four different
controllers and based upon the information from the FDI unit the proper controller
is selected. In each of these controllers, two parameters, A, and By, related to the
faulty ** actuator are assumed to be unknown and the parameters related to the
healthy actuators are assumed to be known.

It is possible to extend this adaptive FL controller so that only one controller
is designed that is capable of accommodating the partial LOE fault in all actuators.
For this purpose, we assume that A,; and By; for7 = 1,..., 4 are unknown parameters
and should be estimated. Therefore, in case of multiple LOE faults in two or more

actuators, this controller is capable to provide estimates of the parameters that are
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subject to change and guarantee the system stability. This is done in the next

section.

4.4.2 Generalization of the Adaptive Feedback Lineariza-
tion
In this section, we assume that the thrust dynamic parameters according to all the

actuators are unknown variables to be estimated and may have changed due to

partial LOE faults. Therefore,
T, = AT+ B, +C, for i=1,... 4 (4.49)

where A;; = k?A, and By; = k?B, fori=1,....4.
Similar to the previous section, it is possible to rewrite the movement vector

dynamic equation (4.15) to separate the unknown parameters, namely

U1 U - 3Us — Uy 1 — JUs+ 2Us
Uz 0 —LU1+1U2— &U4
| =An + A | * ? i
Us —éU1+%U3+%U4 0
LU4 ] | —4-d—bU1+%U3+%U4 ] | %U1—%U2+7{U4 ]
- - - -
%Ulﬂ-f— %U3— ZleU4 %U1+%U2+%U4
0 LUy + SU2 + Uy
+ A +Au | ! SR (4.50)
LUy +3Us — LUy 0
d d 1 d d 1
L U1 — 5Us + 7Ua ] | ZT)U1+mU2+ZU4 ]

B By B3 Bya U1
0 —lBtQ 0 Bt4 u2
+ + (LurCr)
—IBn 0 lBy3 0 Uu3
| ~$Bu  $Bo —$Bi §Bu | | ua |
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The above dynamic equation is then substituted in the equations (4.20) to (4.23)

and can be rewritten in a matrix form, that is

23 Ba O
y®) 0 Bao
( ) = H[)"‘AtlH1+At2H2+At3H3+At4H4+H5
5
xr
»p® 0 0
where

H():

Hy =

=9e0%¢ (L)) + JUs — £U4)

—psingcosfL — 9cos¢sin9% +4C,

3g%¢7)sin¢ + gq53 Cos ¢
—3g%9$in0 — g63cosf
0

cos ¢ cosf (1U1 _ %US - %IU4)

m 4

0

9088 (LU + 3Us + 45Ua)

I!ﬂ/
1 d d 1
7 (=501 + 5Us + 3Us)

cosgpcosf (1 1 b
el (30— U2+ 3Us)

111:

0

1 d d 1
1 (U1 = g5U2 + §Us)

¢ 6 (1 1 b
cood08l (3Ur + 3Us — gUs)

0
0 (1 1 b
428 (U1 + 3Us — 45Ua)

1 d d 1
7 (=i 0 = 5 Us + 3Us)

95

Bu |

U1

Uz

Uus

(4.51)

(4.52a)

(4.52b)

(4.52¢)

(4.52d)



cos ¢ cos § (%Ul + %U2+?&U4) W

m

=222 (501 + 3Us + 35Ua)

H4 =
0
1 (d 4 1
Tz (4bU1 + oz + 4U4)
cos¢cos® cosgcosf cosgcosf cosgcosf
m m m m
0 gcosd)l 0 _gcosqbl
H5 — I.’EQ: III
__gcosf gcosf
Tyy l 0 Ly . 0

1 d 1 /d 1 - d 1 /d
=5 =@ == 26)

(4.52¢)

(4.52f)

The input signal u is defined in (4.53) so that the system becomes linear,

namely
ul Btl 0 0
u2 0 Bp 0
= | Hy X
us 0 0 B
| g | | 0 0 0

U -
0 w
0 w2
0 ws

Bu | | ws |

- Ho— AuHy — ApHa — Aj3Hz — AygHa

(4.53)

where A, and B,; are the estimates of the unknown parameters A, and By for

i=1,... 4

Similar to the previous section, it is possible to form the closed-loop equation

of the feedback linearized system as follows

,®
o

1/,(3)

w1
wo 4 4
+ Z (5AtiHi) + Z (6Bnci)
w3 =1 =1
Wy
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where

1
B 00 O wy
0 00 0| _||w ) ) . )
Gy = Hs Hy — Ho — ApHy — AppHz — AysH3 — ApaHy
0 00O w3 .
0 00 0 | wy |
(4.55a)
0O 0 00 w1
0 2= 00| wa. . . . .
G2 = Hs 2 Hy — Hy — ApHy — AppHa — AgsHs —~ AyHy
0O 0 00 w3
[0 0 0 0] | wy |
(4.55b)
00 0 O w1
00 0 0| _||w A i i )
Gz =Hjs . Hg — Hyo — ApHy1 — AppH2 — AjsHs — AjaHy
0 0 B 0 w3
00 0 0 | wi |
(4.55¢)
000 O w1
000 0 | ||w . ) . .
G4 = Hs Hg — Ho — AnHy — AppHo — AizsH3 — AwaHy
0 00 O w3
1
L 0 O 0 *BTB‘ ] | w4 |

(4.55d)

The control inputs wy, ws, ws and wy are defined according to the equations (4.28)
to (4.31).

The update law for the parameter estimation error signals 0 4,, and dp,, is then

set as

da, = — (HTPX + XTPH])
» (4.56)
dp, = — (GFPX + XTPG))

where the matrix P and the vector X are given by (4.39) and (4.44), and the vectors
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H] and G are defined as follows

H =1 (4.57a)

L - 16x1

Gi=1 (4.57Db)

G;

L 4 16x1

The following theorem is an generalization to Theorem 2 and provides a suffi-

cient condition for the stability of the closed-loop system (4.54) and (4.56).

Theorem 3. The state trajectories of system (4.54) with the update law for the
estimation errors 64, and &g, fori =1,...4 given in equation (4.56) are globally
stable in the sense of Lyapunov.

Proof: To carry out the stability analysis, choose the Lyapanov function can-

didate as

4 4
T 1 1
V=(X"PX +5 > 6%+ 5 > 6%,.) (4.58)
=1 1=1

The derivative of this Lyapunov function along the state trajectories of the system
in (4.54) yields |
. 4 . 4 .
V=XTPX+XTPX+ 64,00, + Y 0n.n, (4.59)
i=1 i=1

Now, using (4.56) one arrives at the following relation
V=-Xx"X (4.60)
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which guarantees the negative semi-definiteness of V. This implies that the origin

is a globally stable equilibrium point of the system (4.54) and (4.56).

Remark 2. Stability of the system (4.54)and (4.56) implies that the state variables

defined in (4.89) as well as the estimation errors remain bounded as t — oo.

The above theorem states that the control of the system is no longer dependent
on prior knowledge of the actuator thrust dynamic parameters and these parameters
could be estimated from the input and states signals of the system, provided that
all the states of the system are available. Therefore, if the LOE fault occur in
one of the actuators, the parameter estimation module is able to estimate the post
fault model of the actuators and compensates for the error effects in the system by
proper commanding the healthy and faulty actuators and guarantee the closed-loop

stability of the system.

4.5 LIP, Float and HOF Faults Modeling

In this section, a short discussion on the effects of LIP, float and HOF faults in
an actuator is provided. However, our proposed method for adaptive feedback lin-
earization is shown to be inadequate for these types of faults as a result of the fact
that the quadrotor is an under-actuated system.

In case of these types of faults, one of the actuators is either stuck in a certain
speed with no possibility of controlling it as in the LIP and HOF or fully nonfunc-
tional as in the float fault. Without loss of generality, let us assume that one of
these faults has occurred in the first rotor and the remaining actuators are healthy.

Therefore, the speed of the first rotor has been frozen at a certain point, that is
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where

0, , Vt < t;;, Float
=14, Vt <ty LIP (4.62)
Qim or QiMa ) Vtstfu HOF

where ), is the actual output of the actuator, {; is a value within the range of
operation of the it* actuator frozen at the time of failure and €2, and {2;p; are the
upper and lower limit.

The resulting thrust force from the faulty first actuator is given by
T, = bQ3 (4.63)
The term T y, becomes zero as Ty stays constant, that is

T, =0
(4.64)

T, = AT, + Bu, +C, for i=2,34

The input moments after the total LOE fault would also change according to the

following equation, namely

(

Uy =2 +To+ T3+ Ty

Uy = —IT5 + 1T} (465)

Us = —1(602) + 1T

Us = —2(608) + 4T, — 4T3 + 4T
| _

Therefore, the dynamics of the input moments become
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\

Us

Us

Us = LA,(=Ty + T4) + I By(—ug + ua)

lAtTg + lBt’U,3 + Ct

Ul = A(To + T3+ Ts) + By (uz + us + ug) + 4C;

(4.66)

%At(Tz — T3+ T4) + %Bg('dg —uz + U4)

It is possible to rewrite the dynamic equations in (4.66) in a matrix form as in the

follovﬁng

Uy
U
Us

U

| I

U,
Uz
Us
U,

1 1 1
u2
10
0 1 0
4 4 a | L™
L b b 5 L

—A,(bQ7) +4C,

A2 + C

d
b

T

0
(4.67)

A (b927)

Similar to the previous sections, the goal is to control the position (z,y. z) and

the heading angle, 1), of the quadrotor. Substituting the above dynamic equation in

equations (4.20) to (4.23) results in the following open-loop dynamic equations for

the quadrotor system, namely

e

2(5)

¢(3)

where

1

=G1+Go

Ay

Gy

= I~ 1
U 1 1 1 1
u2
Us — 0 1
+ Bt U3
Us 0 l 0
| d d ta
| Us | L5 % §

—ésingbcos 9% — écos¢sin
3g,‘i—iq§sin ® + g3 cos p
—30Y0sing — g3

3g1yy95m0 gf° cos 6

0
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Uy
0’!’",

—A,(bQ2%) + 4C,
0
Ad(bQ2) + Cy

44,003)
(4.68)

(4.69a)




Gy =

cos ¢ cost
m

0
0
0

0

—gcose
III

0
0

0
0

gcosf

Iyy

0

Izz

(4.69b)

We are seeking a control law to first feedback linearize the system equations

and then to stabilize the closed-loop dynamics. If we let the linearized equation to

be

,@3)

V(S)
L ,(L

i i 1

w1

wWa

ws

W4

- (4.70)

then the input voltage to the remaining healthy actuators should satisfy the following

equation, that is

— E — - - - —

— A, (bO3) + 4C;

1 1 1 wi Uy
u2

-1 0 1 1 4 w9 Uo 0
us = §G2 — G] — G2At - G2 _

0 I 0 t w3 : Us AL (b92) + Cy
U4

| ¢ -4 4] | | vy | {4,60%)
(4.71)

It should be noted that the input vector [ Us U3 Ug } is left multiplied by a
nonsquare matrix of the (4 x 3) dimension. Since the number of coloums is larger
than the number of rows, this matrix is left invertible. In other words, since the
number of free parameters u; for i = 2,...,4 is less than the number of equations,
which is four, the above equation does not have a solution.

If we select to only control three of the outputs, for example z, ¥ and ¥, the
above equation has a unique solution as one of the equations would be deleted.
The problem in this case is that by controlling only three outputs, the uncontrolled

output could become unstable, for example z. The physical interpretation here
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could be explained by the fact that in hovering condition the thrust forces from all

the actuators should satisfy the following criteria, that is

T1+T2+T3+T4:U1:mg
-Th+Ty=0
~-T+T3=0

N+ Th-T3+Ty=0

\

(4.72)

where myg is the force due to gravity. This means that at hovering 7; = ¢ for

i = 1,...,4. Each of these cquations is satisfied by controlling z, v, « and ¢

respectively. Let’s assume that a LIP, float or HOF fault has occurred in one of the

actuators, i.e the first actuator, therefore, T3 = b{)3 and we select to control only

three outputs say z, y and ¢). We now have

Therefore,

(

T2+T3+T4=mg—b§_2%

{-To+Ty=0

Ty — Ts + Ty = b2
\

;

Ty = b2
T, = m2
Ty =m0 — 6002
T, =me
T2

(4.73)

(4.74)

This results in —T; + T3 = 52 — 2k # 0. This an additive force that generates a roll

moment and results in an unstable movement of the quadrotor in the z direction.
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4.6 Simulation Results

In this section the behavior of the quadrotor model with the fault recovery mech-
anism is studied through simulation results. Similar to the previous chapter, the
model used for simulation is OS4 developed in Ecole Polythechnique Federal De
Lausanne [1}. The model used for control design is approximately nonlinear but we
have implemented the fully nonlinear model of the quadrotor as well as the actu-
ators for simulation and additive white Gaussian noise is also added to input and
output channels to simulate a more realistic environment. The additive noise power
is selected so that the signal to noise rate is approximately 15 db.

The desired trajectory commanded to the system is similar to the 1st trajectory
in Chapter 3, Section 3.4. The mission starts at the position (z,y, z) = (0, 0, 0) while
the roll, the pitch and the yaw angles are initially equal to zero. The commanded
trajectory is to fly from the initial point to the point (10,10,10)(m) in 20 seconds
and hovering at this point. The fault trajectory here assumes partial LOE failure
in the first actuator at time = 50 sec. Three different fault severities are simulated
where the first actuator losses 10%, 25% and 50% of its effectiveness. It should be
noted that in this work we have not considered the limits on the input voltage to
the actuators. Therefore, although it is possible to simulate higher severity of fault
scenario , but this may not be practical due to physical limitations and constraints
of the actuators in reality.

10% LOE in the 1st actuator

The first set of simulations is related to a scenario where a 10% partial LOE
fault has occured in the first actuator at time = 50 sec without the fault recovery
mechanism. Figures 4.2, 4.3, 4.4 and 4.5 show the linear position, Euler angles, input
signals and the error signals corresponding to the commanded trajectory and the
observed outputs for this scenario. It is seen that only 10% LOE in the first actuator

leads to a relatively large error (approximately 80%) in the output z. Higher severity
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of LOE fault in one actuator leads to significantly large error signals that even can
make the system outputs unstable. Specifically, a 25% of LOE fault without fault
recovery mechanism leads to an unstable system.

The second set of simulations is related to a scenario where the fault tolerant
controller is implemented in the closed-loop system and a 10% partial LOE fault
has occured in the first actuator at time = 50 sec. Figures 4.6, 4.7 and 4.8 and 4.9
show the linear position, Euler angles, input signals and the estimated parameters of
the faulty actuator corresponding to this scenario. Error signals are also depicted in
Figure 4.10. It can be seen that with the parameter estimation module and the fault
recovery algorithm, the outputs of the system affected by the LOE fault as depicted
in the previous set of simulations, converge to the desired commanded trajectories
even after the occurrence of the fault and the error signals also converge to zero as
t — 00.

25% LOE in the 1st Actutor

Figures 4.11, 4.12 and 4.13 and 4.14 show the linear position, Euler angles,
input signals and the estimated parameters of the faulty actuator corresponding
to a 25% LOE fault in the first actuator at time = 50 sec. Error signals are also
depicted in Figure 4.15. Without the fault recovery mechanism, the outputs of the
system subject to %25 LOE fault become unstable bﬁt as can be seen with the fault
recovery the error signals converge to zero after the fault occurence as t — oo.

50% LOE in the 1st Actutor

Figures 4.16, 4.17 and 4.18 and 4.19 show the linear position, Euler angles,
input signals and the estimated parameters of the faulty actuator corresponding
to a 50% LOE fault in the first actuator at time = 50 sec. Error signals are also
depicted in Figure 4.20. Without the fault recovery mechanism, the outputs of the
system subject to a 50% LOE fault become unstable but as can be seen with the

fault recovery the error signals converge to zero after the fault occurence as { — co.
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Multiple Faults in Two Actuators

In order to show the performance of the adaptive feedback controller in case
of multiple fault occurrences, we simulate the closed-loop system assuming that
the 10% partial LOE fault will occur in both the first and the fourth actuators at
different times, i.e. time = 50 sec in the first one and time = 80 sec in the fourth
one. Figures 4.21, 4.22, 4.23 and 4.24 show the linear position, Euler angles, input
signals and the error signals between the commanded trajectory and the observed
outputs corresponding to this scenario, while there is no fault recovery mechanism.
The effect of the LOE fault in the first actuator mostly appear on the x output while
the y output is the one subject to change due to the fault in the fourth actuator.
The error signals in this case show relatively considerable difference between the
desired output and the observed ones.

Figures 4.25, 4.26 and 4.27 and 4.28 show the linear position, Euler angles,
input signals and the estimated parameters of the faulty actuator corresponding to
10% LOE fault in the first actuator at time = 50 sec and the same fault in the fourth
actuator at time = 80 sec with the fault recovery mechanism. The error signals are
depicted in Figure 4.29 and as expected they converge to zero as t — oo.

In order to gain a better understanding of the performance of the proposed
adaptive feedback controller in presence of faults, Table 4.1 shows the mean and
standard deviation values of the error signals in steady state for all the above sce-
narios. It should be noted that all the simulations were performed for the duration
of 180 seconds and with the 'presence of the similar additive noise on the output
signals as well as input signals. The results indicate, in general, that the system
recovered from the LOE fault presents error signals with small mean values and
prevents the faulty system to become unstable. In other words, the performance of
the system recovered from faults has considerably been improved with respect to

the faulty system.
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Table 4.2 shows the mean values related to the input signals to the rotors in
the above mentioned scenarios. It should be noted that we have not considered
limits on the input signals in this work, however, in practice this is an important
factor to be considered. Table 4.2 shows that due to higher LOE severity fault in
an actuator, higher level of input voltage is required. It is possible to verify the
maximum level of LOE fault that the quadrotor is capable of recovering by knowing

a priori the limits and bounds on the input voltage.
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4.7 Conclusions

This chapter has presented different fault characteristics in actuators and the effects
of actuator faults on the quadrotor system. The feedback linearization controller
developed in Chapter 3 is generalized to be able to compensate partial LOE fault
effects on the system. This is accomplished by introducing a parameter estimation
algorithm and deriving proper update laws for the parameters subject to changes
due to the presence of LOE fault. The algorithm is extended to monitor all the four
actuators performance to be able to recover from multiple occurrence of LOE fault
in different actuators. It is shown the system is able to recover from partial LOE
fault automatically. Simulation results are presented in this chapter that show the
effectiveness of our designed controller in presence of faults in actuators.

Next chapter will discuss the conclusions of this thesis and future work to be

conducted on fault recovery of under-actuated quadrotor aerial vehicle.
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Figure 4.2: Linear position in response to the commanded trajectory corresponding
to a 10% LOE fault in the first actnator and without fault recovery mechanism: (a)
x, (b) y and (c) z, measured in meters.
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Figure 4.3: Euler angles in response to the commanded trajectory corresponding to

a 10% LOE fault in the first actuator and without fault recovery mechanism: (a)
Roll (rad), (b) Pitch (rad) and (c) Yaw (rad).
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Figure 4.4: Input signals in response to the commanded trajectory corresponding
to a 10% LOE fault in the first actuator and without fault recovery mechanism.
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Figure 4.5: Error signals e, e,, e, measured in meters and e, in radians in response

to the commanded trajectory corresponding to a 10% LOE fault in the first actuator
and without fault recovery mechanism. :
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Figure 4.6: Linear position in response to the commanded trajectory corresponding
to a 10% LOE fault in the first actuator and with the fault recovery mechanism: (a)

x, (b) v and (c) z, measured in meters.
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Figure 4.8: Input signals in response to the commanded trajectory corresponding
to a 10% LOE fault in the first actuator with the fault recovery mechanism.

117



_15.5 T T T T T 1 1 T

-15, :

-15.61 : .

<& -15.6% :

-15.63

|

-15.64

_156 L 1 i 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180

time (sec)

(b)
25 T T T T T T T ¥

21 1 1 ] 1 1 1 1 !
0 20 40 60 80 100 120 140 160 180

time (sec)
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Figure 4.11: Linear position in response to the commanded trajectory corresponding
to a 25% LOE fault in the first actuator with the fault recovery mechanism: (a) x,
(b) y and (c) z, measured in meters.
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Figure 4.12: Euler angles in response to the commanded trajectory corresponding

to a 25% LOE fault in the first actuator with the fault recovery mechanism: (a)
Roll (rad), (b) Pitch (rad) and (c) Yaw (rad).

121



20

(a)
Z 1s5f ’ -
5
10L T T ! 1 } 1 1 | 7
0 20 40 60 80 100 - 120 140 160 180
time (sec)
(b)
12
=
;;\, 10
8 | . 1 | | i
0 20 40 © 60 80 100 120 140 160 180
time (sec)
(c)
12 T T T T T T T T
=
;,, 10
8 1 1 ] H | 1 1 I
0 20 40 60 80 100 120 140 160 180
time (sec)
(d)
12 T T T T T T L T
=
‘3; 10
8 1 i ! I 1 1 1 L
0 20 40 60 80 100 120 140 160 180
time (sec)

Figure 4.13: Input signals in response to the commanded trajectory corresponding
to a 25% LOE fault in the first actuator with the fault recovery mechanism.
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Figure 4.15: Error signals e, e, e, measured in meters and e, in radians in response
to the commanded trajectory corresponding to a 25% LOE fault in the first actuator
with the fault recovery mechanism. ‘
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Figure 4.16: Linear position in response to the commanded trajectory corresponding
to a 50% LOE fault in the first actuator with the fault recovery mechanism: (a) x,
(b) y and (c) z, measured in meters.
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Figure 4.17: Euler angles in response to the commanded trajectory corresponding
to a 50% LOE fault in the first actuator with the fault recovery mechanism: (a)
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126



50

(a)
2 !
3‘- I
O I 1 Il | l_ 1 ] 1
0 20 40 60 80 100 120 140 160 180
time (sec)
(b)
15 T T T T T T T T
s 10 B I -
= 5 _
O 1 1 | 1 | 1 | 1
0 20 40 60 80 100 120 140 160 180
time (sec)
(c)
15 T T T T T T
s 10 h, %L
5 5t i
0 1 1 i 1 1 ! I L
0 20 40 60 80 100 120 140 160 180
time (sec)
(d)
15 T T T T T T T H
s 10 A S
s' 51 —
0 ] ! 1 ! 1 1 1 |
0 20 40 60 80 100 120 140 160 180
time (sec)

Figure 4.18: Input signals in response to the commanded trajectory corresponding

to a 50% LOE fault in the first actuator with the fault recovery mechanism.
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Figure 4.20: Error signals e, e,, e, measured in meters and e, in radians in response
to the commanded trajectory corresponding to a 50% LOE fault in the first actuator
with the fault recovery mechanism.
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Figure 4.21: Linear position in response to the commanded trajectory corresponding
to a 10% LOE fault in the first and 4th actuator and without the fault recovery
mechanism: (a) x, (b) y and (c) z, measured in meters.
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Figure 4.22: Euler angles in response to the commanded trajectory corresponding
to a 10% LOE fault in the first and 4th actuators and without the fault recovery
mechanism: (a) Roll (rad), (b) Pitch (rad) and (c) Yaw (rad).
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Figure 4.24: Error signals e,, e,, e, measured in meters and e, in radians in response
to the commanded trajectory corresponding to a 10% LOE fault in the first and 4th
actuators without the fault recovery mechanism.
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Figure 4.25: Linear position in response to the commanded trajectory correspond-
ing to a 10% LOE fault in the first and 4th actuator and with the fault recovery
mechanism: (a) x, (b) y and (c) z, measured in meters.

134



(a)

—~ 0.5} 4
©
f
E 0 f‘“w J\/
__0. | 1 I I ! | 1 ]
0 20 40 60 80 100 120 140 160 180
time (sec)
(b)
1 T T T H T T T T
05f =
<)
o
= 0
i)
a‘ I\
-0.9 .
__1 1 1 H 1 H | { !
0 20 40 60 80 100 120 140 160 180
time (sec)

(©

1 1
0 20 40 60 80 100 120 140 160 180
time (sec)

Figure 4.26: Euler angles in response to the commanded trajectory corresponding
to a 10% LOE fault in the first and 4th actuators and with the fault recovery
mechanism: (a) Roll (rad), (b) Pitch (rad) and (c) Yaw (rad).
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Figure 4.27: Input signals in response to the commanded trajectory corresponding
to a 10% LOE fault in the first and 4th actuators with the fault recovery mechanism.
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Figure 4.28: Estimated parameters in response to the commanded trajectory corre-
sponding to a 10% LOE fault in the first and 4th actuators with the fault recovery
mechanism: (a) Ay and (b) By
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Figure 4.29: Error signals e,, e, e, measured in meters and e, in radians in response
to the commanded trajectory corresponding to a 10% LOE fault in the first and 4th
actuators with the fault recovery mechanism.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

In this thesis, a fault recovery module by employing an adaptive feedback lineariza-
tion technique is developed and applied to an under-actuated quadrotor aerial vehi-
cle. Partial LOE fault is simulated as variation in certain actuator parameters. A
parameter estimation scheme is designed to monitor the performance of the actua-
tors. The stability of the closed-loop system in presence of LOE actuator faults is
ensured by proper adaptive update laws.

As the first step, the mathematical model of the quadrotor system is presented
by employing the Newton-Euler formulations as well as the dynamic equations of
the actuators are formally incorporated. A comprehensive and detailed models on
the coordinate systems, the kinematics and the dynamics model of the quadrotor
and the actuators are also provided.

The dynamics of the quadrotor model are partitioned into four semi-decoupled
subsystems by considering some approximations at the hovering condition. Further-
more, the dynamics governing the input moments to the quadrotor are derived and

considered in the controller design for the system. Feedback linearization and LQR
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techniques are employed to design controllers for the nonlinear subsystems. A for-
mal analysis is conducted to show that the closed-loop system is asymptotically
stable. Simulation results are performed in MATLAB simulink and presented to
elucidate the performance of the nominal controller under different trajectories in
healthy conditions. In order to simulate a more realistic environment, we have added
noise to the output signals as well as inputs. Furthermore, the robustness of the
designed controller is evaluated through simulations and by assuming variations in
some of the model parameters. The simulations show satisfactory performance of
the designed controller for the healthy quadrotor according to the design criteria.

Different types of faults namely LIP, HOF, float and LOE in actuators are
discussed. A complete analysis of the effects of each fault on the quadrotbr system
is provided. The solution proposed for the fault recovery in actuators is shown to
be effective for the recovery from LOE fault. The feedback linearization controller
developed for the healthy quadrotor is generalized to compensate partial LOE fault
effects on the system. This is accomplished by introducing a parameter estimation
algorithm and deriving proper update laws for the parameters subject to changes
due to the presence of the LOE fault. The algori"chm is extended to monitor the
performance of all the four actuators to recover from multiple occurrences of LOE
faults. Stability analysis of the closed-loop system with the embedded fault recov-
ery scheme is also provided. A discussion on the modeling of the LIP, HOF and
float faults is provided that indicates that our proposed fault recovery method is
inadequate for recovering from these types of faults. This is due to the fact that
the quadrotor is an under-actuated system and there is no redundant actuator to
compensate for the effect of these types of faults.

Simulation results are presented to show the effectivencss of our proposed
fault recovery methods in presence of the LOE fault in actuators. Different fault

scenarios with different severities of the LOE faults in one actuator are discussed
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and the performance of the closed-loop system with and without our proposed fault
recovery strategy is evaluated through simulations. In some of the fault scenarios the
system bgcomes unstable without the fault recovery module, however, by including
the fault recovery élgorithm the system remains stable and the output error signals
remain bounded and finally converge to.zero within a sufficiently fast time.

The recovery algorithm is also evaluated for the case of multiple LOE fault
occurrences in two different actuators. Due to the capability of our proposed gen-
eralized fault recovery algorithm to accommodate multiple faults in different actu-
ators, the results obtained through simulation show satisfactory performance of the
controller.

A quantitative evaluation of the results is also made in order to compare the
performance of the quadrotor system under faults with and without our proposed
recovery strategy. The mean and standard deviations of the output error signals are
used for this analysis. The results demonstrate that the performance of the system
under recovery is considerably more efficient than the system under fault with no

recovery solution.

5.2 Future work

The present work has made some assumptions and approximations to partition the
nonlinear model of the quadrotor into four semi-decoupled subsystems. The dynamic
equations for the input moments to the quadrotor are also linearized. It is clear that
more accuracy is obtained by considering the fully nonlinear model of the system
for designing the controllers.

Environmental disturbances, such as wind gust can also be included in the
model of the quadrotor. This could be performed by considering the wind gust as

an additive torque in a certain direction. Parameters of the wind gust should be
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estimated by employing proper estimation methods so that the designed controllers
are capable of canceling the effects of this disturbance on the system.

Physical limits and and bounds on the input voltages to the actuators may
also be incorporated in the designed fault recovery algorithm so that the results are
more realistic and closer to the actual quadrotor system.

The analysis of the system should incorporéte the cffects of delay in fault
detection and inaccuracies by the fault detection and isolation module. This would
make it possible to determine the maximum allowable delays in the fault recovery
or fault detection system to guarantee the stability of the closed-loop system.

Another direction of the further work can also be on developing a fault recovery
algorithm in case of LIP, HOF and float faults in actuators for the under-actuated
quadrotor system. Control allocation techniques may be a proper method to inves-
tigate for the fault recovery from these types of faults.

The concentration of this work was on recovery from faults that may occur
in actuators. Faults in sensors of the system may also affect the performance of
the system. Hence, another direction of future studies can be on developing fault
recovery strategies to recover from faults in different sensors of the quadrotor aerial

vehicle.
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