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Abstract: Unmanned aerial vehicles (UAVS) have become more promising and developed very
rapidly over the past decade. As a key and enabling technique for ensuring the safe flight as well
as wide and various practical uses of UAVs, fault-tolerant control (FTC) techniques have been
drawn more attention and developed in the presence of actuator faults in recent years worldwide.
This paper first presents a brief overview of several existing UAVs platforms and brief review to
the existing FTC techniques applied to UAVS. Then, descriptions on a developed unmanned
quadrotor helicopter system (named as Qabll-X4) are stated with emphasis on the hardware,
software, and modeling aspects of a UAV system from control engineering system viewpoint.
Finally, two newly investigated FTC algorithms with experimental tests to the Qball-X4 UAV
are presented.
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1 Introduction
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As compared to a manned aircraft, a powered aerial
vehicle without a pilot onboard, which is capable of 1)
flying in an autonomous or remotely controlled
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manner and 2) carrying a payload to complete specific
missions, is named as an unmanned aerial vehicle
(UAV) M. UAVs have gained increasing interest in
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both civilian and military domains due to the
promising potential in intelligence, surveillance, and
reconnaissance (ISR) applications. As shown in Fig. 1,
existing UAVs can be grouped into fixed-wing,
rotary-wing, and tilt-wing types, respectively.
According to the characteristics of UAV weight, flying
range, endurance, and altitude, UAVs can also be
classified into several categories as indicated in Tab. 1
and Tab. 2.

Fixed-wing UAV Tilt-wing UAV

Fig. 1 UAV classification based on wing configuration

Fig. 1 ETHERFBNTAN S

Tab. 1 Classification of UAVs by weight
Tab. 1 £ETEEMTAN T L

Category Gross Weight
Micro <5kg
Light 5~50 kg

Medium 50~200 kg
Heavy 200~2 000 kg

Super Heavy >2 000 kg

Tab. 2 Classifications of UAVs by endurance, range, and

altitude
Tab. 2 T4, AEMSERNTANS %
Category Flying Range Endurance Altitude
Low <100 km <5 hours <1 km
Medium 100~400 km 5~24 hours 1~10 km
Long/High >400 km >24 hours >10 km

New generations of UAVs are designed to achieve
missions not only with increased efficiency, but also
with more safety. UAV component malfunctions or
structure failures may occur during the course of a
mission, which can significantly affect the flight safety
and the mission accomplishment. In this sense, UAVs
are regarded as mission-critical systems, demanding a
specific level of fault-tolerant capability. Moreover,
how to meet the reliability requirements of the UAV
when flying in complex environments is still very
challenging, as pointed out in . For more realistic
applications, a variety of fault-tolerant control (FTC)
methodologies have been proposed to guarantee the
UAV safety and survivability in the presence of faults

[3-121 This paper is an extension of the published papers
with emphasis on a system viewpoint towards a
practical and reliable UAV system. Moreover, FTC, as
one of key challenging and necessary techniques
making UAV more applicable and reliable for future
practical uses in various civilian applications, has been
emphasized.

Existing literature concerning UAV FTC system
design has been dominated by two sorts: passive and
active strategies (%14, With application to UAVS,
normal flight conditions as well as catastrophic and
high probability failures are prescribed in the design
process. Thus, a passive FTC is capable of ensuring
flight safety and an acceptable level of performance
when the pre-considered faults occur. On the other
hand, a fault detection and diagnosis (FDD) unit, a
reconfigurable controller, and a control reconfiguration
mechanism construct a typical active FTC 13-4, Based
on the information from an FDD unit, the flight
controller can be reconfigured/adapted to manage
system redundancy against the identified faults.

UAVs possessing four rotors (also named as
unmanned quadrotor) have been widely used as a new
platform for development and validation of FTC
techniques in view of their simple structure and
existing hardware redundancy although limited. The
main focus of this paper is on 1) reviewing an
unmanned quadrotor system; 2) developing several
FTC techniques to accommodate the quadrotor faults;
and 3) implementing the designed FTC algorithms into
the unmanned quadrotor system for experimental
validation.

The remainder of this paper is organized as follows.
Overview of an unmanned quadrotor system is
presented in Section 2, where the primary subsystems
and quadrotor system modeling are detailed. Two
typical FTC methods are developed with application to
the quadrotor UAV in Section 3. Section 4 analyzes the
flight test results, followed by some concluding
remarks in Section 5.

2 Overview of an Unmanned Quadrotor
System

As it is well-known and shown in Fig. 2, for
building a control system, it is necessary for having
suitable actuator(s), sensor(s), and controller(s) to
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provide satisfactory performance of the system.
Appropriate controllers play an important role in
forming the closed-loop through feedback from
sensors information for linking to actuators to govern
the behavior (stability, performance, robustness, and
fault-tolerance etc.) of the system.

Disturbances Disturbances Disturbances
Noises ! Nnises: Noises :

RN

Inputs
——P(%)—b Controllers H»{ Actuators H»{ System [ Sensors

Fig. 2 General architecture and components of a control

Outputs

system
Fig. 2 {25 R G AR ERFIER RS
2.1 Architecture and Components of a Quadrotor
UAV (Qball-X4)

As a typical control system, the architecture of the
developed quadrotor UAV (Qball-X4) and its
associated system components for flight control
applications are illustrated in Fig. 3.

Cameras ' - ) '
‘ \

HiQ and
W k% Gumstix
_ Wireless \- \Van Wy
=\ connection e
i Qball-X4

Ground Sl)lliol.l 7
Fig. 3 The architecture of unmanned quadrotor system
Fig. 3 T AMIER RSG5

The quadrotor UAV developed by Quanser Inc. at
Canada is enclosed within a protective carbon round
cage (thus called as Qball-X4) to ensure the safe
operation. Such a quadrotor UAV was initially
developed through a Strategic Project Grant (SPG)
during 2007-2010 and a Discovery Project Grant
(DPG) during 2007-2011 leading by the first author at
Concordia University and financially supported by
Natural Sciences and Engineering Research Council of
Canada (NSERC) with Quanser Inc. as one of three
industrial supporting organizations. As the actuators of
the Qball-X4 system, four propellers of 10-inch length
and standard RC motors together with speed
controllers are mounted in Qball-X4. The Quanser
embedded control module (QECM) consists of a
Quanser HiQ aero data acquisition card (which can

provide high-resolution accelerometer, gyroscope, and
inertial measurement unit (IMU) sensors and servo
outputs to control four motors) and a QuaRC-powered
Gumstix embedded processor, as the hardware and
software platform of the Qball-X4 system controller.
QuaRC is a Quanser designed software environment
which converts MATLAB/Simulink  codes
systematically and automatically into C-code to be
complied by Real-Time Workshop of the
MATLAB/Simulink environment for real-time control
applications. The Gumstix single-chip processor has
been selected as the microcontroller which allows for
fast developing and deploying controllers in
MATLAB/Simulink environment of the ground station
to control the flight of Qball-X4 through the QuaRC
interface. The interaction between the ground station
and Qball-X4 is completed via  wireless
communications. Moreover, cameras, as sensors of the
UAV system, are applied for in-door experiments, such
that the position information of the Qball-X4 can be
obtained in real-time for feedback control purpose.

As can be observed from Fig. 4, the Qball-X4
quadrotor UAV consists of three major parts: 1) the
actuators; 2) the geometry; and 3) Qball-X4 dynamics.
The actuators are composed of the electronic speed
controllers (ESCs), motors, and propellers in a set of
four. The input vector of the propeller devices is
u=[u,u,,u,,u,]", which is in the form of pulse width
modulation (PWM) signals. The output vector of the
propeller  devices is the  thrust  vector
T =[T,,T,,T,,T,]" . The geometry linking the generated
thrusts to the applied lifts and torques corresponds to
the position and orientation of the propellers with
respect to the center of the Qball-X4 mass. The
dynamics of the Qball-X4 UAV represents the
relationships between the output of geometry and the
position, velocity, and acceleration.

P: position
i (PWM) T T postic
—_— =V velocity

Actuators Geometry

_ | Qball-X4
Lift | Dynamics
Torques

Y

Thrusts

Az aceeleration

Actuators

Electronic
Speed
Controllers

= Motors [—=| Propellers

Fig. 4 The block diagram of Qball-X4 UAV
Fig. 4 Qball-X4 T AHIEE]
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2.2 Modeling of the Qball-X4 UAV
2.2.1 Modeling of Actuators

The motors of the Qball-X4 UAV are out-runner
brushless motors. A first-order linear transfer function
is to describe the relationship between the produced
thrust T; of the ith motor and the ith PWM input u;:

T =K

u,i=1---,4 (1)

S+w
where K and o denote a positive gain and motor

bandwidth, respectively.

2.2.2 Modeling of the Control Action/Concept of the
Qball-X4 Based on Its Special Geometry

As shown in Fig. 5 for the schematic representation
of the Qball-X4, the motors and propellers are
configured in such a way so that the back and front (#1
and #2) motors spin counter-clockwise and the left and
right (#3 and #4) spin clockwise.

The distance from the location of each motor and
the center mass of the UAV is denoted by L. A torque
7, is generated by the spinning of the ith motor. The
origin of the body-fixed frame is the UAV's center of
mass with the x-axis pointing from back to front, while
the y-axis pointing from right to left. The thrust T,
produced by the ith propeller always points upward in
the z-direction in parallel to the motor’s rotation axis.

@)

Fig. 5 The schematic representation of Qball-X4
Fig. 5 Qball-X4 RE

The relationship between the lift/torques and the
thrusts of four propellers can be described as:
u=T+T,+T,+T,
u, =L(T,-T,)
u, = L(T,-T,)

U, =0,+7, -7, -1,

@

~—

Moreover, the torque z; (i =1, ..., 4) can be
represented by 7; =K T;, where K, is a constant. By

7

setting T, = Ku, , Eq. (2) can be rewritten as:

u, =K (u, +u, +u; +u,)

u, = KL(u, —u,)

u, =KL(us —u,)

u, = KK, (u,+u, —u; —u,)

®3)

where u, stands for the total lift by four propellers
to be applied to the Qball-X4 UAV in the z-direction.
u,, U, and u, are the applied torques in pitch

© , roll (¢) , and yaw (w) rotations,
respectively.

2.2.3 Modeling of Qball-X4 Dynamics

The Qball-X4 dynamics in a hybrid coordinate
system is described by position dynamics expressed in
the inertial reference frame, and the angular dynamics
represented in the body-fixed reference frame, for the
convenience of modeling and controller design:

mX = u, (cos¢sin @ cosy +singsiny ) -k x
my = u, (cosgsin @siny —singcosy ) -k, y

mZ =u, (cos¢cosd)—mg —k,z
J,p=u,+(J,-J,)ar-JqQ-k,p (4)
J,a=u,+(J,-J3,)pr—J; pQ-k,q

i =u,+(3,-3,) pa—kr

y

where x, y, and z are the coordinates of the
center of the Qball-X4 mass in the inertial frame.
m denotes the Qball-X4 mass, Jx, Jy, and J, are the
moments of inertia along x, y, and z directions,
respectively. 8, ¢, and y denote the pitch, roll,
and yaw Euler angles, while p, q,and r represent
the angular velocities in the body-fixed frame. ky, ky, kz,
ko, kg, and k, are drag coefficients. J, is the
moment of inertia for each motor and Q stands for
the overall speed of propellers:
Q=-0Q-9,+Q,+Q, (5)
where Q. is the ith propeller speed.
The angular rates in the inertial frame (Euler rates)
can be related to those in the body-fixed frame as

follows:

Pl 1 o —sing [ ¢
q|={0 cosg cosdsing | & (6)
r 0 —sing cos@cosg ||y

Under hovering conditions, the matrix in Eq. (6) is
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close to an identity matrix and the angular rates in the
body-fixed reference frame can thereby be treated as
the angular velocities in the inertial reference frame. In
consequence, Eq. (4) can be rewritten as:

mX = u, (cos¢sin @ cosy +singsiny ) -k x

my =u, (cosgsin@siny —singcosy ) -k, y

mZ =u, (cos¢cosd)—mg —k,2
3,0=u,+(3,-3,) 4y -3, 92k,0 Y
Jp=u,+(J,-3,)0p - 1,.0Q-k ¢

3 =u,+(3,-3,)08-k,y

where u,, u,, u., k,, k,,and k_ are replaced by
s+ U, k., k,, and k, for notation
convenience. When the Qball-X4 is flying at low
speeds, a simplified nonlinear model of Eq. (7) can be
obtained by neglecting the drag terms and gyroscopic
and Coriolis-centripetal effects:

mX = u, (cos #sin @ cosy +sin gsiny )
my =u, (cos#sin @siny —sin gcosy )
mZ = u, (cos¢cos &) —mg

J,0=u,

Jb=u,

Jy=u,

r

u,, u

@)

By assuming also hovering conditions (u, ~mg)
under the condition with small pitch and roll angles
and without yaw motion (y = 0), the above model can
be further simplified as:

X=69g
y=-¢9
Z=u,/m-g
JO=u, ©
Jg=u,
Jy=u,
3 Recent New Development  on

Fault-tolerant  Control  Algorithms
Applied to the Qball-X4 UAV

Recently, FDD and FTC design approaches have
been developed and applied to rotary-wing UAVS.
Rotary-wing UAVs are capable of completing vertical
take-off and landing, allowing smaller area for flight
tests as compared to fixed-wing UAVS. Hence,
rotary-wing UAVs have been recognized as excellent
platforms for validating UAV techniques, attracting
increasing research interest (1. On the other hand,
rotary-wing types of aircraft present great challenges

in FDD and FTC, mainly due to the highly nonlinear
characteristics and less hardware redundancy
available.

In this section, FTC methods are proposed to
maintain the flight safety of Qball-X4 UAV in the
event of actuator faults. Two typical FTC approaches,
based on the concepts of sliding mode control (SMC)
and linear quadratic regulator (LQR), are presented as
an example of nonlinear model-based and linear
model-based control strategy, respectively. Some of
these methods require the information with regard to
the time of faults occurrence, the location and the
amplitude of faults whereas others do not. In the
former case, an FDD module is required to obtain the
information of the faults. For the sake of brevity, the
FDD design is omitted herein.

3.1 SMC-based FTC Design

SMC, possessing a strong capability of handling
uncertainties and disturbances 1%, is an excellent
option to be adopted in the passive FTC design process.
In this section, an active FTC strategy is designed
further based on the SMC technique in the presence of
faults, and only actuator type of faults are considered
in the design procedure.

When the actuator faults occur, the system dynamics
and mathematical model will be changed. Considering
the actuator effectiveness loss is constant after the fault
occurrence, therefore, the remaining actuator power
can be calculated by subtracting the lost power from
the original one. The state equation can be expressed
as [

X(t) = Ax(t)+B(1-T(t))u(t) (10)

and
u(t)=[u® - u,®
Al -0
r)=} & "~ )
0 - ()

where AeR", BeR", (t)eu(t), 7 (t)eF(t)
represents the loss of control effectiveness in the ith
control actuator, with 0<y, (t)<1.

If 7 (t)=0, the ith actuator is functioning perfectly;
If 7 (t)=1, the ith actuator has failed completely
(total loss/failure); If 0<y,(t)<1, the ith actuator has
failed partially (partial loss).
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The following equation can be defined: with
U, 1/m 1/m 1/m 1/m ||y, n(t) 0 0o 0
u,| |1/3, -1/3, 0 0o |lu, 0 7,(t) 0 0
- x x 12 r'(t)= 21
U, 0 0 173, 113, 4, (12) ( ) 0 O )/3(t) 0 (21)
u,| |1/, 113, -1/3, -1/, ||u, 0 0 0 7I()

To generalize the above equation, it is defined as:
U=AF (13)
where A is the mapping matrix, U is the control
inputs, and F is the actuator inputs, respectively.
Since the actuator failure applies directly on F, the
following relation is satisfied:
F () =T()F () (14)
Therefore, from Eq. (10), the new states equation
can be obtained as following:
X(t) = AX(t) + Bu, (1)~ Bu, (1) (15)
where uy (t) is the control input with fault.
Furthermore, the following equations can be
derived:
X(t) = Ax(t)+B(u, (t)—uy (1)) (16)
In general,
X (t)= AX (t)+B(U (t) - AF, (1)) 17)
X ()= AX (1) +B(U (t)-A(T()(A7U, (1)) (18)
where U (t) indicates the new control inputs of the
quadrotor UAV.

The states after the actuator faults occurrence are
redefined as:

. . . . T
Xf:[zf 2, 0, 0, §; ¢ v, ‘//f:| =
|:Xf1 Xi2 Xtz Xigq Xis Xre Xi7 Xg

Then one can obtain the following form:

(19)

T

Y, . . . . . . . - T
xf:|:xf1 Xio X3 X X5 Xpg Xg st]

Xi2
~g-d,x,, +(cosgcoso)(u, —uy,)
Xi4
J,-J J, X Q2
y z r*fe6
3 Xi6Xtg _d9Xf4+|(u2_uf2)
X X
Xt6
\] _‘] ‘]rszlg2
- . Xt4Xsg J _d¢xf6+|(u3_uf3)
y y
Xtg
J, -
y
—Xf4xf6_d1//xf8+c(u4_uf4)
L z J

(20)

where 0<y,(t)<1.
The sliding surface is established as following:

s; (t)=¢, +4e, +k, [e, (22)

]
The derivative of the sliding surface in this case is:

Sy =6, + 4,6 +K,, € (23)

If the 4th actuator failed, the approximation of the
control input for attitude roll d,, can be derived as
following:

I(m-mk,)

~Pq —Tun -
I(kJ,=J,)  3,-1
0f¢: 2‘])/ 4J uf(//+

1(k,J,-J,)

(24)
where k., and 1. areall positive gains.
The sliding condition can be easily proven to meet
the following condition:
1d
2dt°
Therefore, the closed-loop system is stable.
In general, the overall control inputs are expressed
as:

=548, <0 (25)

U, =Uy +kysign(sy) (26)
where Ao s
changed sliding mode based fault-tolerant control.
A new saturation function is introduced for an active
FTC to eliminate and reduce chattering, and to achieve
a relatively faster convergence of the system.

k,.and k,, are all positive gains of the

ug =05 +k,(-6,), if s;<-6,
ug =0; +k;s,;, if -5, <s; <4, (27)
ug =d;+k,(5,), if S, 20,

where &, is a mall scalar representing the boundary
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of the active FTC saturation. 0 0 0fz||-9 Z,

3.2 LQR-based FTC Design under Polytopic f(x)={1 00 {Zt + 0 |=Az |+G (31)
Representation 0 1 0fs 0 >
LOR is a widely used optimal multi-variable KIM KM KIM KM

feedback control approach that minimizes the B= 8 8 8 8 (32)
excursion in state trajectories of a system while 0 0 0 0

requiring minimum controller effort. The behavior of a
LQR controller is determined by two parameters: state
and control weighting matrices. These two matrices
are main design parameters to be selected by designer,
greatly influencing the success of the LQR controller
synthesis. With the goal of representing nonlinear
Qball-X4 UAV behavior by linear model suitable for
real-time control based on LQR controller design
under both normal and prescribed fault cases, both the
normal and prescribed fault cases are considered and
formulated by the concept of polytope during the
control design stage. To be more specific, one convex
of the polytope can represent the normal case, while

each of the rest can denote the individual actuator fault.

Faults occurring in actuators can be treated as an
uncertainty of the control input which can be modeled
by the polytopic uncertainties. The uncertainty is
defined as a polytope in which the model parameters
must lie. Each case in the considered fault sets can be
regarded as the corner of the polytope. It is
advantageous to form one model including the fault
and fault-free cases at the design stage of FTC.
Therefore, the faulty system falls into the convex hull
of these corners. As a consequence, combining LQR
with polytopic representation can achieve optimal
control performance under both normal and faulty
conditions based on the models represented by the
polytopes.

Focusing on the altitude motion of the Qball-X4
UAV, the dynamics in the fault-free case is represented
as:

x, = f(x,)+Bu (28)

The mathematical model of the Qball-X4 with
actuator faults can therefore be expressed as:

x, = f(x,)+Bu, = f(x,)+B(-T)u (29)
where

T, =diag{y7.75,7a}. 7t e®  (30)

In such away, 7 =1 implies a complete failure of
the ith actuator of the Qball-X4. On the other hand,
yi =0 indicates that the ith actuator operates
normally.

In this study, both the normal and faulty cases are
considered at the FTC design stage. Each case in the
considered fault sets is known a priori, which can be
seen as the corner of the polytope. In addition, the
faulty system falls into the convex hull of these corners.
The system matrix

0 00O
A=|1 0 0 (33)

010
does not change as only the actuator faults are
concerned. The control input matrix with the
considered actuator fault sets can be modeled by the

polytopic uncertainties as:

B(9)=9B+9Bl,, % +9=14.4>0 (34)

Applying a LQR controller requires the system to be
linearized to the state space
Xx=Ax+B(3)u+G. By designing a state feedback
control

representation as

law u=-K,x , the closed-loop system
becomes %=(A-B(9)K,)x . It is noted that the
design of K, is a trade-off between the transient
response and the control effort.

The optimal control approach is to design the
control law u=-K,x such that it minimizes the
following performance index,

1w/ 1 T
J :Ejo (x Qx+u Ru)dt (35)

where xe®R" and ueR™ denote the state and
control input vectors, respectively. The weighting
matrices Q and R
semi-definite and
respectively.
Substituting the state-variable feedback control

u=-K,x into Eq. (35) yields:

are symmetric positive

symmetric  positive  definite,
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J zljw[xT (Q+ KUTRKU)XJdt (36) 0: e x position
270 TV Reference of x position {\‘\_ 7
In Eq. (36), K, is the control gain matrix given by 02 \ f 1
Eqg. (37), 04| ;.."' |
K, =R*B"(9)P @D £ / .
" o8} "-_ :" .
where P is the unique symmetric positive Sl ‘ |
semi-definite solution to the algebraic Riccati equation 0 ‘,-"
as shown in Eq. (38), | { 1
1.4} \ / 4
PA+AP+Q-PB(9)R'BT(9)P=0 (38) | . . . v

The objective in this optimal control design is to
select the K, minimizing the above performance

index J.

4 Implementation and Flight Test Results

The practical view of the Qball-X4 UAV platform
used in this research is presented in Fig. 6.

Fig. 6 The Qball-X4 platform
Fig. 6 Qball-X4 £&

The FTC algorithms for the Qball-X4 UAV are
implemented in MATLAB/Simulink environment of
the ground station and subsequently downloaded on
the Gumstix embedded processor to be run on-board in
real-time with a frequency of 200 Hz. The flight tests
are conducted indoor without GPS signals while a
group of the OptiTrack cameras are deployed to offer
the UAV position in the three-dimensional space.

4.1 Flight Test Results of the SMC-based FTC
Method

In this scenario, a 15 % propeller damage occurring
at 20 s is considered to validate the SMC-based FTC.
Figs. 7-9 exhibit the Qball-X4 UAV positions along X,
y, and z directions.
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Fig. 7 Tracking performance in x direction with SMC-based
FTC
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Fig. 8 Tracking performance iny direction with SMC-based
FTC
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Fig. 9 Tracking performance in z direction with SMC-based
FTC
Fig. 9 #F SMC B FTC 7£ z A ERIIRER 4 8



1882+ Ol

T &

523 %

In the event of propeller fault, the Qball-X4 UAV
can still follow the reference of z direction after prompt
fault accommodation. The reference signals with
respect to x and y directions can be tracked as well
after the propeller fault takes place. Therefore, it is
evident from the resulting responses that the
SMC-based FTC is capable of guaranteeing the flight
safety in the absence and presence of the considered
fault.

4.2 Flight Test Results of the LQR-based FTC
Method

In this flight test, 40 % loss of effectiveness occurrs
in all of the four motors at 45 s. The height response of
the Qball-X4 UAV is depicted in Fig. 10.
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Fig. 10 The flight test result for LQR-based FTC
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The Qball-X4 UAV can track the height reference
signal when all the motors are operating normally.
After the partial fault takes place, the LQR-based FTC
can ensure the flight safety and an acceptable level of
tracking performance. Using the LQR-based FTC, the
UAV can accomplish the landing maneuver as the
reference input required.

5 Conclusion

This paper mainly focuses on the research and
development works on fault-tolerant control (FTC) for
the unmanned rotorcraft systems. The developed
Qball-X4 unmanned aerial vehicle (UAV) system is
used as a test platform of FTC approaches. In order to
maintain the flight safety of the UAV system, two

newly investigated FTC algorithms are proposed and
subsequently implemented into the Qball-X4 UAV
system. The flight tests are carried out using the
Qball-X4 platform, considering a variety of actuator
fault scenarios. The results have demonstrated the
effectiveness of the developed FTC techniques.
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