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1. INTRODUCTION

Performance and robustness are two highly-valued char-
acteristics that are essential in any method to be applied
in the design of control systems. In the aviation industry,
the safety of passenger aircraft and environmental effects
have always been an important issue. In history, a number
of aircraft disasters were due to damaged or faulty aircraft
resulting in the aircraft becoming unstable during flight.
Occurrence of these types of accidents leads to increasing
interests in the emerging field of fault-tolerant control
systems (FTCS) and fault detection and diagnosis (FDD).
In the presence of a FDD system, the degree of danger
of the faults or failures could be decreased, the safety
of aircraft could be increased, and therefore the lives of
passengers could be protected [Khan, (2016)].

Existing FTCS can be divided into two groups: Passive
FTCS (PFTCS) that does not include controller recon-
figuration, and Active FTCS (AFTCS) that integrates
controller reconfiguration based on the outputs of a FDD
module. The difference between PFTCS and AFTCS is
that the controllers in PFTCS are designed to be robust
against a class of presumed faults, while the controllers
in AFTCS can be reconstructed on-line in case of faults
occurring in the system [Ma, (2011)]. FTC is implemented
by means of redundancy in the software such as in [Coop-
mans, Podhradsky, & Hoffer, (2015)] or hardware ( sensors,
control actuators and processors) as illustrated in [Wang,
et al., (2016)], [Yu, Liu, & Zhang, (2016)] and [Hansen
& Blanke, (2014)]. This is also achieved by the use of

reconfigurable control as in multiple model switching [Guo,
Zhang, & Jiang, (2010)] and optimal (i.e., dynamic con-
trol allocation and bisecting edge searching) [Peni, et al.,
(2014)], [Qian, Jiang, & Xu, (2012)] and non-optimal (i.e.,
daisy chaining, direct allocation, generalized inverse and
pseudo inverse weighted inverse, and linear and quadratic
programming) control allocation [Girish, et al., (2015)],
[Valavanis, Oh, & Piegl, (2008)]. Other methods include
Fault Detection, Diagnosis and Isolation (FDDI) methods
such as direct measurement [Yoon, et al., (2015)], system
identification [Hoffer, et al., (2015)], and model-based ap-
proaches (Kalman filtering and fault model comparison)
[Chamseddine, Amoozgar, & Zhang, (2015)], [Freeman
& Balas, (2014)]. As well as adaptive control methods
like Gain Scheduling [Sadeghzadeh, (2015)], Auto-Tuning,
Fuzzy logic (FL) Controllers [Hafez & Kamel, (2016)],
Model Reference Adaptive Control (MRAC) [Zhou, Chen,
& Jiang, (2015)], or Model Predictive Control [Khan,
(2016)].

The control structure proposed in this paper includes PID
controller associated with control allocation, aimed at ac-
commodating multi-plicative faults in the plant and faults
in the actuators. The hybrid controller presents a PID
controller which, in the fault-free case, compensates the
nonlinear modelling errors. For a faulty case, the control
re-allocator provides to the system a compensation which
the other controller is not capable to by redistributing
the required control effort among the remaining control
surfaces.
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Fig. 1. Aircraft body-axis forces and moments [Paw,
(2009)]

2. UAV MATHEMATICAL MODELLING

The fixed-wing UAV utilised in this research is a com-
mercial of-the-shelf (COTS) Radio-Controlled (RC) air-
craft, the Ultra Stick [Dorbantu, (2011)]. The airframe
consists of a fuselage, with a forward, propellor joined to a
rectangular wing. The wing has a symmetrical airfoil and
both inboard flaps and ailerons. The tail of the UAV has
elevators and a rudder. The UAV system references are
shown in Figure 1. The important parameters and geo-
metric specifications of the UAV are presented in Table 1
[Paw, (2009)].

Table 1. Table of the Ultra Stick Parameters

Parameter Value Symbol

Mass (kg) 7.411 MTOW
CG from firewall (m) 0.315 CG
Aero Ref from firewall (m) 0.320 ARef

Moment of Iner. about x-axis (kg.m2) 0.8568 Ix
Moment of Iner. about y-axis (kg.m2) 1.0095 Iy
Moment of Iner. about z-axis (kg.m2) 1.7005 Iz
Prod. of Iner. about x-y axes (kg.m2) 0 Ixy
Prod. of Iner. about x-z axes (kg.m2) -0.1898 Ixz
Prod. of Iner. about y-z axes (kg.m2) 0 Iyz
Mean Aerodynamic Chord (m) 0.433 barc
Wing Span (m) 1.917 bw
Wing Area (m2) 0.769 SREF

The aircraft dynamic equations of motion are derived by
applying the Boltzmann-Hamel equations for mechanical
systems with nonholonomic constraints [Pedro, (1992)]:

Qµ =
d

dt

(
∂T ∗

∂ωµ

)
− ∂T ∗

∂πµ
+

k∑
r=1

k∑
α=1

γr
αr

∂T∗
∂ωr

ωα (1)

where Qµ is the generalized force; T ∗ is kinetic energy
of the system expressed in quasi-coordinate and quasi-
velocities; γr

αr are the three index Boltzmann multipliers;
ωµ are the Quasi-velocities; πµ are the Quasi-coordinates;
µ = 1, 2 . . . k - Degrees of freedom.

Application of Equation 1 to the UAV gives its equations
of motion in the body-fixed reference system as:

m u̇ = m (rv − qw)−mg sin θ+ T cosψT cos θT − 1
2ρV

2
AS

(CD cosβ cosα+ Cy sinβ cosα− CL sinα) (2)

m v̇ = m (pw − ru) + T sinψT +mg cos θ sinφ+ 1
2ρV

2
AS

(−CD sinβ + Cy cosβ) (3)

m ẇ = m (qu− pv) +mg cos θ cosφ+ T cosψT sinT

−1

2
ρV 2

AS (CD cosβ sinα+ Cy sinβ sinα+ CL cosα) (4)

and the equations for rotational accelerations are:

Ixṗ = Ixz ṙ+ (Iy − Iz) qr+ Ixzpq− 1
2ρV

2
ASb(Cl cosβ cosα

+ Cm sinβ cosα− Cn sinα)

+ITωP (q cosψP sin θT + r sinφT ) (5)

Iy q̇ = (Iz − Ix) rp− Ixz
(
r2 − p2

)
+ 1

2ρV
2
ASc̄(−Cl sinβ

+Cm cosβ)− IPωP cosψT (r cos θT + p sin θT ) (6)

Iz ṙ = Ixz ṗ+ (Ix − Iy) pq − Ixzqr + IPωP (q cosψT cos θT

- p sinψT )− 1
2ρV

2
ASb(Cl cosβ sinα

+Cm sinβ sinα+ Cn cosα) (7)

where u, v, and w are the aircraft velocity components
along x, y, and z-body axes, respectively; p, q, and r are
the roll, pitch, and yaw rates respectively; φ and θ are
the roll and pitch angles respectively; m is the aircraft
mass; and g is the acceleration due to gravity. Ix, Iy,
and Iz are the vehicle moments of inertia about x, y, and
z axes respectively; Ixz the vehicle products of inertia,
respectively; b is the wing span; c is the mean aerodynamic
chord; IT is the engine moment of inertia; S is the aircraft
reference area; and T is the engine thrust. VA is the
velocity vector, α is the angle of attack, β is the angle of
sideslip; and ρ is the air density. ψT and θT are the engine
thrust yaw and pitch angles respectively. The aircraft
model includes correction terms for the gyroscopic effects
of the spinning propeller. The rotational kinematics are:

φ̇ = p+ tan θ (q sinφ+ r cosφ) (8)

θ̇ = q cosφ− r sinφ (9)

ψ̇ = (q sinφ+ r cosφ) sec θ (10)

where ψ is the yaw angle. The navigation equations are:

ẋE = u cos θ cosψ + v(sinφ sin θ cosψ − cosφ

sinψ) + w(cosφ sin θ cosψ + sinφ sinψ) (11)

ẏE = u cos θ sinψ + v(cosφ sin θ cosψ − cosφ

cosψ) + w(cosφ sin θ sinψ − sinφ cosψ) (12)

ḣ = −żE = u sin θ − v sinφ cos θ − w cosφ cos θ (13)

where xE , yE , and h are the aircraft position components
in the Earth-fixed frame.

The lift (CL) and drag (CD) coefficients are functions
of the non-dimensional coefficients (whereby the small
perturbation assumption is made and only linear terms
are considered). The aerodynamic forces and moments
coefficients are given by the following relationships:

CD = CD0 + CDδe
δe + CDδr

δr +
(CL − CLmin

)

πeAR

2

(14)

Cy = Cy0 + Cyβ
β + Cyδr

δr + Cyδa
δa + Cyδf

δf + b
2VA

(CyP
p+ Cyr

r) (15)

CL = CL0
+ CLα

α+ CLδe
δe + CLδf

δf (15)
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∗+ c

2VA

(
CLα̇ α̇+ CLqq

)
(16)

Cl = Cl0 + Clββ + Clδa
δa + Clδf

δf + Clδr
δr +

b
2VA

(ClP p+ Clrr) (17)

Cm = Cm0
+ Cmα

α+ Cmδe
δe + Cmδf

δf

+
c̄

2VA

(
Cmα̇

α̇+ Cmq
q
)

(18)

Cn = Cn0
+ Cnβ

β + Cnδa
δa + Cnδf

δf + Cnδr
δr

+
b

2VV

(
Cnp

p+ Cnr
r
)

(19)

where δi, i ∈ a, e, f, r are control surface deflections
(aileron, elevator, flaps, and rudder deflections); AR the
wing aspect ratio; and e the efficiency factor. The magni-
tude of the linear velocity is:

V 2
A = u2 + v2 + w2 (20)

Thus, the aerodynamic angles: α and β are obtained as
follows:

α = sin−1(w/v), β = sin−1(v/VA) (21)

Table 2. aerodynamic data of the UAV (Ultra
Stick)

CL0 = 0.109 CLα = 4.58 CLα̇ = 1.972
CLq = 6.164 CLδe = 0.098 CLδf = 0.74

CD0 = 0.043 CDδe = 0.0135 CDδr = 0.030
CLmin

= 0.23 e = 0.75 AR = 4.779
Cm0 = −0.028 Cmα = −0.723 Cmδe = −0.849
Cmδf = 0.047 Cmα̇ = −1.44 Cmq = −13.566

Cy0 = 0 Cyβ = −0.489 Cyp = −0.0375
Cyr = 0.15 Cyδa = 0 Cyδr = 0.1913
Cyδf = 0 Cl0 = 0 Clβ = −0.055

Clp = −0.45 Clr = 0.109 Clδr = 0.012

Clδa = −0.165 Clδf = −0.069 Cn0 = 0

Cnβ = 0.072 Cnp = 0.1180 Cnr = −0.183
Cnδa = 0.057 Cnδr = −0.181 Cnδf = 0.021

The rotation speed of propeller, ωp, is used to describe the
dynamics of the propulsion system. Applying the conser-
vation of angular momentum, the propulsion dynamics is
given by [Paw, (2011)]:

(Imotor + Ipropeller) ω̇p = Tmotor − Tpropeller (22)

where Imotor is the moment of inertia of rotating mo-
tor body (kgm2), Ipropeller is the moment of inertia of
propeller with spinner hub attachment (kgm2), Tmotor is
the output torque at motor shaft (Nm), and Tpropeller

the torque generated by propeller (Nm). The moment
of inertia for rotating motor body, Imotor, is included
because the motor used is an outrunner motor in which
the major part of the motor mass is rotating. This has
a significant contribution to the total moment of inertia
for the propulsion system, Ip(Ip = Imotor + Ipropeller).
The thrust to propel the aircraft forward is generated
by the rotating propeller using the torque generated at
motor output shaft. The propeller performance is mainly

dependent upon the advance ratio, J ; thrust coefficient,
CT ; and power coefficient, Cp:

J =
πVa

ωpR
, CT =

Fpπ
2

4ρR4ω2
p

, Cp =
Tpπ

3

4ρR5ω2
p

(23)

where R(m) is the radius of the propeller, Fp(N) is the
propeller thrust, Tp(Nm) is the propeller torque and
ρ(kgm3) is the air density.

The state and control variables are:

x = [u, v, w, p, q.r, φ, θ, ψ, xE , yE , h]
T

(24)

u = [δa, δe, δf , δr, ωp]
T

(25)

3. CONTROLLER ARCHITECTURE

3.1 PID Control Structure

The basic principle of PID control is the regulation of a
feedback signal. The PID gains adjust the control action
according to the properties of the error signal e(t).

upidi = KPiei(t) +KIi

∫
ei(t)dt+KDi

dei
dt

i = 1− 5,(26)

where upidi is the PID control input, ei(t) = yid − yi(t);
yid and yi(t) are the desired and actual deflection of the
ith control surface respectively. In the longitudinal plane
the linear speed u is controlled by the elevator δe, while
altitude h is controlled by the throttle ωP (see Figure 2).
Three PID controllers were designed in which there are
two feedbacks on the speed loop, pitch angle θ and speed
u, and one on the altitude loop, altitude h. The state

vector in this plane is [θ, u, α, q]
T
. In the lateral-directional

plane the ailerons δa control the heading angle through
two feedbacks on roll and heading angles, respectively φ
and ψ. Two PID loops need to be configured. In this

plane, the state vector is [φ, ψ, β, p, r]
T
. The set of PID

gains were determined by first tuning the inner-loop PID
controllers, then tuning the middle-loop controllers and
finally the outer loop controllers in turn. A setpoint was
chosen for each PID controller and the response to a
disturbance observed. The gains were then adjusted until
the response was deemed satisfactory (height is maintained
within ±5%). The gains are presented in Table 3.

Table 3. Controller PID Gains

PID Controller Proportional Integral Derivative

PID Pitch -1.1 -0.08 0
PID Altitude 0.023 0.001 0
PID Roll 0.08 0 0
PID Yaw -0.065 0 0

PID Airspeed 0.15 -0.0001 -0.0001
PID Heading 0.15 0 0

3.2 Control Allocation Algorithm

One of the problems that is envisaged when a failure occurs
is the saturation of a control surface in an attempt to
stabilise the aircraft or even maintain a trimmed position
for control failures. If this saturation occurs, the ideal
behaviour cannot be maintained, creating a number of
potential problems some of which have been considered
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