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Abstract By adopting the linear parameter varying
(LPV) control technique, this paper presents an active
fault-tolerant control (FTC) strategy with application
to unmanned quadrotor helicopter (UQH). Adverse ef-
fects from payload grasping and dropping caused vari-
ations of system dynamics as well as battery drainage
induced loss of actuator effectiveness are expected
to be counteracted in this study. First, the UQH is
manipulated by a well designed baseline controller. In
the presence of either payload grasping/dropping or
battery drainage, their magnitudes are then obtained
from a LPV-based fault detection and diagnosis (FDD)
scheme. Next, based on the estimated values, a fault-
tolerant tracking controller, which is linear parameter
dependent, is devised in a convex polytopic LPV rep-
resentation schedules to a new status in corresponding
to the system variations, so that the negative impacts
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can be compensated. The parameters that change
with system variations are specified as scheduling
scalars for the LPV controller, while the ultimate con-
trol rule is obtainable by employing a set of well-
established linear matrix inequality (LMI) conditions.
Finally, both numerical simulations on a nonlinear
model of UQH and experiments on a real UQH are
conducted so as to testify the effectiveness of proposed
methodology.
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parameter varying · Fault detection and diagnosis ·
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1 Introduction

In the past decade, unmanned aerial vehicles (UAVs),
which have been increasingly employed by universi-
ties, research institutes, commercial entities, and mil-
itary in their respective applications, are experiencing
an unprecedented growth. As an important class of UAV,
unmanned quadrotor helicopter (UQH) owns tremen-
dous advantages over other types of aircrafts including
fixed-wing and rotary-wing aircrafts [1]. These mer-
its include their decreased mechanical structure compli-
city [2], relatively affordable cost of development and
maintenance [1], easy-to-fly [3], and enhanced maneu-
verability and deployability [4, 5]. These properties
have contributed tremendous benefits to a diversity of
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practical applications including search and rescue [6],
environmental sampling [7], forest fire monitoring,
detection and fighting [8], cooperative task accomp-
lishment [9–11], objects recognition [12], as well as
military missions [13].

Along these lines, there is also an increasing inter-
est in developing UQHs capable of grasping and
dropping payloads suddenly and dramatically for a
variety of missions, such as express delivery, fire/oil
leaking monitoring and detection with visual/infrared
cameras onboard UQHs [8], in-flight replenishment
[14], missile launching, environmental sampling, and
post-disaster search and rescue including earthquake,
hurricane, flood, and other natural disasters [15–17].
Amazon, in particular, has just released its Amazon
Prime Air service. This kind of creative and advanced
goods delivery technology provides a novel and effi-
cient way to deliver customers’ parcels using UQHs
within 30 minutes or less. Due to the insufficient col-
lision avoidance capabilities of currently developed
UQHs and security concerns of the public, although
there is still a long way for UQHs to receive the
authorization from the Federal Aviation Administra-
tion (FAA) of United States (US) and being exten-
sively and abundantly deployed, much more attention
and extensive works have already been dedicated to
this promising field. However, it is still challenging
for UQHs to appropriately grasp and drop the pay-
loads, this is due to the fact that UQHs are required
to stay in balance during flight when payloads are
attached to or dropped off the vehicles. Two fac-
tors contribute to this phenomenon, the improperly
trimmed offset loads and unevenly placed payload
may generate the bias forces causing the UQH imbal-
anced; besides, the added or dropped payload mass
may significantly affect the dynamic response of
UQH system as well [18]. These factors can ulti-
mately deteriorate the performance of UQHs’ con-
trollers that are designed based on the static internal
model. More seriously, they may also cause a frequent
operation of actuators resulting in the wear and tear
of actuators, which can severely reduce the operat-
ing lifetime of actuators, lead to the missions being
aborted, and probably threaten the safety of person-
nels, other vehicles, and infrastructures either in their
proximity or on the ground [19]. Recent years have
seen numerous relevant research activities conducted.
Both gain-scheduling PID and model predictive control
(MPC) techniques are adopted in [20] for compensat-
ing the system variation caused by payload dropping.

[21] has introduced an additional mechanism with
integration of the conventional proportional-integral-
derivative (PID) control to mitigate the system perfor-
mance deterioration induced by the payload variation.
In [22, 23], the cooperative transportation of goods
employing a group of UQHs is also studied. Moreover,
[18] investigates the stability property of UQH under
classical PID control in the presence of added pay-
load mass, but no additional compensating strategy is
introduced.

In addition to payload variation issues, as built by
various consumable hardwares, UQHs’ low develop-
ment cost may seriously affect their system reliability
and safety. Some specific tasks may bring UQHs into
sophisticated and hazardous situations as well, such
as forest fire monitoring and fighting, and missions
execution in rough weather conditions or cluttered
mountainous regions. A recent Washington Post inves-
tigation reports that more than 400 military UAVs in
US have crashed since 2001. Commercial UAV acci-
dents are expected to be far more than that experienced
in the military. Although there is no report on civi-
lian casualty due to commercial UAV crashes since
2013, collisions of UAVs with airports, houses, farms,
and many other infrastructures have been occasion-
ally reported. Among these accidents, actuator faults,
which can cause serious deterioration of system per-
formance and even result in catastrophic consequences
(crash), have been realized as one of the predominant
adverse factors. In practice, almost all of the existing
UQHs are powered by batteries. As a specific type of
fault and inevitable phenomenon during the flight of
UQHs, the battery voltage generally decreases over
time, which is called the battery drainage. The cor-
responding relationship between the control signal
and actual thrust of propeller varies, resulting in a
partial loss of control effectiveness of the produced
thrusts of propellers. Therefore, the anticipated perfor-
mance of UQHs cannot be guaranteed. Unfortunately,
the enhanced reliability and safety demands are typ-
ically far beyond that the classical control approach
can offer. The development of more effective and
advanced fault-tolerant control (FTC) methodologies
[24] thereby deserves further investigations. Despite
this, only few of the existing research activities have
been carried out on this topic. A multiple subsystems
control strategy is presented in [21], the PID control
approach is first chosen for designing the baseline
controller subsystem, ensuring the desired performance
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and system stability; then a battery drainage compen-
sating subsystem is developed to estimate and gener-
ate the appropriate control command to mitigate the
negative impact of battery drainage induced loss of
control effectiveness. [25, 26] have addressed a feed-
forward neural-network structure for counteracting the
power loss in batteries.

Most of the existing UQHs control strategies [27,
28] are developed on the basis of the linearization of
nonlinear systems on a specific working point. For the
system working on a wider operating region, however,
the controller designed on the linearized model may
fail to achieve the satisfactory performance. Alter-
natively, the linear parameter varying (LPV) control
method [29], which is capable of effectively solving
this kind of challenging nonlinear problems, has pro-
gressed steadily into a mature tool recently [30]. As
the gain of LPV controller schedules along with the
variation of system dynamics, it possesses a prominent
advantage over the fixed-gain controllers, which also
contributes to a less conservativeness of the controller.
Attributing to its capability in guaranteeing system
stability and desired performance over an extended
region of operating conditions, LPV control technique
has been popularly employed by the industrial com-
munities to solve various practical issues [31]. Actu-
ally, the first concept of LPV is appeared in [32] which
is to analyze the interpolation and realization prob-
lems existing in the traditional gain-scheduling control
method. In the successive development, a group of
methodologies, such as the linear matrix inequality
(LMI) [33], set-invariance methods [34], and stable
realizations [35], have been gradually developed to
facilitate the LPV controller design and enhance its
capabilities.

In order to surmount the challenges introduced
above, ensure the control effort is sufficient for the
operation of low-cost UQH in real-time, and suc-
cessfully accomplish assigned tasks, as a promising
solution, an adaptive LPV reconfigurable parameter
estimation and control approach is developed in this
research for improving the fault-tolerant capabilities
of UQH in the presence of variations in either pay-
load or control effectiveness of actuator. It is expected
that these adverse system variations can be effectively
adapted with a graceful degradation of system perfor-
mance [36]. The basic concept behind the presented
method is to design a time-varying parameter esti-
mation scheme to capture and a control scheme to

accommodate the system variations. This work treats
the voltage variation in battery as a kind of loss of
control effectiveness fault [37], which is reasonable
and practical due to the fact that the thrust of each
actuator is proportional to the voltage of battery. This
relationship can be interpreted as, with the same con-
trol signal, higher voltage indicates more thrust, while
lower voltage means less thrust. When the voltage of
battery drops, the control effectiveness also changes
over time, this phenomenon can then be seen as time-
varying state of actuator limited in a specific bound. In
addition to that, the variation of payload mass is also
selected as the time-varying parameter altering within
a certain range. Different from the work suggested
in [38], this study tends to develop the fault detec-
tion and diagnosis (FDD) [39] and FTC schemes with
inclusion of both translational and rotational motions
of UQH, which is intended to facilitate the overall
control system design. Moreover, a smooth switching
mechanism for control gains is likewise designed for
the purpose of reducing the side effects of transient
phenomenon induced by the abrupt transition between
distinctive control laws.

The proposed strategy is constituted by following
components: 1) a robust state-feedback controller ca-
pable of guaranteeing system stability in the absence
of system variations and actuator faults is first desig-
ned as the baseline controller; 2) in the event of pay-
load variations or actuator faults, the values of actuator
faults can then be diagnosed by an adaptive finite-time
LPV-based fault estimation scheme, while the values
of payload variations are assumed to be known in
practical applications. The variations of payloads and
actuator faults are seen as scheduling variables con-
strained within a constant bound in the LPV scheme
design; 3)next, choosing the boundary of these variables
as vertices, several sets of control gains are generated
offline for each vertex employing the robust state-
feedback control scheme which is also designed for
the baseline controller;4) finally, a LPV-based state feed-
back controller is synthesized to manoeuvre UQH with
satisfactory performance in the presence of sudden and
dramatic changes in dynamics. The ultimate control
gain is calculated in the real-time application based
on the estimated values of variables and the control
gains obtained in advance for each vertex by adopt-
ing the bounding box approach introduced in [40]. In
order to demonstrate the effectiveness of the proposed
approach, extensive simulations on a nonlinear UQH
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model and experimental validation on a real UQH are
carried out.

The rest of this paper is organized as follows:
Section 2 addresses some preliminaries for UQH mod-
elling and control schemes design. Section 3 provides
the detailed design procedure of proposed approaches.
Section 4 introduces the conducted simulation and
experimental validations and analyses the correspond-
ing results. Concluding remarks and future works are
summarized in the last section.

For the convenience of readers, throughout this
paper, the symbols of UQH model are all defined in
Table 1, while the definition of symbols frequently
used in the control scheme design are also summarized
in Table 2.

2 Preliminaries

Figure 1 shows a typical UQH, which is cooperatively
operated by four direct current (DC) motor-driven
propellers configured at the front, rear, left, and right
corners, respectively. Thrusts u1, u2, u3, and u4 are
generated by these propellers. The front and rear

Table 1 Nomenclature (earth-fixed coordinate system)

Symbols Explanation

x, y, z Coordinates of UQH at center of mass
θ Pitch angle
φ Roll angle
ψ Yaw angle
uz(t) Total lift force
uθ (t) The applied torque in θ direction
uφ(t) The applied torque in φ direction
uψ(t) The applied torque in ψ direction
Kn (n = 1, 2, ..., 6) Drag coefficients
ui(t) (i = 1, 2, 3, 4) Thrust of each rotor
L Center distance between the gravity of

UQH and each propeller
Cm Thrust-to-moment scaling factor
g Acceleration of gravity
m UQH mass
Ix Moment of inertia along x direction
Iy Moment of inertia along y direction
Iz Moment of inertia along z direction
ωm Actuator bandwidth
Km A positive gain
uci(t) (i = 1, 2, 3, 4) PWM signals distributed to each rotor

Table 2 Nomenclature (symbols for control law design)

Symbols Explanation

x(t) ∈ �n State vector
u(t) ∈ �m Control input
δ = [δ1, ..., δn] A time-varying vector of

scheduling variables
yref (t) The reference command
uf (t) = [uf 1(t), ..., uf m(t)]T The faulty control input
Lf = diag{lf 1, ..., lf m} The control effectiveness factors
L̂f The estimation control

effectiveness factors
Ko(δ) The parameter-varying

observer gain
u(t) = [u1(t), ..., um(t)]T The fault-free control input

propellers rotate clockwise, while the right and left
propellers spin counter-clockwise. The totally created
thrusts always direct upward along the zB−direction.
Hence, the vertical translation is performed by
straightforwardly distributing identical amount of con-
trol signal to each motor, while the horizontal trans-
lation is obtained by assigning a distinctive amount
of control signals to the opposite motors, so that the
UQH can roll/pitch towards the slowest motor, the
lateral/forward movement can then be achieved [1].

2.1 Nonlinear Model of Unmanned Quadrotor
Helicopter

As described in [1], a classical UQH dynamic model
with respect to the earth-fixed coordinate system can
be represented as:

ẍ = (sinψsinφ + cosψsinθcosφ)uz(t) − K1ẋ

m

zB

yB
xB

oB

u3

u4

u2

Left

Rear

Front

Right

L

Roll Pitch

Yaw

u1

Fig. 1 Schematic diagram of a general UQH
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ÿ = (sinψsinθcosφ − cosψsinφ)uz(t) − K2ẏ

m

z̈ = (cosθcosφ)uz(t) − K3ż

m
− g

φ̈ = uφ(t) − K4φ̇

Ix

θ̈ = uθ (t) − K5θ̇

Iy

ψ̈ = uψ(t) − K6ψ̇

Iz

. (1)

The relationship between accelerations and forces
is:
⎡
⎢⎢⎣

uz(t)

uθ (t)

uφ(t)

uψ(t)

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

1 1 1 1
L −L 0 0
0 0 L −L

Cm Cm −Cm −Cm

⎤
⎥⎥⎦

⎡
⎢⎢⎣

u1(t)

u2(t)

u3(t)

u4(t)

⎤
⎥⎥⎦ .

(2)

Furthermore, the force generated by each propeller
and its corresponding pulse width modulation (PWM)
signal has the following relationship:

ui(t) = Km

ωm

s + ωm

uci(t), i = 1, ..., 4. (3)

2.2 Model Simplification

In order to facilitate the control design procedure, a
further simplified model is normally preferred other
than the nonlinear model (1). Before proceeding to the
model simplification, the following assumptions are
required:

Assumption 1 It is assumed that the UQH is in hover-
ing condition during the entire flight period [1], which
implies uz(t) ≈ mg. The deflections of pitch and roll
motions are so small that sinφ ≈ φ and sinθ ≈ θ .
There is no yaw motion such that ψ = 0. UQH
moves in low velocity so that the effects from the drag
coefficients are insignificant.

Based on Assumption 1, nonlinear model (1) can
be reduced into:

ẍ = θg

ÿ = −φg

z̈ = uz(t)/m − g

Ixθ̈ = uθ (t)

Iyφ̈ = uφ(t)

Izψ̈ = uψ(t). (4)

As the time constant of DC motor is much smaller
than that of UQH [41], (3) can be further simplified to:

Km

ωm

s + ωm

≈ Km. (5)

Therefore, combining with (5), (2) can be rewritten
as follows:

⎡
⎢⎣

uz(t)
uθ (t)
uφ(t)
uψ(t)

⎤
⎥⎦ =

⎡
⎢⎣

Km Km Km Km

KmL −KmL 0 0
0 0 KmL −KmL

KmCm KmCm −KmCm −KmCm

⎤
⎥⎦ Uc,

(6)

where Uc = [uc1(t), uc2(t), uc3(t), uc4(t)]T .

2.3 Linear Parameter Varying Representation
of UQH Model

Written into state-space representation, the combina-
tion of (4) and (6) can be written as:

ẋ(t) = A(δ)x(t) + B(δ)u(t) + G(δ)g, (7)

where A(δ) ∈ �n×n, B(δ) ∈ �n×m, and G(δ) ∈
�n×r . δ = [δ1, ..., δn] contains all probable trajecto-
ries of system, and δi(t) is limited in [δi, δ̄i].

This study assumes that the parameter dependence
of the constructed LPV system is affine, that is the
matrices A(δ), B(δ), and G(δ) affinely lie on δ when
it varies over a fixed polytope. One can then obtain the
following simplified UQH model:

(A(δ), B(δ), G(δ)) =
N∑

i=1

μi(Ai, Bi, G(i)), (8)

where
∑N

i=1μi(Ai, Bi, G(i)) ∈ Co{(Ai, Bi) : i =
1, ..., N}, and Co{· } represents the convex hull, N

denotes the number of vertices which is chosen from
the piecewise approximation of the UQH nonlinear
system, the convex coordinates μi ∈ � are measur-
able or can be estimated online, while the convex set
� owns the following feature:

� =
{

μi ∈ �N, μi ≥ 0,

N∑
i=1

μi = 1

}
, (9)
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where μi , which represents the function of δ, can be
selected referring to the rule addressed in [40].

In order to effectively eliminate the steady-state
error, an integral term is incorporated into the con-
troller design as well. The system (7) can then be
augmented as follows:

ẋa(t) = Aa(δ)xa(t) + Ba(δ)u(t) + Ga(δ)ωa(t), (10)

where xa(t) =
[
(
∫ t

0 ε(τ )dτ), x(t)
]T

, ωa(t) = g,

yref (t)
]T

, ε(t) = yref (t) − SrCx(t), C ∈ �p×n,

Sr ∈ �l×p is designed for choosing the required
system states.

Aa(δ) =
[

0 −SrC(δ)

0 A(δ)

]
∈ �(l+n)×(l+n),

Ba(δ) =
[

0
B(δ)

]
∈ �(l+n)×m,

Ga(δ) =
[

0 I

G(δ) 0

]
∈ �(l+n)×(l+r).

(11)

2.4 Actuator Faults Formulation

Actuator plays a critical role in the operation of UQHs,
the desired system performance and stability may be
seriously affected when the actuators fail to operate as
expected.

Under actuator faults, the control signal can be
reformulated as:

uf (t) = Lf u(t), (12)

where lf i = 1 means the ith actuator in healthy
condition, lf i = 0 indicates the corresponding actu-
ator suffers a complete failure, while 0 < lf i < 1
denotes a partial loss of control effectiveness on the
ith actuator.

Therefore, the UQH model (10) treating actuator
faults as time-varying parameters can be described in
the following LPV faulty system:

ẋa(t) = Aa(δ)xa(t) + Ba(δ)Lf u(t) + Ga(δ)ωa(t).

(13)

3 Linear Parameter Varying Based Fault
Estimation and Tolerant Control Scheme Design

In this section, the design procedure of a LPV-based
finite-time adaptive fault estimation scheme is first

provided. Then, a LPV-based FTC strategy is intro-
duced against variations of system dynamics; the
method to synthesize the control laws and the mech-
anism to reduce the negative impact of transient phe-
nomenon, are both addressed in details as well. The
overall design philosophy of the proposed methodolo-
gies is outlined in Fig. 2.

3.1 Design of LPV-Based Finite-Time Adaptive Fault
Estimation Scheme

3.1.1 LPV-Based Observer Design

Suppose system without actuator faults can be formu-
lated as:

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

ẋa(t) =
N∑

i=1

μi[Aixa(t) + Biu(t)]

ya(t) =
N∑

i=1

μiCaixa(t).

(14)

Then, system (14) with actuator fault can be repre-
sented as:
⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

ẋa(t) =
N∑

i=1

μi[Aixa(t) + BaLf i(t)u(t)]

ya(t) =
N∑

i=1

μiCaixa(t).

(15)

To estimate the effectiveness of each faulty actua-
tor, the following adaptive fault diagnosis observer is
constructed:

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

˙̂xa(t) =
N∑

i=1

μi [Aix̂a(t) + BaL̂f i (t)u(t) − Koi(ŷa(t) − ya(t))]

ŷa(t) =
N∑

i=1

μiCai x̂a(t),

(16)
where the pair (Ai, Cai) is assumed to be observable,
and the observer gain Ko(δ) is chosen to guarantee the
stability of (Aa(δ) − Ko(δ)Ca), which is given by:

Ko(δ)=
N∑

i=1

μi(δ)Koi > 0, μi(δ) ≥ 0,

N∑
i=1

μi(δ)=1.

(17)
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Fig. 2 Schematic
illustration of the proposed
methods.
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Thus, the dynamic error between (15) and (16) can
be denoted as:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ėx (t) =
N∑

i=1

μi(Ai − KoiCai)exi(t) + Baef i(t)u(t)

=
N∑

i=1

μi [AKiexi(t) + Baef i(t)u(t)]

ey(t) =
N∑

i=1

μiCaiexi(t),

(18)

where AK(δ) = ∑N
i=1 μi(AKi), and AKi = Ai −Koi

Cai . ex(t) = ∑N
i=1 μiexi(t) = x̂a(t) − xa(t), ey(t) =∑N

i=1 μieyi(t) = ŷa(t)−ya(t), ef (t) = ∑N
i=1 μi(ef i

(t)), and ef i(t) = L̂f i(t) − Lf i(t).
The parameter-varying observer gain Ko(δ) can

then be obtained by the stated LMI conditions in the
following proposition.

Proposition 1 If there exist matrices Fi ∈ �(n+l)×(n+l)

and a symmetric matrix T ∈ �(n+l)×p, then Koi =
T −1

i Fi can stabilize (18) with the following LMI holds
[42, 43]:

[
T AT

i T − CT
aiF

T
i

T Ai − FiCai T

]
> 0. (19)

Consequently, Ko(δ) = ∑N
i=1 μi(T

−1Fi).

Proof of Proposition 1 For each vertex, the following
Lyapunov function candidate is selected:

Vo = eT
xiT exi . (20)

In the absence of actuator faults, the derivative of
Vo is:

V̇o = ėT
xiT exi + eT

xiT ėxi

= (Ai − KoiCai)
T T e2

xi + T (Ai − KoiCai)e
2
xi

= [(Ai − KoiCai)
T T + T (Ai − KoiCai)]e2

xi .(21)

In order to make V̇o < 0, one can obtain that:

(Ai − KoiCai)
T T + T (Ai − KoiCai) < 0. (22)

Choose Koi = T −1
i Fi , Eq. 22 becomes:

AT
i T − CT

aiF
T
i + T Ai − FiCai < 0. (23)

Apply Schur complement [45], Eq. 23 can then be
converted to Eq. 19. The proof is completed.

For the convenience of constructing an adaptive law
for the parameter (actuator efficiency factor) estima-
tion, (18) can be rewritten as:
⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

ėx(t) =
N∑

i=1

μi[AKiex(t) + BaL̃f (t)u(t)]

ey(t) =
N∑

i=1

μiCaiex(t),

(24)

where L̃f (t) = ∑N
i=1 μi[L̂f i(t)−Lf i(t)] = L̂f (t)−

Lf (t).

3.1.2 LPV-Based Finite-Time Adaptive Parameter
Estimator Design

Defining a regressor matrix M(t), and a vector N(t)
as:
{

Ṁ(t) = −kFF M(t) + kFF φT (t)φ(t), M(0) = 0

Ṅ(t) = −kFF N(t) + kFF φT (t)φ(t)Lf (t),
(25)
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where kFF ∈ �+ denotes a forgetting factor, φ(t) =
Bau(t), whilst N(0) = 0 is the initial condition of
N(t).

The solution to (25) can then be obtained:
⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

M(t)=
∫ t

0
e−kFF (t−τ)kFF φT (τ)φ(τ)dτ,

N(t) =
∫ t

0
e−kFF (t−τ)kFF φT (τ)φ(τ)Lf (t)dτ

= M(t)Lf (t).

(26)

Therefore, the following equations can be derived:
{

Ñ(t) = N̂(t) − N(t) = M(t)Lf (t),

Lf (t) = M−1(t)Ñ(t).
(27)

Theorem 1 The adaptive law can be formulated as:

˙̂
Lf (t) = −Γ

N∑
i=1

μi[BT
a Piex(t) + R(t)], (28)

where R(t) is a sliding mode term, which is expected
to guarantee the fast parameter convergence and can
be written as:

R(t) = M(t)Ωf 1
M(t)L̂f (t) − N(t)

||M(t)L̂f (t) − N(t)||
+ M(t)Ωf 2[M(t)L̂f (t) − N(t)]

= M(t)Ωf 1
Ñ(t)

||Ñ(t)|| + M(t)Ωf 2Ñ(t), (29)

where Ωf 1 = ωf 1Ω and Ωf 2 = ωf 2Ω . ωf 1 and
ωf 2 are positive definite scalars. Ω = diag(ω1,

ω2, ..., ωn) is a positive definite matrix, and Γ = diag

(τ1, τ2, ..., τn) is a learning rate symmetric positive
definite matrix.

Proof of Theorem 1 This proof procedure can be
divided into two steps:

1. Proving ex(t) can exponentially decay; and
2. Proving the finite-time convergence property of

control input.

Step 1: Choosing the following Lyapunov candidate:

V = 1

2
eT
x (t)P (δ)ex(t) + 1

2
ÑT (t)M−1(t)Γ −1M−1(t)Ñ(t)

= 1

2

N∑
i=1

μi

[
eT
x (t)Piex(t)+ 1

2
ÑT(t)M−1(t)Γ −1M−1(t)Ñ(t)

]

> 0, (30)

besides, setting:

V = V1 + V2,

V1 = 1

2

N∑
i=1

μi

[
eT
x (t)Piex(t)

]
,

V2 = 1

2

N∑
i=1

μi

[
ÑT (t)M−1(t)Γ −1M−1(t)Ñ(t)

]
. (31)

Differentiating (30) with respect to time and apply-
ing (24), one can then obtain that:

V̇ = 1

2

N∑
i=1

μi

{[
ėT
x (t)Piex(t) + eT

x (t)Pi ėx(t)
]

+ d

dt

[
1

2
ÑT (t)M−1(t)Γ −1M−1(t)Ñ(t)

]}

= 1

2

N∑
i=1

μi

{
eT
x

[
AT

KiPi + PiAKi

]
ex +eT

x PiBaL̃f (t)

+ ÑT (t)M−1(t)Γ −1 d[M−1(t)Ñ(t)]
dt

}
.(32)

Since AK(δ) = ∑N
i=1 μi(AKi) is a Hurwitz matrix

along with the linear varying parameters, the follow-
ing inequality holds:

AK(δ)T P (δ)+P(δ)AK(δ)=
N∑

i=1

μi

[
AT

KiPi +PiAKi

]
≤ −Q(δ),

(33)
with positive definite matrices P(δ) = P T (δ) =∑N

i=1 μiPi ∈ �(l+n)×(l+n) and Q(δ) = QT (δ) =∑N
i=1 μiQi ∈ �(l+n)×(l+n).
Successively applying (27), (28), (29) and (33),

then (32) can be rewritten as:

V̇ ≤ −1

2
eT
x Q(δ)ex − ÑT (t)M−1(t)R(t)

≤ −1

2
eT
x Q(δ)ex − ÑT (t)Ωf 1

Ñ(t)

||Ñ(t)||
− ÑT (t)Ωf 2Ñ(t). (34)

For the convenience of plain demonstration, the
analysis of each term in (34) is separately conducted
as follows:

− 1

2
eT
x Q(δ)ex ≤ − 1

2

λmin(Q(δ))

λmax(P (δ))
V1,

−ÑT (t)Ωf 1
Ñ(t)

||Ñ(t)|| ≤ − λmin(Ωf 1)

λmax(Γ −1/2)λmax(M−1(t))
V

1/2
2 ,

−ÑT (t)Ωf 2Ñ(t) ≤ − λmin(Ωf 2)

λmax(M−1(t))λmax(Γ −1)λmax(M−1(t))
V2,

(35)



www.manaraa.com

J Intell Robot Syst (2017) 88:415–436 423

where λmax(·) and λmin(·) represent the maximum
and minimum eigenvalues of a specific matrix,
respectively.

Therefore, the derivative of the chosen Lyapunov
candidate (30) is:

V̇ ≤ −α1V1 − α2V
1/2
2 − α3V2, (36)

and ex(t) can exponentially decay with the exis-

tence of α1 = 1

2

λmin(Q(δ))

λmax(P (δ))
> 0, α2 =

λmin(Ωf 1)

λmax(Γ −1/2)λmax(M−1(t))
> 0, and α3 =

λmin(Ωf 2)

λmax(M−1(t))λmax(Γ −1)λmax(M−1(t))
> 0.

Step 2: Apply (28) and (29), the derivative of V2

can then be achieved:

V̇2 = −
N∑

i=1

μi

[
ÑT (t)M−1(t)Γ −1Γ

(
BT

a Piex(t) + R(t)
)]

= −
N∑

i=1

μi

[
L̃T

f (BT
a Piex(t)) + L̃T

f

(
M(t)Ωf 1

M(t)L̃f

||M(t)L̃f ||

+ M(t)Ωf 2M(t)L̃f

)]
. (37)

Furthermore, when (35) is applied, (37) can be
further derived as:

V̇2 ≤ λmax

(
N∑

i=1

μiPi

)
||Ba ||||ex ||||L̃f || − λmin(M)λmin(Ωf 1)||L̃f ||

− λmin(Ωf 2)Ñ
2M−1Γ −1M−1

λmax(M−1)λmax(Γ −1)λmax(M−1)

≤
−2

[
λmin(M)λmin(Ωf 1) − λmax

(∑N
i=1 μiPi

)
||Ba ||||ex ||

]
V

1/2
2

λmax(Γ −1/2)

− α3V2

= − αeV
1/2
2 − α3V2, (38)

where αe = 2
λmax(Γ −1/2)

[λmin(M)λmin(Ωf 1) −
λmax(

∑N
i=1 μiPi)||Ba||||ex ||].

Since ||Ba|| is bounded and ex(t) → 0, there exists
a time interval T1 so that the following inequality
holds for t > T1:

λmin(M)λmin(Ωf 1) > λmax

(
N∑

i=1

μiPi

)
||Ba||||ex ||.

(39)

Consequently, there exists a time threshold T2 such
that V̇2 ≤ −αeV

1/2
2 − α3V2 ≤ −αeV

1/2
2 .

Based on the finite-time stability theorem in [44],
the finite-time convergence of lim

t→T2
L̃f = 0 can

thereby be achieved.

3.2 Design of LPV-Based Fault-Tolerant Control
Scheme

The general design procedure of the LPV-based FTC
scheme can be summarized as follows:

1. A robust state-feedback controller is designed
for operating UQH in different working condi-
tions. The variations of payloads and actuator
faults are seen as scheduling variables constrained
within their individual bound, these boundaries
are selected as vertices. Several sets of control
gains are generated offline for each vertex.

2. Then, based on the estimated results, the weight-
ing indexes are achievable by calculating the dis-
tance from the current working state of UQH to
each neighbouring vertex.

3. Finally, a LPV-based state feedback controller can
be synthesized by the calculation of all weighting
indexes and their corresponding control gains for
all vertices to control UQH with satisfactory per-
formance in the presence of sudden and dramatic
changes in dynamics.

3.2.1 Fault-Tolerant Control Scheme Design

It is assumed that the states of the closed-loop sys-
tem are measurable by the sensors or observable at any
time instant. Hence, the augmented system (10) with
closed-loop state feedback and the integral tracking
action can be written into:

u(t) = Kst (δ)x(t) = Kε(δ)

∫ t

0
ε(τ )dτ + Kx(δ)x(t),

(40)

where Kst (δ) = [Kε(δ), Kx(δ)] ∈ �m×(l+n). The
corresponding closed-loop augmented system in state
feedback case can therein be represented by:

ẋa(t) = Ast (δ)xa(t) + Ga(δ)ωa(t), (41)

where Ast (δ) = Aa(δ) + Ba(δ)Kst (δ), and Gz(δ) ∈
�p×r .

In order to guarantee the existence of the linear
parameter dependent state feedback control law (40)
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for the closed-loop system (41), the following boun-
ded real lemma (BRL) [40] should be satisfied:

1. Ast (δ) is quadratically stable [45];
2. There exists a bound γ > 0 for any exoge-

nous ωa(t) ∈ L2[0.∞), the performance criteria
||T (δ)||∞ < γ , where T (δ) denotes the system
transfer function.

If the aforementioned BRL is satisfied, and there
exist a symmetric positive definite matrix X(δ) and a
matrix Y (δ) such that LMI (42) holds [46]:

�(δ)=

⎡
⎢⎢⎣

Alpv(δ) Ga(δ) Y T (δ)R1/2 X(δ)Q1/2

−γ I ∗ 0 0
∗ ∗ −I 0
∗ ∗ ∗ −I

⎤
⎥⎥⎦<0,

(42)

where Alpv(δ) = Aa(δ)X(δ) + Ba(δ)Y (δ) + (Aa(δ)

X(δ) + Ba(δ)Y (δ))T .

Remark 1 For the sake of minimizing the conser-
vatism, matrices X(δ) and Y (δ) are normally param-
eterized. However, the nonlinear uncertainty terms
may be yielded by the products between the uncertain
matrices Aa(δ) and X(δ), or Ba(δ) and Y (δ). There-
fore, the following procedure should be conducted
to avoid the nonlinear uncertainty terms by eliminat-
ing the elements with the products of two uncertainty
terms.

Theorem 2 The closed-loop system (41) can be
stabilized under the supervision of state feedback
control law u(t) = Kst (δ)xa(t) with Kst (δ) =
Y (δ)X−1(δ), where the positive symmetric matrix
X(δ) = ∑N

i=1 μiXi ∈ �(n+l)×(n+l) and matrices
Y (δ) = ∑N

i=1 μiYi ∈ �n×(m+l), if (43) and (44) hold
(∗ denotes the symmetric entry in the LMI).

�ij + �ji < 0, (1 ≤ i ≤ j ≤ N), (43)

�ij =

⎡
⎢⎢⎣

Aaj Xi +Baj Yi +(Aaj Xi +Baj Yi )
T Gaj Y T

i R1/2 XiQ
1/2

∗ −γ I 0 0
∗ ∗ −I 0
∗ ∗ ∗ −I

⎤
⎥⎥⎦< 0.

(44)

Proof Expanding and parametrizing all terms in
(42), then the following sufficient condition of (42)
holds:

�(δ) =
N∑

i=1

N∑
j=1

μiμj�ij < 0, (45)

where �ij is the same as (43) and (44).
If (43) is true, the following inequalities can thereby

be obtained

{
�ii < 0, (i = 1, ..., N)

�ij + �ji < 0, (1 ≤ i < j ≤ N).
(46)

As
∑N

i=1 μi = 1, μi ≥ 0, then

�(δ) =
N∑

i=1

μ2
i �ii +

N−1∑
i=1

N∑
j=i+1

μiμj�ij < 0, (47)

which is equivalent to (45).
Consequently, if (43) holds, it can then derive that

(47) is satisfied and (44) holds. Whilst the closed-
loop system (41) can be stabilized with respect to all
parameter variations δ.

3.2.2 Control Schemes Synthesis

Employing the bounding box method introduced in
[40], the LPV system matrices can be approximately
described in an affine LPV form [47] as:

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

Aa(δ) = Aa0 +
N∑

i=1

μi(δ)Aai

Ba(δ) = Ba0 +
N∑

i=1

μi(δ)Bai,

(48)

where N is the selected number of vertex.
According to the affine LPV assumption, infinite

sets of LMI of (44) can then be reduced to finite
evaluation in each vertex of convex set �. Thus, the
controller for each vertex can be computed offline as
Ki = YiX

−1
i (i = 1, 2, ..., N) [48].
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Based on these vertex controllers, the LPV state
feedback control law Kst (δ) can ultimately be obtai-
ned online as:

Kst (δ) =
N∑

i=1

μi(δ)Ki, (49)

where δ can be measured or estimated in real time,
then μi can be obtained through δ = ∑N

i=1 μiδi , and
δi denotes the value of each vertex.

3.2.3 Reduction of Transient Phenomenon

The switching between two controllers may cause
severe transients due to output mismatches of respec-
tive controllers. Instead of improving system perfor-
mance, this phenomenon may seriously degrade sys-
tem performance and even destabilize system. In order
to reduce the negative effects of this phenomenon
as much as possible, it is important to remarkably
minimize the output mismatches at the instant of
switching.

In this study, a smooth switching function, which
is intended to guarantee a gentle transition of control
laws from fault-free case (Kst (t0)) to faulty case (Kf ),
is designed as follows:

Kst (t) = Kf + [Kst (t0) − Kf ]e−τ(t−t0), (50)

where Kst denotes the ultimate control gain of the
reconfigurable controller, Kf is the control gain under
actuator faults, Kst (t0) represents the control gain in
the absence of actuator faults, τ is selected based
on the performance standard and system dynamics.
The design of this function is intended to guaran-
tee a smooth transition from normal case (Kst (t0)) to
fault-tolerant case (Kf ).

4 Results of Simulation and Experiment

In this section, both simulation and experimental
implementations of the proposed LPV-based FDD and
FTC algorithms are presented. The performance of the
proposed LPV-based FTC algorithm, in the presence
of actuator faults and mass variations, is compared

with a baseline control method. In the simulation, the
nonlinear model with Eqs. 1, 2 and 3 is employed
for the effectiveness validation of proposed method.
While the following linearized model is used for
controller design:

A =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 g 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 −g 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 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 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 0 0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

B=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

Km/m Km/m Km/m Km/m

0 0 0 0
KmL/Ix −KmL/Ix 0 0

0 0 0 0
0 0 KmL/Iy −KmL/Iy

0 0 0 0
KmC/Iz KmC/Iz −KmC/Iz −KmC/Iz

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

C =

⎡
⎢⎢⎣

1 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 1 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0 0 0

⎤
⎥⎥⎦ ,

G = [
0 0 0 0 0 −1 0 0 0 0 0 0

]T
.

System state x(t) = [x, ẋ, y, ẏ, zż, φ, φ̇, θ, θ̇ , ψ,

ψ̇]T , control inputs (PWM signals) u(t) = [uc1, uc2,

uc3, uc4]T are all constrained in [0, 0.05].
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4.1 Description of Scenarios

In order to achieve a clear and effective evaluation of
the proposed algorithms, the following three scenarios
are selected:

1. Scenario 1: In the first scenario, a loss of 30%
control effectiveness, which occurs at 12th second,
is injected in two neighbouring (rear and right)
motors. This leads to Lf = diag{0.7 0.7 1 1}.

The weighting functions μai(δ) are defined in
the following by employing the bounding box
approach in [40]:

μa1(δ) = δ1
i − δ1

min

δ1
max − δ1

min

μa2(δ) = δ1
max − δ1

i

δ1
max − δ1

min

,

(51)

where δ1
max = 1 and δ1

min = 0.4 denote the max-
imum and minimum values of control effective-
ness, respectively. The remaining control effec-
tiveness δ1

i = 0.7 is defined accordingly. It is
noteworthy that the lower bound of δi corresponds
to the system with actuators all in healthy condi-
tion, while the upper bound of δi is selected for
the acceptable system stability the controller can
afford in the occurrence of severest actuator faults.

Table 3 Values of involved system parameters

Parameter Value Unit

ωm 15 rad/s

Km 120 N

m 1.4 kg

C 1 –

L 0.25 m

Ix 0.03 kg · m2

Iy 0.03 kg · m2

Iz 0.04 kg · m2

In this scenario, the state-feedback control
gains for the baseline controller (Kb) and the pro-
posed controller designed for the lower vertices
(K1

min) are the same:

Kb = K1
min =

⎡
⎢⎣

0 0 4.4721 0
0.0224 0 0 0

0 −0.0224 0 0
0 0 0 0.0224

0 0 0 0 −8.9460 −6.7118
−0.0616 −0.0736 0 0 0 0

0 0 0.0616 0.0736 0 0
0 0 0 0 0 0
0 0 0 0 0 0

−0.4516 −0.1661 0 0 0 0
0 0 −0.4516 −0.1661 0 0
0 0 0 0 −0.0616 −0.0737

⎤
⎥⎦.

Ground Station

UAV

Cameras for
Localization

Gumstix
Controller

Fig. 3 Layout of the indoor experimental test platform



www.manaraa.com

J Intell Robot Syst (2017) 88:415–436 427

Fig. 4 Performance
comparison of fault
estimation for the rear motor
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The control gain for the baseline controller is
kept as the same in the presence/absence of faults,
while the proposed controller changes its gain
accordingly in regard to the variation of faults.
The control gain for the proposed controller is
selected as:

Kst1 = μa1(δ)K
1
min + μa2(δ)K

1
max, (52)

where

K1
max =

⎡
⎢⎢⎣

0 0 19.9996 0 0
0.1000 0 0 0 −0.2401

0 −0.1000 0 0 0
0 0 0 0.1000 0

0 0 0 −35.9869 −22.3773 0
−0.2382 0 0 0 0 −1.0674

0 0.2401 0.2382 0 0 0
0 0 0 0 0 0
0 0 0 0 0

−0.2721 0 0 0 0
0 −1.0674 −0.2721 0 0
0 0 0 −0.2063 −0.1628

⎤
⎥⎥⎦ .

In this scenario, the weighting functions μo1 =
1 and μo2 = 0 are defined for the proposed
adaptive finite-time LPV-based FDD law. Since
no payload variation happens, the presented LPV-
based FDD law turns to be the finite-time linear
time invariant (LTI) FDD law, the gain of which
is selected as:

Ko = μo1(δ)Ko1 + μo2(δ)Ko2, (53)

where Ko1 and Ko2 corresponds to the FDD law
designed with no and maximum payload varia-
tions, respectively.

The performance of the proposed FDD algo-
rithm, in this scenario, is compared with the LTI
FDD law in Eq. 28 without sliding mode term.

2. Scenario 2: This scenario of simulation considers
a loss of 30% control effectiveness imposed in all
motors (Lf = diag{0.7 0.7 0.7 0.7}) and a drop-
off of 0.2kg payload at 12th second. These actions
are expected to cause a transient loss of altitude
when the UQH is in hovering condition.

Fig. 5 Performance
comparison of fault
estimation for the right
motor
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Fig. 6 Performance comparison in vertical direction
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Fig. 7 Performance comparison in longitudinal direction (a)
and pitch angles (b)

Similar to Scenario 1, the weighting functions
μbi(δ) in this scenario are chosen as follows:

μb1(δ) = (δA
i − δA

min)

(δA
max − δA

min)

(δB
i − δB

min)

(δB
max − δB

min)

μb2(δ) = (δA
i − δA

min)

(δA
max − δA

min)

(δB
max − δB

i )

(δB
max − δB

min)

μb3(δ) = (δA
max − δA

i )

(δA
max − δA

min)

(δB
i − δB

min)

(δB
max − δB

min)

μb4(δ) = (δA
max − δA

i )

(δA
max − δA

min)

(δB
max − δB

i )

(δB
max − δB

min)
,

(54)

where δA
i = 1.6 and δB

i = 0.7 denote the time-
varying parameters of mass variations and control
effectiveness, respectively, while δA

max = 1.8,
δB
max = 1, δA

min = 1.4 and δB
min = 0.4 denote
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Fig. 8 Performance comparison in lateral direction (a) and roll
angles (b)
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Fig. 9 Performance
comparison of PWM signals
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the maximum and minimum mass variations and
control effectiveness values, respectively.

This scenario chooses the control gain for the
baseline controller Kb the same as in Scenario 1,
while the control gain for the proposed controller
is selected by:

Kst2 = μb1(δ)K
Amin
Bmin + μb2(δ)K

Amin
Bmax

+μb3(δ)K
Amax
Bmin + μb4(δ)K

Amax
Bmax , (55)

where KAmin
Bmin , KAmin

Bmax , KAmax
Bmin , and KAmax

Bmax rep-
resent control gains for the situations of min-
imum mass variation and control effectiveness,
minimum mass variation and maximum control
effectiveness, maximum mass variation and min-
imum control effectiveness, as well as maximum
mass variation and maximum control effective-
ness, respectively.

The weighting functions μoi(δ) chosen for the
proposed adaptive finite-time LPV-based FDD
law are defined as follows:

μo1(δ) = δA
i − δA

min

δA
max − δA

min

μo2(δ) = δA
max − δA

i

δA
max − δA

min

. (56)

Then, the gain of the proposed FDD law is obtain-
able using Eq. 53.

The performance of the proposed finite-time
LPV-based FDD algorithm is compared with the
finite-time LTI-based FDD law in Eq. 28.

3. Scenario 3: An experimental test, in this sce-
nario, is carried out in indoor environment to
further testify the effectiveness of the proposed
FTC method. As shown in Fig. 3, this experi-
mental platform consists of a UQH equipped with

Fig. 10 Performance
comparison of fault
estimation
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a Gumstix embedded computer hardware with
operating software QuaRC (which is a conve-
nient software developed by Quanser Inc. for the
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Fig. 12 Performance comparison in longitudinal direction (a)
and pitch angles (b)

real-time implementation of algorithms developed
in MATLAB/ Simulink environment to the practi-
cal vehicles), an object tracking system consisting
of a network of 24 OptiTrack cameras (developed
by NaturalPoint Inc.) is employed for providing
the UQH’s position and orientation since there is
no GPS signals indoor, and a ground station for
command distribution and data display in real-
time.

A payload mass, approximately 0.2kg, is
mounted at the bottom of UQH. The voltage of
battery decreases from 12.5V to 11.7V , which
indicates the control effectiveness drops from
100% to 80%. Both payload and battery voltage
are assumed to be known in advance and changed
at the beginning of experiment. Due to either
the compared or the proposed controller is part
of the full state-feedback control method, while
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Fig. 13 Performance comparison in lateral direction (a) and
roll angles (b)
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the state of UQH, in practice, is partially mea-
surable. Therefore, a classic Luenberger observer
[49] and a low-pass filter (57) are used for
estimating the state of UQH and filtering the
noises from measurement.

xout

xin

= 30

30 + s
, (57)

where xout , xin, and s are the output signal,
input signal, and Laplace transform variable,
respectively.

In addition, the weighting functions μci(δ) in
this scenario are selected using the same rule
Eq. 54 as in Scenario 2. δA

max = 1.8, δB
max = 12.5,

δA
min = 1.4 and δB

min = 11.

Values of system parameters adopted for param-
eter estimation, control strategy design, as well as
simulation validation are listed in Table 3. To avoid
actuator saturation, control input (PWM signal) of
each controller is constrained within [0, 0.05]. To
demonstrate the proposed methods to be potential can-
didates toward practical applications, the noise, as an

unavoidable phenomenon in practice, is imposed in
the simulation as well. All measurement values of
state are supposed to be polluted by Gaussian white
noises, with 0.01 of sampling time and 0.0001 of
covariance [1]. Furthermore, in the absence of actuator
faults, the UQH is maneuvered by the baseline con-
troller. 0.5s after the occurrence of faults, the proposed
controller takes over the control of UQH.

4.2 Results and Performance Evaluation of Scenario 1

From Figs. 4 and 5, the estimation results of the two
compared FDD schemes show that the proposed FDD
scheme outperforms the compared one. The supe-
rior performance of the proposed scheme is attributed
to the introduction of the additional sliding mode
term R(t) in Eq. 28, which tends to guarantee a fast
parameter convergence in a specific time.

As displayed in Fig. 6, the proposed controller
with less overshoot, in the presence of actuator fault,
outperforms the compared controller. Figures 7a and
8a show that the system performance is considerably
improved by the proposed controller with comparison
of baseline controller in either longitudinal or lateral
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direction. The superior performance of the proposed
controller, as shown in Figs. 7b and 8b, is due to the
operation of UQH with more prompt angular action
and less oscillation than the compared one.

From Fig. 9, comparing with the baseline con-
troller, the proposed controller, which is subject to
actuator saturation, can simultaneously regulate the
thrust of UQH more prompt. This is exactly the cause
of better performance of the proposed controller.

4.3 Results and Performance Evaluation of Scenario 2

Figure 10 shows that the proposed FDD method per-
forms better than the compared one, although both
of them contain the fast convergence term. This
phenomenon is primarily caused by the LPV charac-
teristic of the proposed scheme, which can adapt to the
variation of payload, while the compared algorithm is
constant despite the payload changes. Only the esti-
mation result for the front motor is selected since its
estimated value is similar to the rest three motors.

As revealed in Fig. 11, although the proposed
and compared controllers are capable of operating
the UQH back to the desired height after a transient
period, the proposed controller can stabilize the sys-
tem with less expense of overshoot than the baseline
controller. From Figs. 12 and 13, better performance
is also achieved by the proposed controller comparing
with the baseline controller in either longitudinal or
lateral direction.

Figure 14 displays that two compared controllers
are all under actuator saturation, but the proposed con-
troller can command actuators to operate as expected
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faster than the compared one, so as to properly miti-
gate the actuator faults with less time delay.

4.4 Results and Performance Evaluation of Scenario 3

Figure 15 shows that a residual of 0.1 m between the
desired and real heights when the UQH is controlled
by the compared controller, while the UQH tracks the
reference height without obvious errors. The signif-
icant drop in altitude is due to the voltage loss in
battery, while no corresponding compensation action
is taken to the compared controller.

In addition, as seen in Fig. 16a, a significant devi-
ation (around 0.6 m along the Y (lateral) direction is
caused by the compared controller during the take-
off period, while the proposed controller tracks the
desired trajectory with relatively small error (around
0.12 m). Absence of mass variation counteracting
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Fig. 16 Performance comparison in lateral direction (a) and the
corresponding roll angles (b)
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Fig. 17 PWM signals of
the compared controller
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mechanism in the compared controller results in its
poor performance.

To be more specific, as the PWM signals of the
two controllers recorded in Figs. 17 and 18, the pro-
posed controller distributes control signals in apparent
differences to the four motors, in contrast, the control
signals of the compared controller assigned to distinct
motors with almost identical values. This behavior is
due to the fact that the control gains of the compared
controller is fixed, and no PWM significantly varies
when the system dynamic changes, which exactly
explains the deterioration in its performance. Alterna-
tively, owing to its reconfigurable properties, the pro-
posed controller can correspondingly and effectively
alter its PWM signals to counteract the adverse effects

induced by the actuator faults and system dynamics
variation.

5 Conclusion and Future Works

This paper presents a real-time fault detection, diag-
nosis, and tolerant control strategy for an unmanned
quadrotor helicopter against actuator faults and sys-
tem dynamics variations. The developed algorithm
includes a linear parameter varying based parame-
ter estimation and control strategy. The unmanned
quadrotor helicopter is initially controlled by the base-
line controller with healthy actuators and no dynam-
ics variations. In the presence of actuator faults and

Fig. 18 PWM signals of
the proposed controller
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system dynamics variations, their values can be esti-
mated first; the weighting functions are then calcu-
lated in real-time; the control gains, next, are read-
justed according to the online obtained weighting
functions; finally, the quadrotor helicopter is manip-
ulated and stabilized by this regulated controller,
intended to achieve the satisfactory performance. The
results of simulation and experimental tests have con-
vincingly proved that the proposed methodology is
capable of satisfying the acceptable system perfor-
mance demands in the absence/presence of payload
variation and battery drainage.

Future works of this study may be extended to
enhance the manoeuvrability of quadrotor helicopter
by releasing the hovering hypothesis and including
more time-varying system parameters. Furthermore,
the uncertainties and nonlinearities in practical sys-
tems may cause the inefficacy and inaccuracy of
model-based estimation law, more precise system
identification is thereby suggested.
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