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A Novel Robust Attitude Control for Quadrotor
Aircraft Subject to Actuator Faults and Wind Gusts

Yuying Guo, Bin Jiang, Senior Member, IEEE, and Youmin Zhang, Senior Member, IEEE

Abstract—A novel robust fault tolerant controller is developed
for the problem of attitude control of a quadrotor aircraft in
the presence of actuator faults and wind gusts in this paper.
Firstly, a dynamical system of the quadrotor taking into account
aerodynamical effects induced by lateral wind and actuator
faults is considered using the Newton-Euler approach. Then,
based on active disturbance rejection control (ADRC), the fault
tolerant controller is proposed to recover faulty system and
reject perturbations. The developed controller takes wind gusts,
actuator faults and measurement noises as total perturbations
which are estimated by improved extended state observer (ESO)
and compensated by nonlinear feedback control law. So, the
developed robust fault tolerant controller can successfully ac-
complish the tracking of the desired output values. Finally, some
simulation studies are given to illustrate the effectiveness of fault
recovery of the proposed scheme and also its ability to attenuate
external disturbances that are introduced from environmental
causes such as wind gusts and measurement noises.

Index Terms—Active disturbance rejection control (ADRC), at-
titude control, actuator faults, disturbances rejection, quadrotor
aircraft.

I. INTRODUCTION

RECENT scientific innovations and improvements have
boosted the utilization of unmanned aerial vehicles

(UAVs) in a large and expanding number of applications
such as law enforcement [1], marine operations [2], battle
damage assessment [3], agriculture services [4], mapping and
photographing [5], wild fire surveillance [6], [7], inspection of
buildings and bridges [8], surveillance over nuclear reactors [9]
and power lines [10]. Due to the requirements of autonomous
flight under different flight conditions without a pilot onboard,
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control of UAV flight is much more challenging compared
with manned aerial vehicles since all operations have to
be carried out by the automated guidance, navigation and
control (GNC) algorithms embedded on the onboard flight
microcomputer/microcontroller or with limited interference
by a ground pilot if needed. Moreover, during all these
missions, the precise attitude control combined with wind
gusts attenuation capabilities and the enhanced reliability and
safety of complex and autonomous systems due to occurrence
of faults are necessarily required. So, an effective yet easy to
implement controller, which has the capability of ensuring its
effectiveness even in the presence of actuator faults and strong
disturbances, is required.

For the quadrotor helicopter, as an example of UAV systems,
which is relatively a simple, affordable and easy to fly system,
the accurate attitude control of it in harsh environmental
conditions due to wind disturbances is an open challenge.
Particularly, robustness issues can be critical for the rotorcrafts
due to the complicated aerodynamic effects (which make it
difficult to obtain an accurate dynamic model), such as the
errors from sensors (like measurement noises) and external
disturbances (like winds). Many researches have addressed
the design of proper attitude control strategies for quadrotor.
Nevertheless, only a few studies about robust control of aircraft
in the presence of wind can be found in the literature. In [11],
a backstepping-based controller with input saturations for the
hovering flight of a UAV was introduced and it was applied (in
simulation) to an airship UAV in face of wind disturbances.
The problem of UAV path planning with wind disturbances
is discussed in [12], [13]. In [14], a novel nonlinear feedback
control law is developed to compensate for modeling errors
which can perform robustly against external perturbations such
as wind gusts. Reference [15] and [16] account for wind gust
disturbances, but only as linear perturbations. The quadrotor
is a 6 degree-of-freedom (DOF) device with only four actua-
tors, which makes it an under-actuated vehicle with unstable
dynamics and highly coupled states. Moreover, due to load
limitations, there is no hardware redundancy, so the enhanced
reliability and safety of a quadrotor in the presence of faults
is critical. Then, the development of an autonomous fault
diagnosis [17] and recovery system [18]−[21] that can cope
with these faults is necessarily needed. In [22], an adaptive PID
controller is proposed for fault tolerant control of a quadrotor
helicopter system in the presence of actuator faults, and a fuzzy
logic controller is used to tune PID gains online where the
tracking error and the change of the tracking error are used
to determine control parameters. However, PID controllers are
reliable with certain level of robustness to model uncertainties
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and disturbances. Moreover, when the control input is a step
signal, the output of system cannot be step due to the inertia
of the system, and there will be large initial error. Model
predictive control (MPC) is a promising tool for fault tolerant
control applications [23] due to its prominent capabilities such
as constraint handling, flexibility to changes in the process
dynamics and applicability to nonlinear dynamics. However,
MPC needs an almost explicit model of the system to calculate
a stabilizing control signal, meanwhile, the abrupt changes
in the model parameters, due to failure, cannot be predicted
beforehand and an online data-driven parameter estimation
methodology is required. Sliding mode control (SMC) and
backstepping techniques have also been used in [24] and [25],
and in these works the convergence of the quadrotor internal
states is guaranteed; however, the computations required are
relatively excessive.

Given that the quadrotor is an under-actuated system, the
possible set of available solutions for control and fault re-
covery is rather limited. Moreover, in real world applications
there are always measurement noises and wind gusts. Also,
to the best of authors’ knowledge, there are no fault recovery
methods based on active disturbance rejection control (ADRC)
presented for a quadrotor aircraft in literature, therefore, the
main objective of this paper is to develop fault tolerant
control methods that are effective, simple to implement and
robust to model uncertainties and external disturbances for
quadrotor control system in the presence of actuator faults,
wind gusts and measurement noises by ADRC initiated by
Han [26]. In contrast to previous methods, the developed fault
tolerant control method is a remarkable control strategy for
four reasons: 1) it is a robust control strategy, where the
model of quadrotor is extended with a new state variable,
which includes all unknown dynamics and disturbances that
are left unnoticed in the normal plant description and is online
estimated using a state observer called extended state observer
(ESO); 2) the online estimation of the new state is used to
separate the system and the gentle disturbances, which in turn
indirectly simplifies the model to a large extent, and the real
time compensation of the uncertainty also reduces the trouble
in its modelling; 3) discrepancies in modelling will not affect
the control mechanism, as this technique involves inclusion of
all uncertainties as the extended state variable; 4) robustness
and uncertainty reduction ability of this method makes it an
interesting solution in scenarios where the full knowledge of
the system is not available.

The construction of this paper is organized as follows: In
Section II, a nonlinear dynamic model with actuator faults
and wind gusts is derived. The fault tolerant method based on
ADRC is developed in Section III. To analyze the performance
of the developed fault tolerant controller, several simulations
are carried out and presented in Section IV. Conclusions and
future work are finally discussed in Section V.

II. QUADROTOR’S MATHEMATICAL MODEL SUBJECT TO
ACTUATOR FAULTS AND WIND GUSTS

A. Preliminaries
A quadrotor aircraft is actuated by four rotors. The coor-

dinate systems and free body diagram for the quadrotor are

shown in Fig. 1. There are two reference frames subjected to
the quadrotor: The earth-fixed frame E = (OE , xE , yE , zE)
and the body-fixed frame B = (OB , xB , yB , zB). It is as-
sumed that the body-fixed frame and the center of gravity of
the quadrotor must coincide. A cross formed by two arms
holds the four rotors, two rotors at the two ends of one arm
rotate in the clockwise direction, while the other pair of rotors
rotates in the opposite direction to cancel the yawing moment.
To describe the behavior of the quadrotor, its absolute position
vector is denoted as ξ = [x, y, z]T ∈ E and attitudinal vector
is denoted as Euler angles η = [φ, θ, ψ]T ∈ E. Euler angles
are respectively roll angle φ, pitch angle θ, and yaw angle ψ
with the assumption of −π/2 < φ < π/2, −π/2 < θ < π/2,
−π < ψ < π. The linear motions along with x, y, z axes
and rotating motion around the z-axis are accomplished by
changing the speed of rotors properly. Control forces and
moments are generated by varying the speed of the rotors
(Ω1,Ω2,Ω3,Ω4) as shown in Table I. In Table I, a (+) symbol
indicates that increasing the corresponding rotor speed gener-
ates a positive force/moment, while a (−) symbol indicates
that decreasing the corresponding rotor speed generates a
positive force/moment. To get from E to B, we first rotate
about zE axis by the yaw angle, ψ, then rotate about the
intermediate yE axis by the pitch angle, θ, and finally rotate
about the xE axis by the roll angle, φ. The rotation matrix for
transforming the coordinates from E to B is given by

RΩ =




cosψcosθ −sinψcosφ + cosψsinθsinφ
sinψcosθ cosψcosφ + sinψsinθsinφ
−sinθ cosθsinφ

sinψsinφ + cosψsinθcosφ
− cosψsinφ + sinψsinθcosφ

cosθcosφ


 .

Fig. 1. Quadrotor model.

By using the Newton-Euler approach, the general mathe-
matical model describing the dynamics of an aircraft evolving
in a three-dimensional space is expressed in (1) [27],



294 IEEE/CAA JOURNAL OF AUTOMATICA SINICA, VOL. 5, NO. 1, JANUARY 2018

TABLE I
VARIATION OF ROTOR SPEEDS TO GENERATE CONTROL FORCES

AND MOMENTS

Force / Moment Ω1 Ω2 Ω3 Ω4

Roll moment – +
Pitch moment – +
Yaw moment – + – +
Vertical thrust + + + +

ξ̇ = ν

mν̇ = F
ṘΩ = RΩΩ̂
JΩ̇ = −Ω× JΩ + Ω× [0 0 JrΩr] + τ (1)

where ν is the generalized velocity vector with respect to E-
frame and Ω is the angular velocity expressed in B-frame, Ω̂
denotes the anti-symmetric matrix of Ω, m is the mass of the
rigid body, J denotes the constant inertia matrix around the
center of mass, F ∈ R3 is non-conservative forces expressed
in an inertia frame E, and τ ∈ R3 is torques applied to its
center of mass and specified with respect to the body frame B.
Ω×[0 0 JrΩr] denotes the gyroscopic effects produced by the
propeller rotation, Jr is the total rotational moment of inertia
around the propeller axis and Ωr is the overall propellers’
speed which is defined in (2),

Ωr = −Ω1 + Ω2 − Ω3 + Ω4. (2)

B. Wind Gusts Modeling

In real world applications, a quadrotor is generally exposed
to crosswind. A crosswind is defined as the wind which occurs
perpendicular to the vehicle but parallel to the ground, i.e.,
the quadrotor is disturbed by lateral wind. If an aircraft is
experiencing a crosswind, it will be pushed over or yawed
away from the wind. Consequently, this leads to additional
forces, fWi

, acting over each rotor (see Fig. 2). These forces
are due to the airflow generated by the lateral wind. It means
that the magnitude of these forces is a function of the incoming
lateral airflow coming from the wind. Under the crosswind, the
total thrust fTi

= fWi
+ fMi

, i = 1, 2, 3, 4, can be expressed
as follows [28]:

fTi
= 2ρAV̂ Vp (3)

where ρ is the air density and A is the propeller area, fMi
=

bΩ2
i is the translational force produced by rotor i, and b is the

thrust coefficient. Vp is the induced wind speed in the main
propeller and V̂ is the total induced wind speed by the rotor
and lateral wind Vw, and this is given by

V̂ =
[
(Vwcosα + Vp)2 + (Vwsinα)2

] 1
2 (4)

where α is the angle between the rotor axis and the lateral
wind axis, and when the wind is coming from the right in
the x-axis, α = 90o. It is important to notice that, without
lateral wind, Vw = 0, then this gives V̂ = Vp, fWi

= 0 and
fTi

= fMi
.

Moreover, the motor torque is opposed by an aerodynamic
drag, τdrag. For definition, the aerodynamic drag is given

by τdrag = ρAV 2
w/2. Thus, the aerodynamic drag could

be considered like τdrag = kdragV
2
w , where kdrag > 0

is a constant depending on the density of air, the radius,
shape of the blade and other factors. When the quadrotor is
perturbed by the crosswind, the induced forces fWi

in each
rotor produce aerodynamical wind torques in the rotorcraft,
and these moments could be expressed by τWψ

=
∑4

i=1 τdragi
,

τWθ
= (fW3 − fW1)l, τWφ

= (fW4 − fW2)l, l is the distance
between the center of the quadrotor and the centre of a
propeller.

Fig. 2. Analysis of the main and lateral thrusts.

On the other hand, the gravitational force applied to the
vehicle is fg = −mgk̂, where k̂ denotes the unit vector
codirectional with the zE-axis, and g refers to the gravity
acceleration. Therefore, one has

F = RΩ(
4∑

i=1

fMi
+

4∑

i=1

fWi
) + fg

τ = τA + τWA
(5)

with τA = [τψ, τθ, τφ]T and τWA
= [τWψ

, τWθ
, τWφ

]T .
Consequently, (1) is rewritten as follows:

mν̇ = RΩ(
4∑

i=1

fMi
+

4∑

i=1

fWi
) + fg

JΩ̇ = −Ω× JΩ + Ω× [0 0 JrΩr]+τA+τWA
. (6)

Thus, developing (5) and (6), it follows that

ẍ = (sinψsinφ + cosψsinθcosφ)
U1

m
+ W1

ÿ = (−cosψsinφ + sinψsinθcosφ)
U1

m
+ W1

z̈ = −g + (cosθcosφ)
U1

m
+ W1

φ̈ =
(Iyy − Izz)

Ixx
θ̇φ̇− Jr

Ixx
θ̇Ωr +

U2

Ixx
+ W2

θ̈ =
(Izz − Ixx)

Iyy
ψ̇φ̇− Jr

Iyy
φ̇Ωr +

U3

Iyy
+ W3

ψ̈ =
(Ixx − Iyy)

Izz
φ̇θ̇ +

U4

Izz
+ W4 (7)
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where W = [W1,W2,W3,W4]T is the perturbed vector
induced by wind, and it is defined as follows:

W =




4∑
i=1

fWi
/m

l(f2
W4

− f2
W2

)
Ixx

l(f2
W3

− f2
W1

)
Iyy

4∑
i=1

τdragi

Izz




(8)

where Ixx, Iyy and Izz denote the inertia moments in the body-
fixed frame, and the propellers’ speed inputs are given through
(9),

U1 = b(Ω2
1 + Ω2

2 + Ω2
3 + Ω2

4)
U2 = lb(−Ω2

2 + Ω2
4)

U3 = lb(−Ω2
1 + Ω2

3)
U4 = d(−Ω2

1 + Ω2
2 − Ω2

3 + Ω2
4) (9)

where b and d are the thrust and the drag factors, respectively.
U1 denotes the normalized total lift force, and U2, U3 and
U4 correspond to the control inputs of the roll, the pitch and
the yaw moments, respectively. Then, rearranging the (9) in a
matrix form

U = LFM (10)

where U = [U1 U2 U3 U4]T is the movement vector and
FM = [fM1 fM2 fM3 fM4 ]

T is the thrust vector with
fMi

= bΩ2
i , i = 1, 2, 3, 4. The constant matrix L is defined

according to

L =




1 1 1 1
0 −l 0 l
−l 0 l 0

−d

b

d

b
−d

b

d

b


 . (11)

C. Actuator Dynamic Model With Loss of Effectiveness (LOE)
Fault

The rotors are driven by DC motors, and with the assump-
tion that the thrust dynamics for all the actuators are identical,
and from fMi

= bΩ2
i , one has

ḟMi
= 2bΩiΩ̇i. (12)

The nonlinear and linearized dynamic equations of the
propeller angular speed Ωi and the thrust FM around an
operating point F0 are provided in [19] and [29], and interested
readers can refer to the two references for details. So, for
the sake of brevity, the paper presents the linearized dynamic
equation of the input voltage u to the thrust FM in (13)

ḞM = −AFM + Bu + C (13)

where A, B and C are constant matrices and u =
[u1 u2 u3 u4]T is defined as the vector of the input voltages
to the propellers.

Considering (10) and (13), the following equation is ob-
tained

U̇ = −AU + LBu + LC

= −A0U + B0u + C0 (14)

where A = A0 = AtI4×4, LB = B0 = BtI4×4, LC = C0 =
Ct[1 1 1 1]T , and the parameters At, Bt and Ct are the
linearized coefficients.

The LOE fault is characterized by a decrease in the actuator
gain from its nominal value. In case of a LOE fault, the speed
of the quadrotor deviates from the commanded output that is
desired by the controller. In other words, one instead has

Ωi = kaiΩci, 0 < kai < 1 (15)

where Ωi refers to the actual output from the ith actuator
and Ωci is the commanded output by the controller and kai

represents the LOE fault gain. Therefore, the resulting thrust
force from this actuator changes according to the (16)

fMi
= bΩ2

i = b(kaiΩci)2. (16)

Then, one has

ḟMi = 2bk2
aiΩciΩ̇ci. (17)

Therefore the dynamics of FM defined in (13) would also
change due to the LOE fault, so (14) can be rewritten as
follows:

U̇ = −Af U + Bf u + C0 (18)

where Af =diag{At1 At2 At3 At4} and
Bf =diag{Bt1 Bt2 Bt3 Bt4} are coefficient matrices.

Remark 1: In this paper, it is assumed that the only coeffi-
cients subject to change due to a fault are A0, B0, while the
coefficient C0 would remain unaffected. If the actuators have
the same parameters, in other words, Ati = At and Bti = Bt

for i = 1, 2, 3, 4, then the system is healthy, otherwise an
actuator fault occurs.

Remark 2: It should be noted that if the actuators do not have
the same characteristics, it is necessary to derive the dynamic
equations of the movement vector, then the thrust dynamics for
all the actuators are not identical since the dynamic equations
of the movement vector U change.

III. ROBUST NONLINEAR RECOVERY
CONTROLLER DESIGN

Although ADRC inherits from proportional–integral–
derivative (PID) control, it has unique qualities that makes
it such a success. These unique qualities are: the error-driven,
rather than model-based, control law; it offers the best state
observer; it embraces the power of nonlinear feedback and puts
it to full use; it is a useful digital control technology developed
out of an experimental platform rooted in computer simula-
tions. The normal ADRC consists of a tracking differentiator
(TD), an extended state observer (ESO) and a nonlinear state
error feedback (NLSEF). However, in the real world, there are
always measurement noises in control systems. Motivated by
this fact, an improved ADRC control strategy is developed in
this section. That is, using nonlinear function fal(·) given in
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(24) to filter out the measurement noises. The improved ESO
can not only estimate states of plant and overall disturbances,
but also efficiently filter out measurement noises in systems.

Equation (7) is recalled and rewritten as follows:

z̈ = f1(z, ż) + b1U1 − g + W1

φ̈ = f2(φ, φ̇, θ, θ̇, ψ, ψ̇) + b2U2 + W2

θ̈ = f3(φ, φ̇, θ, θ̇, ψ, ψ̇) + b3U3 + W3

ψ̈ = f4(φ, φ̇, θ, θ̇, ψ, ψ̇) + b4U4 + W4 (19)

where fi(·) and Wi denote the internal dynamics disturbance
(such as modeling errors) and the external disturbance (i.e.,
wind gust), i = 1, 2, 3, 4, respectively. b1 = cosθcosφ/m,
b2 = 1/Ixx, b3 = 1/Iyy , b4 = 1/Izz .

The control strategy design, for example the roll control,
is developed as follows. For the roll control, considering the
second order system as follows:

ẍ = f(x, ẋ, W) + bU
y = y0 + vy (20)

where f(x, ẋ, W), or simply denoted as f , represents both
the internal dynamics and the external disturbance, vy denotes
measurement noises, x is system state, and for the roll control,
one has

φ̈ = f(φ, φ̇, θ, θ̇, ψ, ψ̇, W) + bU
y = φd + vy (21)

where φd is desired values.
A. Tracking-differentiator (TD)
In the transition design, both the transition signal v1 and its

derivative v2 are simultaneously given. A nonlinear TD was
constructed based on the fact that the numerical integration
provides more stable and accurate results than numerical
differentiation in the presence of noises.

Considering the roll control for the design, a second-order
TD can be designed as follows:

v1(k + 1) = v1(k) + Tv2(k)
v2(k + 1) = v2(k) + T fst(v2(k)− v, v2(k), r, h) (22)

where v = φd is the expected output, v1 is the tracking of v,
and v2 is the derivative of v1. T is the sampling period, and
r and h are adjusted accordingly as filter coefficients. The
function fst(·) is defined as follows:

fst(x1, x2, r, h) = −
{

r a/d, a ≤ d0

r sgna, a > d0

with

d = rh, d0 = dh, ȳ = x1 + hx2, a0 = (d2 + 8r|ȳ|) 1
2

a = −





x2 +
(a0 − d)

2
, |ȳ| > d0

x2 +
ȳ

h
, |ȳ| ≤ d0.

B. Improved extended-state-observer (ESO) with fal(·) filter

To suppress the measurement noises, an improved ESO with
fal(·) filter is designed as follows:

y0(k) = fal filter(y, kf , af , δf )
ε1 = z1(k)− y0(k)
z1(k + 1) = z1(k) + T (z2(k)− β1ε1)
z2(k + 1) = z2(k) + T (z3(k)− β2 fal(ε1, α1, δ)+bu(k))
z3(k + 1) = z3(k) + Tβ3 fal(ε1, α2, δ) (23)

where z1 is the estimated state, and z2 is the derivative of
z1, z3 is the overall estimated uncertainties of the plant which
will serve as a compensating term for the input. α1 = 0.5,
α2 = 0.25. β1, β2, β3 and δ are positive scalars. y0 are filtered
outputs of system. kf , af and δf are filtering parameters, and
ε1 are errors of estimation. The nonlinear function fal(·) [26]
is given in (24).

C. Nonlinear state error feedback (NLSEF)

e1 = v1(k)− z1(k)
e2 = v2(k)− z2(k)
u0(k) = k1fal(e1, α1, δ0) + k2fal(e2, α2, δ0)

u(k) = u0(k)− z3(k)
b

(24)

with

fal(ε, α, δ) = −
{ |ε|αsgn(ε), |ε| > δ > 0,

ε

δ1−α
, |ε| ≤ δ > 0

where k1 and k2 are positive scalars, α1 = 0.75 or 0.5 and
α2 = 1.25 or 1.5. δ is positive scalar. fal(·) is a nonlinear
function, and when α < 1, it has the advantages of small
error, large gain and large error, small gain.

IV. SIMULATION RESULTS

In order to validate the fault recovery and disturbance
rejection capabilities of the proposed control strategy for stabi-
lizing the quadrotor at hovering, the following two simulation
conditions are considered with the parameters of the quadrotor
referred from [30].

1) Lateral wind gusts are applied with wind velocity VW =
9 m/s at a specific time window ∆T = [5, 7] seconds. The
sampling period is set to T = 0.01 s. The initial values are:
φ0 = 15o, θ0 = 10o, ψ0 = 30o. The white Gaussian noise with
zero mean value and variance of 0.01 is applied to describe
measurement noises. While at hovering, the desired values are:
zd = 1 m, φd = 0o, θd = 0o and ψd = 0o. The simulation
results are shown in Figs. 3−10. From Fig. 3, one can see
that ADRC-based control has no overshoot as compared to
nonlinear PID-based control with filter. Figs. 5, 7 and 9 show
that ADRC-based control can compensate the perturbations
resulted from wind gusts through the estimations provided by
ESO, therefore, ADRC-based control can effectively stabilize
and achieve accurate attitude control even though there are
forceful wind gusts at time window ∆T = [5, 7] seconds.
Figs. 4, 6 and 8 illustrate that improved ESO can efficiently
estimate system states and the amplitude of the wind distur-
bances.



GUO et al.: A NOVEL ROBUST ATTITUDE CONTROL FOR QUADROTOR AIRCRAFT SUBJECT TO ACTUATOR FAULTS AND WIND GUSTS 297

Fig. 3. Outputs of vertical position z: ADRC-based control (solid line);
nonlinear PID-based control (dashed line).

Fig. 4. Outputs of ESO for z: z1-the estimated states of system (dotted line);
z2-the differential of z1 (dash-dot line); z3-the estimated overall disturbances
(solid line).

Fig. 5. Outputs of pitch angle θ: ADRC-based control (solid line); nonlinear
PID-based control (dashed line).

Fig. 6. Outputs of ESO for θ: z1-the estimated states of system (solid line);
z2-the differential of z1 (dashed line); z3-the estimated overall disturbances
(dash-dot line).

Fig. 7. Outputs of roll angle φ: ADRC-based control (solid line); nonlinear
PID-based control (dashed line).

Fig. 8. Outputs of ESO for φ: z1-the estimated states of system (solid line);
z2-the differential of z1 (dashed line); z3-the estimated overall disturbances
(dash-dot line).

Fig. 9. Outputs of yaw angle ψ: ADRC-based control (solid line); nonlinear
PID-based control (dashed line).

Fig. 10. Outputs of ESO for ψ: z1-the estimated states of system (solid line);
z2-the differential of z1 (dashed line); z3-the estimated overall disturbances
(dash-dot line).
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Fig. 11. Outputs of roll angle φ after fault recovery: ADRC based fault
tolerant control (solid line); nonlinear PID based fault tolerant control (dashed
line).

Fig. 12. Outputs of pitch angle θ after fault recovery: ADRC based fault
tolerant control (solid line); nonlinear PID based fault tolerant control (dashed
line).

Fig. 13. Outputs of yaw angle ψ (rad) after fault recovery: ADRC based
fault tolerant control (solid line); nonlinear PID based fault tolerant control
(dashed line).

2) The fault considered here assumes a 25 % LOE in the
first actuator at t = 5 sec. While at hovering, the desired values
are: zd = 3 m, φd = 0o, θd = 0o and ψd = 0o. The white
Gaussian noise with zero mean value and variance of 0.01
is applied to describe measurement noises. Figs. 11−15 show
the outputs of quadrotor helicopter with measurement noises
and actuator fault. From these figures, one can see that when
actuator fault occurs, ADRC-based fault tolerant controller
can still accurately control the attitude angles, since it can
remarkably deal with the completely unknown uncertainties

Fig. 14. Outputs of vertical position z after fault recovery: ADRC based
fault tolerant control (solid line); nonlinear PID based fault tolerant control
(dashed line).

Fig. 15. Outputs of vertical position z after fault recovery with ADRC fault
tolerant control but without filtering.

that come from both the internal and external, and it regards
actuator fault as unknown uncertainties, then through com-
pensating the uncertainties induced by the actuator faults to
recover the performance of faulty system. However, comparing
with ADRC-based fault tolerant control, nonlinear PID-based
fault tolerant control (without filter) has larger delay, and
meanwhile, it is affected seriously by measurement noises.
Moreover, the attitudes are not stabilized well by nonlinear
PID-based fault tolerant controller. From Figs. 14 (solid line)
and 15, it is clear that measurement noises are well rejected
by improved ESO with nonlinear function filter.

V. CONCLUSION

In this paper, a novel robust fault tolerant control strategy
based on ADRC is successfully applied to stabilize an un-
manned quadrotor aircraft subjecting to actuator faults and
wind gusts. An improved ESO is designed to estimate the
plant dynamics and disturbances, while a nonlinear feedback
control law is developed to actively suppress disturbances and
accommodate actuator faults. With the accurate estimation of
the plant dynamics and disturbances by ESO, the developed
controller can successfully drive the outputs of quadrotor
aircraft to the desired values. The proposed algorithms are val-
idated through simulation, and the results obtained from simu-
lation demonstrated the effectiveness of the developed control
algorithm dealing with the completely unknown uncertainties
that come from both internal faults and external disturbances.
However, there are so many parameters of ADRC which
should be carefully tuned, so ADRC with parameter adaption
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will be one of the focuses of our future work, also, experiments
need to be carried out for fault recovery in presence of real
wind (outdoor).
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