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Abstract— A quaternion-based attitude tracking scheme for
a quadrotor subject to external disturbances and partial loss of
rotor effectiveness faults is proposed in this paper. In attitude
tracking controller design, the indirect robust adaptive control
technique is employed to compensate the external disturbances
and gyroscopic term, and stable attitude trajectory tracking
is achieved. Then, the desired attitude tracking torques are
maintained by designing the motor torques in the case of partial
loss of rotor effectiveness faults. Based on the on-line estimation
of the rotor effectiveness factor, an adaptive fault-tolerant
controller is proposed to generate motor torques, where the
rotor faults are handled without using the fault detection and
diagnosis (FDD) mechanism. Simulation results are provided to
demonstrate the performance of the proposed scheme against
rotor faults.

I. INTRODUCTION

Unmanned four-rotor helicopters (quadrotors) have re-
cently attracted an increasing interest due to their vertical
landing/taking-off capability, great maneuverability, and low
cost. The attitude tracking controller of the quadrotor is an
important feature since it allows the vehicle to track a desired
orientation and hence, prevents the vehicle from flipping
over and crashing when the quadrotor performs the desired
maneuvers [1]. Although several control methods have been
used to achieve the stability of quadrotors in the literature,
design of nonlinear robust attitude tracking controllers for
quadrotors in the presence of external disturbances and
actuator faults remains a challenging task [2], [3].

Several attitude control approaches have been developed
in the literature for quadrotor aircraft in fault-free case. For
example, a quaternion-based PD2 feedback control scheme
was proposed to achieve exponential attitude stabilization
of a rigid quadrotor vehicle [1]. In [4], dynamic inversion
and feedback linearization technique were used to design
a station-keeping and tracking controller for a quadrotor.
Despite the attitude of the quadrotor aircraft can be controlled
in the aforementioned literature, lacking of robustness is a
common defect. The paper [5] developed a nested-saturation-
based nonlinear controller to increase robustness for the
stabilization of a rotary-wing aircraft, where Lyapunov anal-
ysis was used to establish the convergence property for the
nonlinear model of the quadrotor. By using an extended
observer to estimate a class of time-varying disturbance, a
sliding mode controller is designed to stabilize the attitude of
a quadrotor in the presence of external disturbances in [6]. In
[7], a robust adaptive attitude tracking scheme was proposed
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to eliminate the parametric and nonparametric uncertainties
of a quadrotor unmanned aerial vehicle.

While the above control schemes assume that there is
no occurrence of actuator faults, only a few papers in the
literature are available within the literature dealing with
actuator faults for the quadrotor. Since quadrotor systems
are dynamically unstable and hard to control [8], a minor
unexpected actuator fault in quadrotor aircraft may result
in significant performance degradation. In order to achieve
a reliable and accurate control of quadrotors, fault-tolerant
capability should be enhanced in the design of the control
system. With consideration of actuator faults and external
disturbances, a state estimator was used to detect the actuator
faults, and then a sliding mode controller was constructed to
reject external disturbances and accommodate actuator faults
in [9]. Based on an adaptive feedback linearization technique,
the authors of [10] and [11] proposed the autonomous fault
recovery schemes for a quadrotor in the presence of a
certain fault in only one actuator and multiple faults in the
actuators, respectively. With the use of a double control loop
architecture, the control problem in case of failure of one
rotor was addressed for the quadrotor aircraft, where the
inner control loop handled the failure of one rotor, and the
outer control loop enabled the vehicle to land safely at an
arbitrary location [12].

In this paper, we consider the attitude tracking problem
of quadrotors in the presence of external disturbances and
multiple partial loss of rotor effectiveness faults. Similar to
the existing approach in [1], the control scheme consists
of two parts. In the first part, the desired attitude control
torque for attitude tracking is designed. Since the rotations
of the aircraft and the four rotors are combined together,
an additional gyroscopic term should be contained in the
attitude dynamics of the quadrotor. In addition, it is well
known that there exist different kinds of uncertainties in the
quadrotor aircraft, such as gust, ground effects and alteration
of the engine torques, a time-varying but norm-bounded dis-
turbance torque is also considered in the attitude dynamical
model. Despite the external disturbances and the gyroscopic
term, a robust controller is developed to achieve stable
attitude trajectory tracking for a quadrotor by employing
an indirect adaptive control technique. In the second part, a
fault-tolerant motor torque controller is proposed to not only
obtain the desired attitude tracking control torque designed
in the first part, but also handle multiple partial loss of rotor
effectiveness faults. A benefit of the proposed fault-tolerant
controller is that it can reduce the fault effect without relying
on the fault detection and diagnosis (FDD) mechanism. The
stabilities of the attitude tracking controller in first part and



fault-tolerant motor torque controller in second part can
be guaranteed by the Lyapunov theory. In contrast to the
attitude control control law in [1], the robustness to external
disturbances and the fault-tolerant capability to rotor faults
are enhanced in the proposed scheme.

The paper is organised as follows. In Section II, the
nonlinear model of the quadrotor aircraft is introduced. The
attitude tracking problem and the mathematical formulation
of the control laws are presented in Sections III and Section
IV, respectively. Simulation results are given in Section V to
illustrate the feasibility of the proposed scheme. Conclusions
are presented at the end of the paper.

II. MATHEMATICAL MODEL

In this paper, the quadrotor aircraft is modeled as a rigid
body with four rotors. As shown in Fig. 1, the front and
the rear rotors rotate counterclockwise while the other two
rotors rotate clockwise. Let Fi = {xi,yi, zi} denotes the
inertial frame, and Fb = {xb,yb, zb} denotes the body-fixed
frame of the quadrotor, where the origin of Fb is fixed to
the center of mass of the quadrotor. The vectors p ∈ R3

and v ∈ R3 denote the position and linear velocity of the
aircraft of the body-fixed frame Fb with respect to the inertial
frame Fi, respectively. In order to describe the attitude of the
quadrotor without geometric singularity, the unit-quaternion
representation is used. The unit-quaternion Q = [qT , q0]T

contains a vector component q ∈ R3 and a scalar component
q0 ∈ R, subjecting to the constraint qTq + q20 = 1. The
rotation matrix R(Q), related to the unit-quaternion, is given
by R(Q) = (q20 − qTq)I3 + 2qqT − 2q0S(q), where I3
is the 3-by-3 identity matrix, the matrix S(x) denotes a
skew-symmetric matrix expressed in a certain frame such
that S(x)η = x × η for any vectors x ∈ R3 and η ∈ R3

expressed in the same frame, where × denotes the cross
product operation.

The dynamical model of a quadrotor aircraft can be
described as follows [1]:

(Σ1) :

{
ṗ = v
v̇ = gzi − T

mR
T (Q)zi

(Σ2) :

 Q̇ = 1
2

[
q0I3 + S(q)
−qT

]
ω

Jf ω̇ = −S(ω)Jfω −Ga + τ + Td

(Σ3) : JrΩ̇i = ui −Mi, i ∈ {1, 2, 3, 4},

(1)

where m is the mass of the aircraft, g refers to the accelera-
tion due to gravity, the scalar T ∈ R is the magnitude of the
total lift force generated by the four rotors in the direction of
zi, ω ∈ R3 is the angular velocity of the vehicle expressed in
the body-fixed frame Fb, Jf ∈ R3 denotes the a symmetric
positive definite constant inertia matrix of the vehicle with
respect to the frame Fb, Ga denotes the gyroscopic torque

and is given by Ga =
4∑
i=1

Jr(S(ω)zi)(−1)i+1Ωi, the vector

τ ∈ R3 and Td ∈ R3 represent the quadrotor rotation torques
and the external disturbances expressed in Fb, respectively.
The motor torque and speed of the rotor i are respectively
represented by ui and Ωi, and the moment of inertia of each

rotor is Jr. The reactive torque due to rotor drag of the
ith rotor is denoted by Mi, which may be approximated as
Mi = kaΩ2

i in free air with a positive drag factor ka.
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Fig. 1: Quadrotor aircraft configuration.

In the following, the relations between the rotation torques
and the rotor velocities of the quadrotor aircraft are intro-
duced. The thrust force generated by each rotor expressed in
the body-fixed frame Fb in free air is given by

fi = −bΩ2
i , (2)

where b > 0 is the thrust factor. As a result, the total thrust
generated by four rotors can be expressed as

T =

4∑
i=1

|fi| = b

4∑
i=1

Ω2
i . (3)

Based on the configuration of the quadrotor aircraft in Fig. 1,
the rotation torques applied on the vehicle’s body are given
by τ = (τφ, τθ, τψ)T as follows:

τ =

 lb(Ω2
2 − Ω2

4)
lb(Ω2

1 − Ω2
3)

ka(Ω2
1 + Ω2

3 − Ω2
2 − Ω2

4)

 , (4)

where l is the distance from the center of mass to each rotor.

III. PROBLEM FORMULATION

The objective of this work is to design a feedback control
law to accomplish the attitude tracking of the quadrotor
aircraft subject to external disturbances and multiple partial
loss of rotor effectiveness faults. For this purpose, the attitude
dynamics (Σ2) and the rotor dynamics (Σ3) in (1) are
considered. To formulate the fault-tolerant attitude tracking
problem of the quadrotor, the attitude error dynamics with
external disturbances and the rotor faults should be estab-
lished first.

A. Attitude Error Dynamics

Assuming that the desired quadrotor attitude Qd and
angular velocity ωd have been determined by designing the
total thrust T of the translational dynamics (Σ1) in (1),
the attitude tracking error Q̃ = [q̃T , q̃0]T is defined as the



relative orientation between the attitude Q and the desired
attitude Qd, which is computed as

Q̃ = Q−1d ⊗Q, (5)

where Q−1d is the inverse or conjugate of the desired
quaternion and is determined by Q−1d = [−qTd , qd0]T , and
⊗ denotes the quaternion multiplication operator of two unit
quaternion Qi = [qTi , qi0]T and Qj = [qTj , qj0]T , which is
defined as follows:

Qi ⊗Qj =

[
qi0qj + qj0qi + S(qi)qj

qi0qj0 − qTi qj

]
. (6)

The angular velocity error ω̃ ∈ R3 is represented by ω̃ =
ω−R(Q̃)ωd, where R(Q̃) is the rotation matrix related to
Q̃, and satisfies ||R(Q̃)|| = 1 and Ṙ(Q̃) = −S(ω̃)R(Q̃).
Thus, based on the attitude dynamics (Σ2), the attitude
tracking error dynamics can be derived as

˙̃Q = 1
2

[
q̃0I3 + S(q̃)
−q̃T

]
ω̃

Jf ˙̃ω = Jf

(
S(ω̃)R(Q̃)ωd −R(Q̃)ω̇d

)
−S(ω)Jfω −Ga + τ + Td

(7)

Assumption 1: The external disturbance Td is bounded
such that ||Td|| ≤ dmax, where dmax is a positive constant
and || · || denotes the Euclidean norm.

Assumption 2: The desired angular velocity ωd and its
derivative ω̇d are bounded such that ||ωd|| ≤ c1 and ||ω̇d|| ≤
c2 for all t ≥ 0, where c1 ≥ 0 and c2 ≥ 0 are two finite
unknown constants.

Assumption 3: The symmetric positive-definitive inertia
matrix Jf is upper bounded, i.e., there exists a positive
constant cJf > 0 such that ||Jf || ≤ cJf .

B. Rotor Fault Model

In case of partial loss of effective faults in actuator, the
motor torque ui in rotor dynamics (Σ3) of (1) becomes
different from the designed value. Let uFi denotes the faulty
motor torque of the ith rotor, and then the rotor fault model
can be described as follows:

uFi = eiui, 0 < εi ≤ ei ≤ 1 (8)

where ei stands for the effectiveness of the ith rotor, εi is
a known lower bound of ei satisfying 0 < εi ≤ 1, and
i ∈ {1, 2, 3, 4}. Note that the case ei = 1 indicates that the
ith actuator works normally, and ε ≤ ei < 1 implies that the
ith actuator partially loses its effectiveness, but still has not
totally failed.

According to (8), one can define uF =
[uF1 , u

F
2 , u

F
3 , u

F
4 ]T = Eu with E = diag[e1, e2, e3, e4] ∈

R4×4 and u = [u1, u2, u3, u4]T ∈ R4, then the rotor
dynamics with rotor faults (8) is given by

(Σf3 ) : JrΩ̇ = Eu−M , (9)

where Jr = JrI4 ∈ R4×4, Ω = [Ω1,Ω2,Ω3,Ω4]T ∈ R4,
and M = [M1,M2,M3,M4]T ∈ R4.

IV. ATTITUDE TRACKING CONTROLLER DESIGN

In order to solve the attitude tracking problem of the
quadrotor aircraft under external disturbances and partial loss
of rotor effectiveness faults, similar to the approach in [1],
two steps are involved in the control scheme. In the first step,
disturbances rejection and stable attitude trajectory tracking
are achieved through a robust controller on the basis of an
indirect adaptive control method. Then, the obtained rotation
torques in the first part are regarded as the desired attitude
tracking torques, and a fault-tolerant motor torque controller
is developed in the second step to achieve this desired torques
with implicit consideration of rotor faults.

A. Step 1: Attitude Tracking Torques Design

Based on the attitude tacking error dynamics in (7), an
indirect robust adaptive controller is designed to track the
desired attitude of a rigid quadrotor in the presence of exter-
nal disturbances in this part. To design the attitude tracking
controller, the following auxiliary variable is introduced [13]

z = ω̃ + kq̃, (10)

where k is a positive constant. Then, from the attitude tacking
error dynamics in (7), it can be derived that

Jf ż = f (ω,ωd, ω̇d,Q,Qd,Td)−Ga + τ , (11)

where f (ω,ωd, ω̇d,Q,Qd,Td) denotes the a lumped term
containing the system nonlinearities and external distur-
bances, and is defined as

f (ω,ωd, ω̇d,Q,Qd,Td) = Jf

(
S(ω̃)R(Q̃)ωd −R(Q̃)ω̇d

)
− S(ω)Jfω +

k

2
Jf (q̃0I3 + S(q̃)) ω̃ + Td. (12)

By using the preceding assumptions and the facts that
||q̃0I3 + S(q̃)|| = 1 [14], ||R(Q̃)|| = 1, and ||Q̃|| = 1,
the following inequalities are established:

||Jf (q̃0I3 + S(q̃)) ω̃|| ≤ cJf (||ω||+ c1)

||Jf (S(ω̃)R(Q̃)ωd −R(Q̃)ω̇d)|| ≤ cJf (c1||ω||+ c21 + c2)

|| − S(ω)Jfω + Td|| ≤ cJf ||ω||2 + dmax. (13)

Thus, it yields

||f (ω,ωd, ω̇d,Q,Qd,Td) || ≤ cJf ||ω||2

+ (
k

2
cJf + cJf c1)||ω||+ k

2
cJf c1 + cJf (c21 + c2) + dmax.

(14)

Furthermore, it can conclude that

||f (ω,ωd, ω̇d,Q,Qd,Td) || ≤ cH, (15)

where c = max{cJf , k2 cJf + cJf c1,
k
2 cJf c1 + cJf (c21 + c2)+

dmax}, and H is given by H = ||ω||2 + ||ω||+ 1.
Now, the attitude tracking controller for the attitude dy-

namics are proposed as follows:



Theorem 1: Consider the attitude control systems (Σ2)
in (1), the attitude tracking controller for the quadrotor is
designed as

τ = Ga −
(
k0 + kz

ĉH2

H||z||+ σ

)
z, (16)

where k0, σ, and kz ≥ 1 are positive constants, and ĉ is
updated by

˙̂c(t) = −l1(l2ĉ(t)−H||z||), (17)

with ĉ(0) ≥ 0 to guarantee ĉ(t) ≥ 0. Then, the angular ve-
locity and attitude tracking errors of the quadrotor converge
to a small set containing the origin.

Proof: Consider the following Lyapunov candidate

Va =
1

2
zTJfz + 2k0k

[
q̃T q̃ + (1− q̃0)2

]
+

1

2l1
c̃2(t) (18)

where c̃(t) = ĉ(t) − c. The time derivative of Va along the
trajectory of (11) is given as

V̇a = zT (f (ω,ωd, ω̇d,Q,Qd,Td)−Ga + τ )

+ 2k0kq̃
T ω̃ +

1

l1
c̃(t) ˙̂c(t). (19)

In view of the control law in (16) and adaptive law in (17)
, and using the inequality in (15), it can be shown that

V̇a = zTf (ω,ωd, ω̇d,Q,Qd,Td)− k0||z||2 + 2k0kq̃
T ω̃

− kz
ĉ(t)H2

H||z||+ σ
||z||2 − c̃(t)(l2ĉ(t)−H||z||)

≤− k0||z||2 + 2k0kq̃
T ω̃ − l2(ĉ(t)

2 − cĉ(t))

+
(c+ c̃(t)− kz ĉ(t))H2||z||2 + σ(c− c̃(t))H||z||

H||z||+ σ

=− k0||z||2 + 2k0kq̃
T ω̃ − l2(ĉ(t)

2 − cĉ(t))

+
(1− kz)ĉ(t)H2||z||2 + σĉ(t)H||z||

H||z||+ σ
. (20)

From kz ≥ 1, ĉ(t) ≥ 0, and the fact that H||z||
H||z||+σ < 1,

(∀H > 0, σ > 0), we have

V̇a ≤− k0||z||2 + 2k0kq̃
T ω̃ − l2ĉ2(t) + (l2c+ σ)ĉ(t)

=− k0||ω̃||2 − k0k2||q̃||2

− l2(ĉ(t)− l2c+ σ

2l2
)2 +

(l2c+ σ)2

4l2

≤− k0||ω̃||2 − k0k2||q̃||2 +
(l2c+ σ)2

4l2
. (21)

Thus, V̇a is strictly negative when ω̃ or q̃ is,
respectively, outside of the compact set ∆1 ={
ω̃(t)

∣∣||ω̃(t)|| ≤ (l2c+ σ)/
√

4k0l2
}

or ∆2 ={
q̃(t)

∣∣||q̃(t)|| ≤ (l2c+ σ)/
√

4k0k2l2
}

, which implies
that Va decreases monotonically. The decrease of Va
eventually drives ω̃ and q̃ into the compact set ∆1 and ∆2

according to (18) and (21). Therefore, the angular velocity
and attitude tracking errors are bounded to a compact set
including the origin ultimately. This ends the proof.

B. Step 2: Fault-Tolerant Motor Torques Design

Since the four rotors of quadrotor aircraft are actu-
ally driven by the motor torque ui, the designed atti-
tude tracking torques τ and the total thrust T should be
maintained by specifying the desired speed of each rotor
Ωd = [Ωd,1,Ωd,2,Ωd,3,Ωd,4]T . Then, the commanded motor
torques are designed such that the speed of each rotor can
converge to their desired speed. From (3) and (4), it is
possible to show that

T
τφ
τθ
τψ

 =


b b b b
0 lb 0 −lb
lb 0 −lb 0
ka −ka ka −ka




Ω2
d,1

Ω2
d,2

Ω2
d,3

Ω2
d,4

 , (22)

the above 4 × 4 coefficient matrix is always invertible as
long as lbka 6= 0. Thus, for given lift force magnitude and
given attitude tracking control torques, the desired speed of
the four rotors can be obtained from (22).

When partial loss of actuator effectiveness fault is consid-
ered in the rotor dynamics, the commanded motor torques
should be designed with fault-tolerance capacity. In order
to get the online information of the rotor effectiveness, an
observer to the faulty rotor dynamics described in (9) is
introduced as follows:

Jr
˙̂
Ω = Ê(t)ν −M , (23)

where Ω̂ = [Ω̂1, Ω̂2, Ω̂3, Ω̂4]T ∈ R4 is the estimated speed
of rotors, Ê = diag[ê1(t), ê2(t), ê3(t), ê4(t)] ∈ R4×4 is the
estimated effectiveness matrix of rotors, and the input ν =
[ν1, ν2, ν3, ν4]T ∈ R4 of the observed faulty dynamics will
be given later.

Define the observation error vector as Ω̃ =
[Ω̃1, Ω̃2, Ω̃3, Ω̃4]T ∈ R4 with Ω̃i = Ω̂i − Ωi, i ∈ {1, 2, 3, 4},
and choose the motor torque u = ν + kuΩ̃, then the
observation error dynamics is given as

Jr
˙̃Ω = Ẽ(t)ν − kuEΩ̃, (24)

where Ẽ(t) = diag[ẽ1(t), ẽ2(t), ẽ3(t), ẽ4(t)] ∈ R4×4 is the
estimated effectiveness error with ẽi(t) = êi(t) − ei, ku
is a positive constant. To design an input ν such that the
estimated speed of rotors Ω̂ can track the desired speed of
rotors Ωd, the observer tracking error vector is defined as
Ω̂e = [Ω̂e,1, Ω̂e,2, Ω̂e,3, Ω̂e,4]T ∈ R4 with Ω̂e,i = Ω̂i − Ωd,i,
i ∈ {1, 2, 3, 4}. Using (23), the observer tracking error
dynamics is written as

Jr
˙̂
Ωe = Ê(t)ν −M − JrΩ̇d. (25)

Now, one can state the following result.
Theorem 2: Consider the faulty rotor dynamics (Σf3 ) given

in (9) with partial loss of effectiveness fault, the motor
torques are designed as

u = ν + kuΩ̃, (26)

where ν = Ê−1(t)(−kvΩ̂e+M+JrΩ̇d) is the input of the
observer (23), kv is a positive constant, and êi(t) is updated



according to the adaptive low

˙̂ei(t) = Proj[εi,1]{−αiΩ̃iνi}

=


0, if êi(t) = εi,−αiΩ̃iνi ≤ 0 or

êi(t) = 1,−αiΩ̃iνi ≥ 0

−αiΩ̃iνi, otherwise
(27)

where αi is the positive adaptive gain, and the projection
operator Proj{·} is used to keep the parameter estimate
within the parameter bound. Then, the speed of each rotor
Ωi can converge to their desired speed Ωd,i asymptotically,
and the designed attitude tracking torques can be maintained
despite partial loss of rotor effectiveness fault.

Proof: Consider the candidate Lyapunov function

Vr =
1

2
Ω̂T
e JrΩ̂e +

1

2
Ω̃TJrΩ̃ +

1

2

4∑
i=1

ẽ2i (t)

αi
. (28)

The time derivative of the Lyapunov function in view of (24)
and (25) satisfies

V̇r ≤− kv||Ω̂e||2 − kuΩ̃TEΩ̃

+ Ω̃T Ẽ(t)ν +

4∑
i=1

ẽi(t) ˙̃ei(t)

αi
. (29)

Since ei is an unknown constant, it follows that ˙̃ei(t) = ˙̂ei(t).
Then, based on the property of projection operator [15], it
can be found that

ẽi(t) ˙̃ei(t)

αi
≤ −ẽi(t)Ω̃iνi. (30)

Let γ = λmin{E}, where λmin{·} denotes the minimum
eigenvalue of a matrix. Since ei satisfies 0 < εi ≤ ei ≤ 1, it
is clear that γ > 0. Further simplification of (29), using the
adaptive law in (27), leads to

V̇r ≤− kv||Ω̂e||2 − kuγ||Ω̃||2 +

4∑
i=1

(
Ω̃iẽiνi +

ẽi(t) ˙̃ei(t)

αi

)
≤− kv||Ω̂e||2 − kuγ||Ω̃||2. (31)

Therefore, V̇r is negative semi-definite. Hence, it can be
concluded that Ω̂e ∈ L∞ and Ω̃ ∈ L∞. Upon integrating
V̇r from 0 to ∞, one obtains

Vr(0)− Vr(∞) ≥ kv
∫ ∞
0

||Ω̂e(ζ)||2dζ

+ kuγ

∫ ∞
0

||Ω̃(ζ)||2dζ. (32)

Since the term on the left-hand side of the above inequality is
bounded, it follows that Ω̂e ∈ L∞∩L2 and Ω̃ ∈ L∞∩L2. In
addition, from (24) and (25), one can easily verify that ˙̂

Ωe ∈
L∞ and ˙̃Ω ∈ L∞. Consequently, by invoking Barbalat’s
lemma, it yields that

lim
t→∞

Ω̂e(t) = lim
t→∞

Ω̃(t) = 0, (33)

which implies that lim
t→∞

(Ω(t) − Ωd(t)) = 0. Therefore,
the speed of rotor can converge to their desired value

TABLE I: Quadrotor aircraft model parameters

Value Unit Description

m 0.468 kg Mass
g 9.81 m/s2 Gravity acceleration
Jfφ 4.9× 10−3 kg ·m2 Inertia coefficient along roll axis
Jfθ 4.9× 10−3 kg ·m2 Inertia coefficient along pitch axis
Jfψ 8.8× 10−3 kg ·m2 Inertia coefficient along yaw axis
Jr 3.4× 10−5 kg ·m2 Inertia of rotor
l 0.225 m Distance between rotor and c.g.

TABLE II: Numerical Simulation Parameters

Parameter name Value

Initial attitude Q(0) = [−0.1, 0.15,−0.2, 0.96]T

Initial angular velocity ω(0) = [0, 0, 0]T

Initial linear velocity v(0) = [0.1, 0.1, 0]T

Initial speed of rotors Ω(0) = [100, 100, 100, 100]T

Controller parameters of
attitude tracking torques

design

k = 2, k0 = 0.1, kz = 0.1, l1 = 0.2,
l2 = 0.5, σ = 0.05, ĉ(0) = 0

Controller parameters of
rotor torques design

ku = 0.008, kv = 0.002, αi = 2,
êi(0) = 1, i ∈ {1, 2, 3, 4}

asymptotically. As a result, the designed attitude tracking
torques in step 1 are achieved in spite of the occurrence of
partial loss of rotor effectiveness faults.

V. SIMULATION RESULTS

In this section, simulation results are presented to il-
lustrate the effectiveness of the proposed attitude tracking
control scheme under partial loss of actuator effectiveness
faults. The quadrotor aircraft model parameters are giv-
en in Table I. Consider the translational dynamics (Σ1)
in (1), the total lift thrust T is designed to control the
position of the quadrotor through a PD controller. Then,
we can obtain the necessary thrust amplitude T and the
desired attitude Qd of the quadrotor. The initial position
of the quadrotor aircraft is p(0) = [0, 0, 10]T , and the
target position is pd(0) = [1, 1, 10]T in the inertial frame.
The external disturbances Td in (1) are assumed to be
Td = 10−3 × [8 cos(0.1t),−5 sin(0.3t), 6 sin(0.2t)]T Nm.
The actuator fault scenario considered here assumes that the
first rotor undergoes a 10% loss of its effectiveness at t = 1
s, while at t = 2 s, the forth rotor experiences a 20% loss of
its effectiveness. The other simulation parameters are given
in Table II.

The simulation results are shown in Fig. 2. Figs. 2a and
2b show the attitude and angular velocity tracking errors,
respectively. The attitude tracking torques are presented in
Fig. 2f. It is clear from these figures that the angular velocity
and attitude tracking errors converge to a small neighbour-
hood of the origin, and good control performance is obtained
even in the presence of the external disturbances. Fig. 2d
illustrates the observer tracking error and Fig. 2e illustrates
the observation error. The motor torque histories are given
in Fig. 2c. From Figs. 2d and 2e, both two error vectors can
quickly converge to zero, which guarantees the tracking of
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(a) Attitude tracking error.
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Fig. 2: Simulation results of a quadrotor under partial loss of rotor effectiveness faults.

the required rotor speeds. As a result, the attitude tracking
torque commands can be realized by the rotor torques despite
partial loss of rotor effectiveness faults.

VI. CONCLUSION

In this paper, attitude tracking problem for a quadro-
tor against partial loss of rotor effectiveness faults using
indirect robust adaptive control technique is addressed. In
the attitude tracking controller design, unit quaternion is
used to represent the attitude of the quadrotor aircraft, and
external disturbances and gyroscopic term have been taken
into account. The attitude tracking torques are developed
to achieve stable attitude tracking and the tracking errors
converge to a small set containing the origin. In the fault-
tolerant motor torque controller design, based on the on-line
estimation of the rotor effectiveness factor, an adaptive fault-
tolerant controller is proposed to compensate the fault effects
such that the designed attitude tracking toques are maintained
by designing the motor torques despite the actuator faults.
The simulation results show the effectiveness of the proposed
fault-tolerant attitude tracking scheme.

REFERENCES

[1] A. Tayebi and S. McGilvray, “Attitude stabilization of a VTOL
quadrotor aircraft,” IEEE Trans. Contr. Syst. Technol., vol. 14, no. 3,
pp. 562–571, May 2006.

[2] Y. M. Zhang, A. Chamseddine, C. A. Rabbath, B. W. Gordon, C. Y. Su,
S. Rakheja, C. Fulford, J. Apkarian, and P. Gosselin, “Development of
advanced FDD and FTC techniques with application to an unmanned
quadrotor helicopter testbed,” J. Frankl. Inst.-Eng. Appl. Math., vol.
350, no. 9, pp. 2396–2422, Nov. 2013.

[3] C. T. Ton and W. Mackunisy, “Robust attitude tracking control of
a quadrotor helicopter in the presence of uncertainty,” in Proc. 51st
IEEE Conf. Decision Control, Maui, HI, 2012, pp. 937–942.

[4] A. Das, K. Subbarao, and F. Lewis, “Dynamic inversion with zero-
dynamics stabilisation for quadrotor control,” IET Contr. Theory Appl.,
vol. 3, no. 3, pp. 303–314, 2009.

[5] F. Kendoul, D. Lara, I. Fantoni, and R. Lozano, “Real-time nonlinear
embedded control for an autonomous quadrotor helicopter,” J. Guid.
Control Dyn., vol. 30, no. 4, pp. 1049–1061, 2007.

[6] R. Zhang, Q. Quan, and K. Y. Cai, “Attitude control of a quadrotor
aircraft subject to a class of time-varying disturbances,” IET Contr.
Theory Appl., vol. 5, no. 9, pp. 1140–1146, 2011.

[7] T. Lee, “Robust adaptive attitude tracking on SO(3) with an application
to a quadrotor uav,” IEEE Trans. Contr. Syst. Technol., vol. 21, no. 5,
pp. 1924–1930, 2013.

[8] S. Bouabdallah and R. Siegwart, “Backstepping and sliding-mode
techniques applied to an indoor micro quadrotor,” in Proc. IEEE Int.
Conf. Robot. Autom., 2005, pp. 2247–2252.

[9] F. Sharifi, M. Mirzaei, B. W. Gordon, and Z. Youmin, “Fault tolerant
control of a quadrotor uav using sliding mode control,” in Proc. the
Conference on Control and Fault-Tolerant Systems (SysTol), Nice,
France, 2010, pp. 239–244.

[10] M. Ranjbaran and K. Khorasani, “Fault recovery of an under-actuated
quadrotor aerial vehicle,” in Proc. 49th IEEE Conf. Decision Control,
Atlanta, GA, 2010, pp. 4385–4392.

[11] ——, “Generalized fault recovery of an under-actuated quadrotor
aerial vehicle,” in Proc. American Control Conference, Montreal, QC,
2012, pp. 2515–2520.

[12] A. Lanzon, A. Freddi, and S. Longhi, “Flight control of a quadrotor
vehicle subsequent to a rotor failure,” J. Guid. Control Dyn., vol. 37,
no. 2, pp. 580–591, Mar. 2014.

[13] W. Luo, Y.-C. Chu, and K.-V. Ling, “Inverse optimal adaptive control
for attitude tracking of spacecraft,” IEEE Trans. Automat. Contr.,
vol. 50, no. 11, pp. 1639–1654, Nov. 2005.

[14] Y. D. Song and W. Cai, “Quaternion observer-based model-
independent attitude tracking control of spacecraft,” J. Guid. Control
Dyn., vol. 32, no. 5, pp. 1476–1482, Sep.-Oct. 2009.

[15] P. A. Ioannou and J. Sun, Robust adaptive control. Prentice-Hall,
1996.


