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Abstract— This paper deals with the design of a fault tolerant
control (FTC) of a quadrotor aircraft system, considering the
actuator faults. The attitude dynamic model of quadrotor, taking
into account the various parameters which can affect the
dynamics of this system in space is presented. Subsequently,
based on robust adaptive-backstepping method and taking into
account the actuator faults, a new FTC strategy is developed.
The main advantages of this control method are the good
tracking and the stability preservation of the closed loop
dynamics of quadrotor aircraft even after occurrence of
actuator faults. Numerical simulation results are provided to
show the good performances of proposed FTC method.

Keywords— Adaptive control, Backstepping approach, Fault
tolerant control (FTC), Robust control, Quadrotor.

I. INTRODUCTION

Quadrotors are one of Unmanned Aerial Vehicles (UAVS)
which consist of two rods and four actuators as shown in
Fig.1. Even though its structure is simple, the quadrotor is a
VTOL (Vertical Task-off and Landing) and can perform most
of missions that helicopters can do. In some aspects, the
quadrotors have better maneuverability than helicopters
because quadrotors have four rotors, which can increase the
mobility and loadability. They, has been studied recently by
some authors like [13], [20], [17], [7], [2], [10], [18], [19],
[24], [1], [3]. [5], [12], [21], [22], [9]. [8]. [6], [23], [4]. [11].
These authors propose many other dynamics systems, present
constant or slowly-varying uncertain parameters, but without
considering the faults affecting these systems. However, in
[15] and [16] the authors propose a control algorithms based
on backstepping approach using sliding mode techniques, in
order to allow the tracking of the various desired trajectories
despite the occurrence of actuator faults. But, the
corresponding inputs control of these control strategies are
characterized by chattering phenomenon caused by the using
of “sign” function.

In this paper, the attitude control problem of quadrotor
aircraft in presence of actuator faults is considered. The
dynamical model describing the quadrotor attitude motions,
which contains the aerodynamics frictions, the gyroscopic
effects, and the quadrotor moments, taking into consideration
the actuator faults is presented in section Il. Subsequently,
based on backstepping approach, a fault tolerant control is
developed, in which an adaptive algorithm is used to
compensate the effects of actuator faults in quadrotor system.
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In section 1V, all simulation results are summarized, when the
proposed FTC scheme is applied to the quadrotor UAV.
Finally, conclusions and futures advances are provided.

Il. QUADROTOR ATTITUDE MODEL

The quadrotor have four propellers in cross configuration.
The two pairs of propellers {1,3} and {2,4} as described in
Fig. 1, turn in opposite directions. By varying the rotor speed,
one can change the lift force and create motion. Thus,
increasing or decreasing the four propeller’s speeds together
generates vertical motion. Changing the 2 and 4 propeller’s
speed conversely produces roll rotation coupled with lateral
motion. Pitch rotation and the corresponding lateral motion;
result from 1 and 3 propeller’s speed conversely modified.
Yaw rotation is more subtle, as it results from the difference in
the counter-torque between each pair of propellers.
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Fig. 1 Quadrotor configuration

The attitude dynamical model is represented by Euler angles
[, 6, w]" corresponding to an aeronautical convention [14].
The attitude angles are respectively called Roll angle (¢ rotat-
ion around x-axis), Pitch angle (& rotation around y-axis) and
Yaw angle (w rotation around z-axis). It contains four terms
which are the gyroscopic effect resulting from the rigid body
rotation, and from the propeller rotation coupled with the body
rotation, aerodynamics frictions and finally the quadrotor
moments according to the body fixed frame [3], [5], [23], [4]:
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The system’s inputs are posed U;, Uy Uz, and Q. is a
disturbance, obtaining:

U, = Ib (@ - w?)

u, =Ib(@; - )

2
u,=d (a)f -+l —a)f)
Q =0-0,+w,—o,
The rotors are driven by DC motors with the well known
equations [24]:
Joay =7, -Q,
. ®)

Kk,

where, R, is the motor resistance,
kn is the motor torque constant,
kg is the gear ratio.

v i 6{1,2,3,4}

6tk ko

I11. FAULT TOLERANT CONTROL ALGORITHM OF QUADROTOR

The object of the FTC algorithm developed in this paper is
to design a robust attitude tracking controller which makes the
output of the system {4(t), O(t), w(t)} to track the desired
output {@4(t), G4(t), wa(t)} under actuator faults .

The complete model resulting by adding of actuator faults
in dynamic model (1) can be written in a state-space form as

X =f (X )+BU +BF, 4
with X eR"is the state vector of the system, U e R" is the input
control vector, and F e®" is the resultant vector of actuator
faults related to quadrotor attitude motions, such as:

T ; ; T
X =Xy, X] =[¢,¢,0,0,v/,t//] )

Therefore the state space model (4) can be rearranged as
follows [15], [16]:

Sl{x'lzx2

X, =aX X, +a,Xs +a,Q X, +bu, +bf

s X, =X, (6)
21X, =a,X X +ax 2 +a,Q. X, +bu, +bf
S stxe
*1Xs =ax X, +ax 2 +bu, +b.f
with
I -1 -
P S N Pl
I, I, I I
K, J (. K (7
8= B =T a = 3=
L, I, l
blzl— bzzl— b3:i
Lol

Assumption 1: The resultants of actuator faults related to
attitude motions are assumed to be zero values prior to the
faults time and be the constant values after the faults occurs.
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‘ 0 ift <T,
TUlfr o ifteT,

where {f,", f,", f5"}are positive constants.

The problem of trajectory tracking is thus divided in the
respective problem for three subsystems: control of roll (S,),
pitch (S,), and yaw (S3) motions. Based on backstepping
approach, the control design for each subsystem taking into
account the resultants of actuator faults related to roll, pitch,
and yaw motions, will be carried out in the following
subsections in two steps.

, 1e[1,2,3] (8)

A. Control of roll motion

Step 1: For the first step we consider the first tracking-error

e, =X, —Xy )
Let the First Lyapunov function candidate
1
V,(e)= Eef (10)
The time derivative of (10) is given by
V,p(el):elél:el(xz_xm) (11)

The stabilization of e; can be obtained by introducing a new
virtual control x,

(XZ)d =Xy —C€;; ¢, >0 (12)
The equation (11) is then
V,(e,)=—cel <0 (13)

Step 2: For the second step we consider the following
tracking-error

e, =X, =Xy +C&; (14)
The augmented Lyapunov function is given by:
~ 1 ~ ~ .
V¢(el'e2’ al)zi(el2 +e22+fai); 1:al:fal_fal (15)

It’s time derivative is then: .
vV, (el,ez,f;l) —eg +e8, +f
=e,(-Cg, +e,)+e, (X 2 =Xy +C1é1)+ f~a1 (_f;al) (16)
=g’ +e, (el FAX X +AX 7+, X, +bu,
- X.ld +C1 (_Clel + 82)+b1f al ) + f;l (_fial)

The stabilization of (e, e,) can be obtained by introducing
the following input control

1,
u,=—|(¢, —c,(-cg, +e,)—e,—C.e
1 b1 (¢d 1( ~1 Z) 1 2¥2 (17)
_a1X4X6_a2X22_a3QrX4_blfal)
Consequently,
v, (el,ez,f;l) =gl +e, (—02e2 +b1f;l)+f;1(—f;l) (18)

In order to compensate the effect of the resultant of actuator
faults related to roll motion, an estimated term is introduced.
In which, its time derivative is given via an adaptive algorithm
as follows
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f,\al = a1f~a1 —0€, (19)
It result that

v, (el,ez,f;l) =gl +e, (—cze2 +b1f~al)+f~al (—ocfal +og, |

_ 2 ~ C, _bl )
=—Cg€ _(ez fal)(_o-l alJ[f~1]

~ T
= _Clelz _ElT YlEl/El 2(62 fal)

Cy, 0q and o are chosen so as to make the matrix Y positive
definite, which means that, /' ,<0.

(20)

Let us consider the adaptation law (19) that can be written
in the following form
an1 =ayf ;- alanl — 0, (21)
As the resultant of actuator faults related to roll motion is
unknown, the second equation in (6) will be used to compute
its value. Consequently, f; is given by

e
fu :E(Xz —8X,Xg _afzxz2 8,2 X, _blul)
1
which leads to

(22)

A ~ .
fo=—af, -
1 1 a1 bl(

By integration of equation (23) in time, it result that

X, +8X X5 +8,X; +3,Q,X, +by, )-oe, (23)

f;l(t)=f;1(0>+g‘l(xz(t)—xz(O))Jhl(r)dr @9

where hy :_0‘1fﬂa1 _%(aix Xotax; +a0 X, +b1u1)_0'1e2
i

As result, the adaptation algorithm of the resultant of
actuator faults related to roll motion can be computed without
the need of using the time-derivative of x,(t).

B. Control of pitch motion

Step 3: The tracking-error according to this step is given by :

€, = X5 —Xgy (25)
The corresponding Lyapunov function is given by:
1
V,(e;)= Ee§ (26)
The time derivative of (26) is given by
Va(es):eaészes(XA_X4d) (27)

The stabilization of e; can be obtained by introducing a new
virtual control x4

(X4), =X3 —C£4: ;>0 (28)
The equation (27) becomes
V,(s;)=—cel<0 (29)
Step 4: For this step we choose the fourth tracking-error
€, =X, —Xg +C£, (30)

The corresponding Lyapunov function is given by:
~ 1 ~ ~ ~
Vﬁ(e31e4’faz)=§(e§+ef+fa22); fa2=fa2_fa2 (31)

It’s time derivative is then:

v

vV (ealeavfu) =efy+ef, +i,f,
2 2 (32)
=05 e, (e +aX X g +aX ] +8,Q.X, b,
—Xy +C5(-C£; +€,)H0,f ) ++f,, (_faz)

The stabilization of (es;, e4) can be obtained by introducing
the following input control
1.
u, = _(Hd —Cy(—C£;+e,) €, —Ce,

b, (33)

XX _asxf _aGQrX 2 _bzf;z)
By using the control-law (33) and the equation (32) it comes
V'B (63’e4'f~az) = _C36§ +e4 (_C4e4 +b2f~a\2 ) +f;2 (_anZ) (34)

A second estimated term is introduced in input control u, to
compensate the effect of the resultant of actuator faults related
to pitch motion, in which it’s derivative law is given as

anz = a2f~a2 —0L, (35)

~ c, -b\e
_(e4 faZ)[_O-Z a, j(f;zJ (36)

~ AT
= _03632 _E;YzEz/Ez =<e4 fa2)
The negativity of v'{9 is assured, if ¢4, ay and o, are chosen so

as to make the matrix Y, positive definite.

As the resultant of actuator faults related to pitch motion is
also unknown, the fourth equation in (6) will be used to
compute its value, which means that

f

Consequently,

: ~ O\ 2
Vf)(el’EZ’fa2>__C3e3

A

a2 = _azanz _%(_X4 +2,X,X g +agK, +agQ, X, +bzuz)_6294 (37)

2
The time integration of the law adaptation (37) is given by

f;z(t)=f;2(o>+g‘2(x4<t>—x4(o>)+]h2(r)df (39)

2
b,
Consequently, the time-derivative of x4(t) is not used to

compute the estimated of the resultant of actuator faults
related to pitch motion in equation (38).

where h, =—a,f,, -

(aX g +aX +a,Q2X, +bu, ) —oog,

C. Control of yaw motion

Step 5: The tracking-error according to this step is given by :

€5 =X —Xgy (39)
His Lyapunov function is obtained as follows:
1
Vv, (&)= Eej (40)
And it’s time derivative is given by
VV/ (es)=esés =eS(X6_X5d) (41)

The stabilization of es can be obtained by introducing a new
virtual control xg

(Xg), =Xsg —Ces; C5 >0 (42)
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The equation (41) is then

V, (es)=—ces <0 (43)
Step 6: For this step we choose the sixth tracking-error
Sg =Xg —Xgq +CsS5 (44)
The augmented Lyapunov function is chosen by:
~ 1 ~ ~ R
VW(GS’eS’faS):E(eSZ +e62+fa23); faszfa3_fa3 (45)
It’s time derivative is then:
V.y/ (eslee ) f;3> = 85é5 +esée + f~a3f~a3
(46)

=—C,eJ +84 (85 +aX,X, +aX ]t Xy
10(-C8s +e,)+0f 1)+ (—f;3)
The stabilization of (es, €g) can be obtained by introducing
the following input control

1,..
U; :_(V/d —C5(—Ce85 +€4) —€5 —CeE

b, (47)

— XX, _asxg _bsf;s)
The equation (46) becomes
vV, (es,ee,f~a3) = el +e, (—cee6 +b3f;3)+f;3 (—f;g) (48)

The adaptation law of the estimated resultant of actuator
faults related to yaw motion is given as

A ~

fas=asf 3 — 08 (49)

It result that

. i . -b
\/V(es,e6,fa3):—cse§—(es fa3)(_C; aﬂ(:jj (50)
3 3

a3
N
=—C5€§—E;Y3E3/E3 :(ee fas)

Ce, a3 and a3 are chosen so as to make the matrix Y3 positive
definite, which implies the negativity of v'w .

Using the sixth equation in (6) for computing the value of
the resultant of actuator faults related to yaw motion in the
adaptation law (49), it can be show that

fo=—af —%(—x’6 +aX X, +3X¢ +buy)-og, (5D
3

And the time integration of this law adaptation is given as

f;3(t)=f;3(0)+g‘3(xe(t)—xe(O))+tjh3(r)dT (52)

~ a.
where h = _g.f —b—3(a7x Xy +3X ¢ +bi; ) - og
3
As Consequence, the resulting adaptation algorithm is
computed without using of the time-derivative of X4(t)

IV.SIMULATION RESULTS

The simulation results are obtained based on
parameters in Table. 1 [10], [11], [24] (see the appendix).

The controller parameters are chosen as follows: ¢;=5; with
ie{l,..,6} a=1and ¢=0.01; with j € {1, 2, 3}.

real
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Two cases are treated to evaluate the performances of the
proposed controller.

Case 1 : Results without faults

The obtained results are shown in Fig. 2 to Fig.4.
Case 2 : Results with actuator faults

In this case, we consider three resultants of actuator faults
related to roll, pitch, and yaw motions introduced with 100%
of maximum values of inputs control uy, u,, U3 respectively at
instants 15s, 20s and 25s. The obtained results are shown in
Fig. 5 to Fig. 8.

JE—
006 g
o.

ju—
-0

Roll anglelrad]

20 25
Time{sec]

Yaw anglefrad]

0 5 10 15 20 25 30 3 40 45 50
Time{sec]

Fig. 2 Tracking simulation results of trajectories along roll (¢), pitch (), and
yaw () angles, Case 1.

Fig. 2 and Fig. 6 represents the quadrotor attitude tracking,
in which the good rotation tracking of quadrotor helicopter is
clearly shown for both cases, except a small transient
deviations in roll, pitch and yaw motions in case 2 (see Fig. 6)
caused by the appearance of actuator faults corresponding to
these motions at 15s, 20s and 25s.

002 4P I
—ép —op
as

0015

0.005

qular velocity of rol [radls]

0005

Angular velocity of pitch [radss]

0015

20 25
Time{sec]

—VgP

Angular velocity of yaw [rad/s]

0 s 10 15 20 25 3 3 40 45 50
Time{sec]

Fig. 3 Tracking simulation results of angular velocities, Case 1.

Fig. 3 and Fig. 7 represents the angular velocities of
quadrotor aircraft, the good tracking of the desired velocities
is guaranteed for both cases, despite the appearance of a low
peaks for the second case (see Fig. 7) in angular velocity of
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roll, pitch and yaw motions at 15s, 20s and 25s respectively,
which means that the robustness of the proposed controller
under actuator faults is assured.

x10 x10"
1 1

1 1

Input control u,
Input control u,

&
&

5 10 15 20 25 30 35 40 45 50 o s
Timelsec]

0 15 20 25 30 3 40 45 0

Timefsec]

x10"

“0 s 10 15 20 25 30

Time{sec]

B 40 45 50

Fig. 4 Simulation results of inputs control (us, Uy, us), Case 1.

x10® Resuliant of actusior s rel

c10* Resuitant o ated 0 pich motion (N.m]

Actual
. Estimated

Actual Estimated

5 1 15 2 2 % % 4 5 0 510 15 20 2 % 3 40 45 50

<10* Resultant of actuatorfauls related 0 yaw moton [N.m)

Actual Estimated

0 5 1 15 2 2w % & 45 %
timefsec]

Fig. 5 Simulation results of the Actual and the estimated resultants of actuator
faults related to roll, pitch, and yaw motions respectively, Case 2.

o
—tg
006| == ¢ 0.06]

ju—

Roll angle[rad]
Pitch anglelrad]

0 5 10 15 20 25 3 3 40 45 50

Timefsec]

Fig. 6 Tracking simulation results of trajectories along roll (¢), pitch (6), and
yaw () angles, Case 2.
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0.02 0dp 0.02| Odp
—¢p —0p

Anguiar velocity of ol [rads]
Angular velocity o pitch [radis]

0 5 10 15 20 25 30 35 40 45 50 0 s

Timeisec]

10 15 20 25 30 3 40 45 50
Time{sec]

o

—_—ygP

—vp
0.15)

01

0.05,

Angular velocity of yaw [radis]

of

0 5 10 15 20 25 30 3 40 45 50

Time(sec]
Fig. 7 Tracking simulation results of angular velocities, Case 2.

x10* x10"

Input control u,

10 15 20 25 30 3 40 45 50 Yo s

Time{sec]

10 15 20 25 30 3 40 45 50

2
Timelsec]

x10*

Input control u

Y0 s 10 15 20 25 30 3 4 45 50

Time{sec]

Fig. 8 Simulation results of inputs control (us, Uy, us), Case 2.

Fig. 4 and Fig. 8 represents the inputs control of quadrotor.
From fig. 8, it is clear to see a deviations of input control of
roll (uy) at 15s, input control of pitch (u,) at 20s and input
control of yaw (us) at 25s, caused by occurrence of the
resultant of actuator faults corresponding to these motions,
without any transient pick. We can see also that the obtained
input control signals are acceptable and physically realizable.

Fig. 5 represents the resultants of actuator faults related to
attitude motions affecting the quadrotor at 15s, 20s and 25s,
and these estimated. It can be seen from this figure that the
proposed estimator gives a correct estimation for the actual
resultants of actuator faults related to attitude motions.

Consequently, it concluded from all simulations presented
in this section that the quadrotor performances (summarized
by trajectory tracking and stability maintaining) of the closed
loop dynamics are assured despite the occurrence of actuator
faults affecting its attitude motions, in which, the importance
of considering these faults in stability analysis is justified.

V. CONCLUSIONS AND FUTURE WORKS

This paper has successfully demonstrated the application of
the robust adaptive-backstepping method to the quadrotor
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UAV, in which the actuator faults have been considered. First,
the nonlinear failing attitude model of quadrotor which
containing the different physics phenomena with the actuator
faults affecting the evolution of this system in space was
introduced. Then, the stability analysis of the proposed FTC
method were derived in detail. Furthermore, The simulation
results without and with the consideration of actuator faults
were provided, in which the trajectory tracking and the
stability maintaining of quadrotor aircraft are assured during
the malfunction of these actuators. The implementation of the
proposed FTC algorithm on a real prototype will be addressed
in the future work.
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3,8278 x 107 kg.m?
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