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Active Fault Tolerant Control of Quadrotor Based on
Multiple Sliding Surface Control Method
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ABSTRACT

In this paper, we proposed an active fault tolerant control (AFTC) method for the position control of a quadrotor
with complete loss of effectiveness of one motor. We obtained the dynamics of a quadrotor using Lagrangian equation
without small angle assumption. For detecting the fault on a motor, we designed a fault detection module, which
consists of the fault detection and diagnosis (FDD) module and the fault detection and isolation (FDI) module. For the
FDD module, we designed a nonlinear observer that observes the states of a quadrotor based on the obtained
dynamics. Using the observed states of a quadrotor, we designed residual signals and set the appropriate threshold
values of residual signals to detect the fault. Also, we designed an FDI module to identify the fault location using the
designed additional conditions. To make a quadrotor track the desired path after detecting the fault of a motor, we
designed a fault tolerant controller based on the multiple sliding surface control (MSSC) technique. Finally, through
simulations, we verified the effectiveness of the proposed AFTC method for a quadrotor with complete loss of
effectiveness of one motor.
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I. INTRODUCTION

A multirotor is one of small unmanned aerial
vehicles (UAVs). Since a multirotor has the
structural symmetry, it can do the vertical take-off
(VTOL)  and
manufactured. Because of these advantages of a

and landing can be easily
multi- rotor, it is among the more commonly used
types of UAV. However, due to poor control and
unexpected accident, a multirotor might have some
faults on sensors or motors, thus the collision
accidents of multirotor usually happen. To prevent
that, the fault tolerant control of a multirotor is a
key topic nowadays. When the sensor faults occur
on a multirotor, the sensing data is compensated by
filters to control a multirotor. However, when the
faults occur on motors of a multirotor, control
strategy should be changed to control a multirotor.
In [1-4], passive fault tolerant control (PFTC) is
suggested for a multirotor UAV with the fault on
motors. However, PFTC is useful in the case of
only partial loss of effectiveness on motors because
it does not have the fault detection module and only
depends on the robustness of controller. In [2-9],
active fault tolerant control (AFTC) is designed for
the fault on motors of a multirotor. AFTC has
better performance than PETC because it has fault
detection module and controllers for healthy and
faulty conditions seperately. In [2] and [8], AFTC is
designed using the well-known control strategies.
They also applied the designed controller to a real
quadrotor. However, they did not address the fault
detection module and assumed that the time
between the occurrence of a fault and the detection
of a fault, that is, decision making time is 0s. In
[3-7] and [9], they designed an AFTC and tested it
with the fault detection modules. However, the fault
detection modules that are used in these paper only
detects whether the fault occurs or not. In other
words, they cannot know where the fault occurs. In
[4] and [7], they designed an AFTC of a quadrotor
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with coaxial propeller system and octorotor which
have 8 motors on a multirotor. These systems that
have more actuators than state variables are called
overactuated system. These systems are easy to
design a fault tolerant controller because they have
2 motors more than state variables. However, a
quadrotor system is an underactuated system since
it has more state variables than actuators. In other
words, it does not have extra motors to control
state variables, so it is difficult to design a fault
tolerant controller when the fault occurs on motors.
In [1-4] and [9], they assumed that a multirotor has
the fault with partial loss of effectiveness of motors.
It is possible to control a multirotor safely with
partial loss of effectiveness of motors. However,
when a multirotor has the fault with complete loss
of effectiveness of motors, it is difficult to control a
multirotor safely. Thus in [8], only attitudes and
altitude,
multirotor safely using a PID control strategy.

not position are controlled to land a

In this paper, we propose an AFTC method for
the position control of a quadrotor with complete
loss of effectiveness of one motor. We obtain the
dynamics of a quadrotor using Lagrangian equation
without small angle assumption. In the proposed
method, we design a nonlinear observer that
observes the state variables of a quadrotor to make
the residual Using the states
quadrotor and the state variables observed by the

signals. of a

designed nonlinear observer, we design residual
signals for the fault detection and diagnosis (FDD)
module and the fault detection and isolation (FDI)
module. We set some threshold values and
conditions of residual signals to detect the fault
occurrence and the fault location. Also we design a
fault tolerant controller for tracking the desired
path after occurring fault, which is based on the
multiple sliding surface control (MSSC) technique.
Finally, we demonstrate the effectiveness of the
proposed AFTC via simulation results.
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Il. MODELING OF QUADROTOR

A quadrotor has 4 motors with propellers
symmetrically. To prevent spinning, two motors
facing each other on a quadrotor turn clockwise, on
the other hand, the others turn counter—clockwise.
A quadrotor used in this paper is shown in Fig. 1,
where ohmy, ohm,, ohmﬁfﬁwthe speed of each motor

Zp

"
i 1 .03 -7
L o, S 173

Fig. 1. The quadrotor system

To derive the model of a quadrotor, two frames
are used: one is the body-fixed frame and the
other is the earth-inertia [10]. The
body-fixed frame is described on a quadrotor with

frame

origin at the center of mass of a quadrotor, which
is represented as follow:

{CB}: (-Tyaygszg) (1)

The translational and rotational velocities of a
quadrotor on each axis are used as the state
variables in the body-fixed frame as follows:

&% = (uv,w,p,q,7) ©2)

where (u,v,w) is the translational velocity of a
quadrotor on each axis and (p,qr) is the rotational
velocity of a quadrotor on each axis. The
earth-inertia frame is described on the earth with
origin at the center of earth, which is represented
as

{gE}: (TpYmzp) (3)

The position and angles of a quadrotor on each

axis are used as the state variables in the
earth-inertia frame as follows:
¢ =(2,y,2:6.0,) )

where (z,y,2) is the position of a quadrotor on
each axis and (¢,0,4) is the angles of a quadrotor
on each axis. For modeling a quadrotor, we set
Lagrangian function as follows:

L=K—-P ®)

where K and P are the kinetic and potential
energies of a quadrotor, respectively. The dynamics
of a quadrotor can be obtained using the following
Lagrangian equation:

d | oL oL
bl o

where 7 is the control input of a quadrotor.
Then we can obtain the dynamics of a quadrotor
expressed on the body-fixed frame as follows:

Vs

Wp

[m3><3 O3><3]
Os505 Ly

wyX (mVy)
wpX (L) wp

= [FB] v

B

where m, ., denotes a 3x3 diagonal matrix with

the mass of a quadrotor, Z,, denotes a 3x3

diagonal matrix with the moments of inertia

I,1,1I that are on each axis on the body-fixed

frame, and Fj7, are the control inputs of a

quadrotor for the translational and rotational

movements, respectively. The dynamics of a

quadrotor can be described as follows [11-13]:
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u= (vr—wq) +g5),

v=(wg—ur) —gG,S,,

. Uy

w= (ug—v) —9G Gt

L1
= y z

=

x

®

J;
qr*fqohm—l—%,

T

L=, uy

q= pr+——pohm + —,
R j

L hh

T 7 pg+ 7

where g is the acceleration of gravity, w,,u,,u,u,
are control inputs of a quadrotor, J, is the total
moment of inertia of motor and propeller on each
center of propeller, and ohmis the total rotational
speed of motors described as the following form:

ohm = ohm, —ohm,+ohm,—ohm, )

The
conveniently formulated in the body-fixed frame.

dynamics of a quadrotor are more
However the dynamics of a quadrotor described on
the body-fixed frame should be converted to those
described on the earth-inertia frame for tracking
control. The relation of the translational and
rotational velocities between the body-fixed frame

and the earth-inertia frame are described as follows
[10]:

V= (z,2) = R(uvw) = RV, (10)
Wp= (¢797¢): Wp,qr) = Wowpg, (11
where V,,V, are the translational velocity on

the earth-inertia frame and the body-fixed frame,
respectively, wg.w, are the rotational velocity on
the earth-inertia frame and the body-fixed frame,
respectively, and R and W are the rotation and
translation matrices, respectively. The rotation and
translation matrices R and W are expressed as

02

GGy S59Cy = Gy Cy5pCy+ 5,5,

R=| GS, 5,55,+C,C, C,58,~8,C,|,
—5 55 Ch CoCh
(12)
1 8,7, C,T,
W= 2 g‘; C‘jO : (13)
G G

where ., (., and Z;,, mean sin(+), cos(+),
The
quadrotor described on the earth-inertia frame can
be obtained with (8), (10), and (11). The control

and tan( ), respectively. dynamics of a

mputs of a quadrotor shown in Fig. 1 are
expressed as the following form:
u; =b(ohm? +ohmj+ohm?+ohm?),
w, = bl (ohm? — ohm? ,
2 = Bllohm, 2) (14)

uy = bl (ohm3 —ohm?),
u, = d(—ohm? +ohmj —ohm? +ohm?),

where b is the thrust factor of propeller, I is the
distance between the center of a quadrotor and the
center of each motor, and d is the drag factor of a
quadrotor. The speed of each motor in this paper
can be calculated as follows [14]:

ohhiZ K, (ohm{* —ohm;), (15)

where K, is the motor coefficient and ohm*is

the desired speed of each motor for i=1,2,---,4. A
paper is
Hummingbird, where its parameters and limitations

quadrotor used in  this Asctec

are listed in Tables 1 and 2, respectively.
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Table 1. The parameters of Asctec Hummingbird.

Ill. DESIGN OF ACTIVE FAULT
TOLERANT CONTROLLER

In this section, we design an active fault
tolerant controller of a quadrotor with complete loss
of effectiveness of one motor. The proposed active
fault tolerant controller is designed with three
steps: the fault detection, the fault isolation, and the

switching to active fault tolerant controller.

Para- Description Value
meter
m Mass of quadrotor 0.5(kg]
I Moment of inertia 2.3x10°°
-T about z, axis kg » m?]
I Moment of inertia 2.3x107°
v about y, axis [kg » m?]
7 Moment of inertia 5.0010*
= about z, axis kg » m?]
Distance between
l center of the quadrotor to 0.17[m)
center of each propeller
1.83x107*
b Thrust factor IV m?]
0.052
d Drag factor (NVem - S
Total moment of )
T inertia of motor and 6.5x107°
“tp propeller about center of [kg « m?]
each motor axis
g Acceleration of graviry 9-806 )
[kg + m/s’]
K, Motor coefficient 20[s™ ']

Table 2. The limitations of Asctec Hummingbird
in non-faulty case

Limitations

Description

—7/6 <¢ <m/6[rad)

Limitation of angle ¢

—7/6 <0 <7/6[rad]

Limitation of angle 6

— 7 < <mwlrad)

Limitation of angle

< 16[m/s]

translational velocity
about X axis

Limitation of

g)< 16[m/s]

translational velocity
about y axis

Limitation of

2< 8[m/s]

translational velocity
about z axis

Limitation of

—7/6 <<i5<7r/6[md/s}

rotational velocity about

¢

Limitation of

—7/6 << 7/6lrad/s]

rotational velocity about

0

Limitation of

—51/3 << 5m/3[rad

rotational velocity about

¢

Limitation of

3.1 Design of Fault Detection Module
To detect the fault occurring on a quadrotor, the

FDD module and the

FDI module should be

designed. For this purpose, the nonlinear observer

of a quadrotor is used. The dynamics of a
quadrotor (8) can be described as follows:
2= f(z)+ G(z)u, (16)

where

= (z,u,0,0,2,w,0,p,0,¢,%,7),

[R(1,1)u+R(1,2)v+ R(1,3)w

(vr—wq) +95,

R(2,1)u+R(2,2)v+ R(2,3)w

(p—ur)—gG,S,
R(3, 1)u—|—R(3 v+ R(3,3)w
(ug—wp) —gC,C,
WAL, 1)p+ W(1,2)g+ W(13)

=L
I qr— 1 gohm

W(2,1)p+ W(2,2)q+ W(2,3)r
L—1 Iip

4 4

W(3,1)p+ W(3,2)q+ W(3,3)r

=L
1,

pq
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[0 0 0 0
o 0 0 0
o 0 0 0
o 0 0 0
o 0 0 0
/m 0 0 0

Gla) = {) 0 0 0 |
0 1/, 0 0
o0 0 0
0 0 1/4, 0
o 0 0 0
o 0 0 1/L

u= (g, Utz tty).

Similarly, we design a nonlinear observer as the
following form [15]:

_'f(gob) +Q(£0b)£+L(£i 20 )7 (17)

r =
—ob b

where z is the observed states of a quadrotor

through nonlinear observer and Z is a 12x12
diagonal matrix.

Theorem 1: The observed states of a quadrotor
of a

asymptotically converges to the states

quadrotor if a diagonal matrix Z is set as follows:

+n, (18)

where g(i)ZQ(i)*gn (¢) is the component of

b
error vector and n, is a positive constant.
Proof:

following form:

we define the error vector as the

(19)

E=Tr—x
=T Ze

Using (19), we choose the Lyapunov function
candidate as

_1.r
—~ele (20)

"
The time derivative of (20) is calculated as

04

—[(Qob) +G(z)— Gz

(21)
If we select a diagonal matrix L as (18), then
(21) can be expressed as follows:

Vi=—ne’e (22)

Since the Lyapunov candidate (20) is positive
definite and its time-derivative (22) is negative
definite, the error vector (19) converges to 0 by
Lyapunov theorem. It means the observed states of
a quadrotor asymptotically converges to the states
of a quadrotor.

The designed nonlinear observer observes the
states of a quadrotor within the limitation as listed
in Table 2. For detecting the fault on one motor,
the residual signals are designed as the following
form [16]:

n= ¢7 ¢ob7

Ty = 0 _9017

When the fault occurs on one motor, a quadrotor
will tilt to the ¢ or 0 directions. However, the
designed observer only observes the states of
quadrotor within the limitation, so the residual
signals will be larger. Therefore fault diagnosis and

detection module is designed as follows:

no fault
fault

—o0,<r, <o, and —og, <1 <oy
otherwise

where ¢, and o, are the threshold value of ¢
and 6, respectively. The smaller o, and o, are, the
shorter the time between the fault occuring point
and the controller switching point. However, it can
be misrecognized in non-faulty case because of
some noise. Thus, o, and o, should be set
appropriately. To control a quadrotor with complete

loss of effectiveness of one motor, not only
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detecting the fault but also isolating the fault is
needed. For this purpose, we design an FDI
module. Without loss of generality, it is assumed
that motor 1 in Fig. 1 has the fault. When motor 1
has the fault, the thrust force of motor 1 will be 0
thus a quadrotor with fault will be tilted to the
positive 6 direction. However, it will be tilted to
the ¢ direction because of the Coriolis force. Thus
the size of residual signals should be compared in
order to isolate the fault. Finally, the conditions of
residual signals for detection and isolation of the

fault are described as follows:

no fault
fault on motor1
fault on motor2
fault on motor3
fault on motor4

—0y <1, <o,and—o, <r <oy
og <1y and |ry|< |y,

o, <ryand |y < sl

r < —ogand|ry|<|r),

ry < —ogand || < [y

3.2 Design of Fault Tolerant Controller

After the diagnosis and isolation of fault, the
fault accommodation is needed to control a
quadrotor with complete loss of one motor. In fault
accommodation step, the controller that is applied to
a quadrotor before occurring the fault is switched
to the fault tolerant controller. For the design of
the fault tolerant controller of a quadrotor with
complete loss of one motor, the dynamics of a
quadrotor (8) is described as follows:

dotunderz, :Bl(§1)£2

dotunderz, :[2(g17g2) +Bz(g17g2)g, (23)

where,

= (@y,2,0.0.9),

z
z, = (uw,0,w,¢,p,7),

_ R 03><3
Bl (£1) - [03><3 W )

(vr—wq) +95,
(p—ur)— 9GS,
(ug—wp) —gC,C;
12'/_

flapa)=| 4
IL—1

z €T

Z

J,
qr— fqohm

J;
7 + %pahm

Y Y

o OO

By(z z,) =

=
[en)

&~
—

~Oo oo oo

To control a quadrotor described in (23), the
sliding surfaces are set as follows:

S, =T —
=1 —1

1d’
s, =x, —x @)

=2 =2 =d

z

where z, and z, are the desired vectors for

tracking control of a quadrotor. The time
derivatives of (24) is calculated as

?1 :gl_gld:Bl(gl’QQ)_zld’ )

s, =z, =1,(z.2,)t Bz, .z Ju-z,,

s, should converges to 0 to make quadrotor
track the desired path thus set z,, as follows:

Log — Bl+(§1 )dotunderz ,+ ks — P159n(§1 ),

where k and p, are positive contstants, and
B *(xz,) is the right pseudoinverse of B (z)).
B (x,)
B(z ) has full rank. Likewise, set u to make s,

converge to 0 as follows [17-18]:

always exists except 6=%7/2 because

u=

B (e x)li, £, (e z,) ks~ pgn(s), 2

1 2d
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where p, is a positive constant and 5" (z .z,)
Bz ). B (zz,)

always exists because A (z .z,) has full rank. z

is the right pseudoinverse of

d

and 22 , are calculated as

_ z1(1(n) 721(1(,”71)
Ly~ At ’

B z, (n)—z, (n—1)
Loa =~ At ’

where z (n) and z, (n) are the nth calculated

desired vectors and At is the sampling time.
However, we cannot control all state variables of a
quadrotor because a quadrotor is under—actuated
system. Thus, the desired positions should be
translated to the desired attitude angles for the
tracking control of a quadrotor. For this, vectors

are defined as follows:

a,=(z.,2),
22: (U7U7w)7

For the tracking control of a quadrotor, the
sliding surfaces are defined as follows:

ST YTy
S0iT & T &y

(26)

where ¢,, and &,, are the desired vectors of &
and &,, respectively. The time derivatives of (26) is

calculated as

s,~a,—a,=Ra —a,
Soa= % T Gy
(vr—wq) +95,

- —9G,S, .
_| lemur)—gGs, |

Uy QQd
(ug—vp) =g GyC,+—~

006

To make $,, converge to 0, &,, is set as

follows:
a,, =R 'la, —ks —psgn(s ),
where %, is a positive contstant larger than 1/2

and p; 1s a positive constant. Likewise, to make

$,, converge to 0, define the virtual inputs as

follows:
Uy _59
u,|= | GS, 27)
u, G C,

Then, the virtual inputs are calculated to make

$,, converge to 0 as follows:

uy =
1
(vr—wq)
1 (p—ur)
g uy |~ Gy R, Fpusgnl(s,,) RIGHT
(ug—wp) + —

where p4 is a positive constant. The attitude
angles ¢ and 6 of a quadrotor can be calculated
by (27) as

(%) =asin(—uw),

u,
o= asin( "/) ,
Cha

We can substitute the attitude angles into the
desired angles in (28). Therefore, the desired angles
can be calculated as follows:

0,= asin(—uz)7

oy 29
sumes| )

If we substitute ¢, and 0, in (24) into (29), a
quadrotor tracks the desired path.
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Theorem 2: A quadrotor asymptotically
converges to the desired path if the designed
control iputs (25) are applied to a quadrotor by
setting & as follows:

| Bilz) | | Bule) =4,

k= (30)
k

IV
o

otherwise

Proof: We choose the Lyapunove function
candidate as follows:

1 or 1 or
V-5 88,55, 5, 31

The time derivative of (31) is calculated as

. - -
V,=s's +s.s
22151 S22

- k§1T§1 —p1|§1‘+ §1TBl (£1)§2
- kégéz - p2|§2|

=—ks /s —pls |ks)s,—pis)|
+2s /5B (z,)s

<—ks
—1

2

(32)

(32) will be negative definite if we set & as (30).
The Lyapunov function candidate (31) is positive
definite and the time derivative of candidate (32) is
negative definite, thus the sliding surfaces s, and
s, asymptotically converges to 0 by Lyapunov
theorem. It means 2%, asymptotically converges to
Z,,, thus a quadrotor asymptotically converges to
the desired path.

When motor 1 of a quadrotor has fault during

flight, the relation between the control inputs and
the speed of each motor is described as follows:
u; =b(ohm?2+ ohmg +ohm?),
u2=bl(ohn;i—ohm§), 33)
uy = blohms,

uy,= d(ohmj—ohmj+ohm3),

where ohmuhmsand ohmyare unknown. Thus the
solutions are not found because we have 4
equations and 3 unknowns. It means that we
cannot control all of altitude, ¢,0, and v of a
quadrotor. should  sacrifice  the
controllability of ¢ because the control of ¥ is of

little importance. Then, the relation between the

Thus we

control inputs and speed of each motor in fault
case is described as follows:

Uy b b b ohmgf ohmgf
Uy|= lbl 0 bl] ohmjs|= Flohm3,|, (34)
Ug 0 b 0 ohmif ohmif

where ohmghmiand ohmiare the speed of each
motor in fault case. Since constants b and [ are
not zero, F~! always exists. Then, ohméhm?,gmd

ohmzfcan be calculated as follows:

ohmi, wl b b b Y w
ohmi | =F 'uy|=|=bl 0 bl| |uy,
ohmzf Us 0 b 0 Us

The fault tolerant control inputs of a quadrotor
can be calculated as follows:

U= b(ohmgf +0hm§f —O—Ohmif),
u2f=bl(ohmjf*ohm§f), (35)

Ugp= blohmgf,
Ugp= d(ohmgf - ohmgf + ohmif),

where U Ugp Uy and Uy are the calculated

fault tolerant control inputs of a quadrotor. We can
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prove that a quadrotor asymptotically converges to
the desired path if we apply the fault tolerant
control inputs to a quadrotor after occurring the
fault by Theorem 2.

IV. SIMULATIONS

In this section, we demonstrate the effectiveness
and superiority of the proposed AFTC method.
Without loss of generality, it is assumed that motor
1 of a quadrotor shown in Fig. 1 has the complete
loss of effectiveness during flight. In the simulation
for set to follow the continuous round path in the
space. The equation of the path is as follows:

0 (0<t<10)

Ta :{l—cos(%rx (26;430)) (10 < ¢t < 50)
(0<t<10)

W:{ g%%xﬁigﬁ(mgtgm)

10
Zy = t
1

where, z,, y, and z, is the object coordinate

(0 <t<50)
(0<t<50)

value over time on the earth-inertia frame.

The fault suddenly occurs on one motor at
t=22s
designed fault tolerant controller after detecting the
fault by the designed fault detection modules. In
the simulation, we used the system parameter listed
in Table. 1. To detect the fault, we also set the
threshold values as follows:

and the controller is switched to the

0,=0y=0.02

The simulation results are shown in Figs. 2 and
3. Figure 2 shows the results of tracking control
for the fault on motor 1 without switching the
controller to the designed fault tolerant controller.
In this figure, the full line denotes the position of a
quadrotor and the dashed line with circles denotes

08

the desired path of a quadrotor. When the fault
suddenly occurs on motor 1 at 22s, a quadrotor
strays from the desired path and can no longer be
controlled. However, a quadrotor tracks the desired
path with small error after switching the controller

Tracking Control (X)

0 5 10 15 20 25 30 35 40 45 50
time [sec]
Tracking Control (Y)

0 5 10 15 20 25 30 35 40 45 50
time [sec]
Tracking Control(2)

0 5 10 15 20 25 30 35 40 45 50
time [sec]

Fig. 2. The results of tracking control for
the fault on motor 1 without switching the
controller.

Tracking Control(X)

o 5 10 15 20 25 30 35 40 45 50
time [sec]
Tracking Control(Y)

1
S22t S
0

o 5 10 15 20 25 30 35 40 45 50
time [sec]
Tracking Control(2)

o 5 10 15 20 25 30 3 40 45 50
time [sec]

Fig. 3. The results of tracking control for
the fault on motor 1 using the designed
active fault tolerant controller.

Figure 3 shows the results of tracking control



O gekold ®d Ao 7Yl 7w A=2He s A% 38 Ao

for the fault of motor 1 with switching the
controller to the designed fault tolerant controller. A
quadrotor tracks the desired path well before the
occurrence of the fault on motor 1. When the fault
occurs on motor 1, a quadrotor strays from the
desired path for a moment because of the time
between the occurrence of a fault and the detection
of a fault. It is 0.05s in the simulation. After
detecting the fault, the controller is switched to the
The designed

controller allows a quadrotor flies through the

designed fault tolerant controller.

desired path with some error as shown in Fig. 3.

Tracking Control(X)

o 5 10 15 20 25 30 35 40 45 50
time [sec]
Tracking Control(Y)

0 ~& 8- 8-—0-8-0-8 8

0 5 10 15 20 25 30 35 40 45 50
time [sec]
Tracking Control(Z)

time [sec]

Fig. 4. The results of tracking control for the
fault on motor 1 using the controller in [8].

To compare the performance of the fault tolerant
controller, we test another fault tolerant controller
designed in [8] in the simulation as shown in Fig.
4. Likewise, If a fault suddenly occurs on motor 1
at t=22s, a quadrotor can not track the desired
path anymore and consequently falls to the ground..

In this fiqure, the full line and the dashed line
with circles denotes the position ans desired path
of a quadrotor, respectively.

V. CONCLUSIONS

In this paper, we have proposed a method for
designing an active fault tolerant controller for a
quadrotor with complete loss of effectiveness of one
motor. We derived the dynamics of a quadrotor
using Lagrangian equation to represent the
nonlinear quadrotor system. We designed the FDD
and FDI modules using the nonlinear observer that
observes the state variables of a quadrotor and
signals to detect the fault

occurrence and the fault location. For the tracking

formulated residual

control of a quadrotor after occurring the fault, we
designed a fault tolerant controller for each motor,
MSSC  method.
demonstrate the effectiveness of the designed FDD

based on the Finally, we

and FDI modules, and a fault tolerant controller via
simulations results.

REFERENCES

[1] A. R Merheb, F. Bateman, and H. Noura,
"Design of passive fault-tolerant controllers of a
quadrotor based on sliding mode theory," Int. J.
Appl. Math. Comput. Sci., vol. 25, no. 3, Sept.
2015, pp. 561-576.

[2] T. Lombaerts,  Automatic  flight
systems-Latest Developments. Germany,—2012.

[3] A. R Merheb, F. Bateman, and H. Noura,
"Passive and active fault tolerant control of
octorotor UAV using second order sliding mode
control," IEEE Conf. Control Appl, Sydney,
Australia, 2015, pp. 1907-1912.

[4] T. Li, Y. Zhang, and B. W. Gordon, "Passive
and active nonlinear fault-tolerant control of a
quadrotor unmanned aerial vehicle based on the
sliding mode control technique," Proc. of Inst.
Mech. Engineers Part I: |. Sys. Cotrol Engineering,
Vol. 227, No. 1, 2012, pp. 12-23.

[5] M. W. Mueller and R. D. Andrea, "Stability and
control of a quadrocopter despite the complete

control

loss of one, two, or three propellers," Proc. of
IEEE Int. Conf. Robot. Auto., Hongkong, China.

09



JKIECS, vol. 17, no. 01, 59-70, 2022

(6]

(8]

91

[10]

2014, pp. 45-52.

M. W. Mueller and R. D. Andrea, "Relaxed
hover solutions for multicopters: application to
algorithmic redundancy and novel vehicles,"
Proc. of Int. ]. Robot. Research, vol. 35, no. 8, Oct,
2015, pp. 873-889.

S. Tashreef, L. Iftekhar, and S. A. Rahman,
"Design of a crash-resistant PD-controlled
quadcopter using coaxial propeller system," Proc.
of Int. Conf. Unmanned Aircraft Sys., Washington
D.C, USA, 2016, pp. 986-992.

R C. Gomes and G. A. P. The, '"PID-based
fail-safe strategy against the break of opposite
motors in quadcopters,” Proc. of Workshop on
Research, Edu. Develop. Unmanned Aerial Sys.,
Cancon, Maxico, 2015, pp. 109-114.

A. Chamseddine, D. Theilliol, Y. M. Zhang, C.
John, and C. A. Rabbath, "Active fault-tolerant
control system design with trajectory re-planning
against  actuator  faults and  saturation:
Application to a quadrotor unmanned aerial
vehicle," Proc. of Int. ]. Adapt. Control and Signal
Process., vol. 29, no. 1, Nov. 2013, pp. 1-23.

P. H. Zipfel, Modeling and simulation of aerospace
vehicle dynamics. USA: Aiaa Education Series,
2007.

[11] L. R G. Carrillo, A. E. D. Lopez, R Lozano, and

C. Pegard, Quad rotorcraft control: vision based
hovering and navigation. Switzerland: Springer, 2012.

[12] T. Bresciani, "Modeling, identification and control

[13]

[14]

of a quadrotor helicopter," Master’s thesis, Lund
University, 2008.

R. W. Beard, "Quadrotor dynamics and control,"
Master’s thesis, Brigham Young University, 2008.
D. Mellinger, M. Shomin, and V. Kumar,
"Control of quadrotors for robust perching and
landing," Proc. of the Int. Powered Lift Conf.,
Philadelphia, USA, 2010, pp. 205-225.

[15] A. R. Merheb, H. Noura, and F. Bateman, "Active

[16]

70

fault tolerant control of quadrotor UAV using
sliding mode control," Proc. of Int. Conf. Unmanned
Aircraft Sys., Orlando, USA, 2014, pp. 156-166.

A. Freddi, "Model-based diagnosis and control
of unmanned aerial vehicles: application to the
quadrotor system," Ph. D’s thesis,
Politecnica Delle Marche, 2012.

Universita

[17] Z. Lu, F. Lin, and H. Ying, "Multiple sliding

surface control for systems in nonlinear block
controllable form," Cybernetics and Sys.: An Int.
J., vol. 36, no. 5, Sept, 2006, pp. 513-526.

[18] J. K. Hedrick and P. P. Yip, "Multiple sliding

surface control: theory and application," J.
Dynamic Sys. Measure. Control, vol. 122, no. 4,

pp. 586-593, December 2000.

MR 274

Nam-Eung Hwang

He received the B.S. degree in
school of electrical engineering in
Inha University, Incheon, Korea in
2015. He received the M.S. degree
in  school of electrical and
electronic engineering at Yonsei
University, Seoul, Korea in 2017.
He worked at ADD(Agency for
Defence Development) as
researcher until 2019 and at
Duksan navcours Co. as associate
researcher until 2021. Currently,
he is working at Hanwha systems
Co. as senior researcher.

His research interests nonlinear control, fault

tolerant control, satellite navigation system, and
MUMT (Manned-Unmanned Teaming)

Byung-Soo Kim

He received the B.S and M.S
degrees in  department of
electronic engineering in Kyonggi
University, Suwon, Korea in 2005
and 2007, respectively. Currently,
he is in a Ph. D candidate in

,i',-',’;;v" 3 % | department of electronic
i ) WL engineering in Kyonggi
University, Suwon, Korea and

working to chief engineering for
KET(Korea Electric Terminal)
His research interests intelligent control, robotics

and control instrumentation.





