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Abstract: This work presents a reliable fault-tolerant tracking control system (FTTCS) for actuator faults in a octorotor
unmanned aerial vehicle. The proposed FTTCS is designed based on adaptive fuzzy global fast dynamic terminal
sliding mode control (AFGFDTSMC) that guarantees the global asymptotic stability of a octorotor system. To mitigate
the negative impacts of model uncertainties and enhance system robustness in faulty operation, an adaptive fuzzy
system is incorporated into the global fast dynamic terminal sliding mode control (GFDTSMC) scheme for adaptively
identifying the model uncertainties online and compensate the actuator faults effect. Lyapunov stability analysis proofs
that the developed control method design maintains the stability in the closed loop dynamics of octorotor UAV in
faulty operation. Simulation results show that the proposed (FTTCS) enables the octorotor to track the desired

reference commands in the presence of actuator faults with satisfactory performance.
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1. Introduction

For more than half a century Unmanned Aerial
Vehicles (UAV) has been designed in the military
field [1]. The objective was to replace the human
being when the task to be accomplished became
painful or repetitive and especially when it was a
hostile environment where the pilot's safety was no
longer assured.

Multi rotors helicopter modeling presents a
challenge because this system is classified as non-
linear, underactuated, strongly coupled and has an
unstable dynamic. In order to solve the trajectory
tracking problems for this type of systems, some
control strategies have been developed in the
literature. Linear control approaches such as PID
control can be used for attitude and altitude
stabilization of a quadrotor UAV [2, 3]. Optimal
linear control was also used for the control of multi
rotors helicopter. In the works presented in [4-6], the
Linear Quadratic Regulator (LQR) control technique
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was applied to control the linear model of quadrotor
helicopter. Hoo methods are used in quadrotor
helicopter control to synthesize controllers to obtain
stabilization with best performance [7]. The
development of linear control laws to control the
motion of a multi rotors helicopter poses many
problems because simplified linear models are
generally far from the reality of the physical system.
The complete dynamic model of a helicopter in fact
generates uncertainties that constitute errors of the
dynamics compared to the linear model, and,
consequently, makes the elaboration of linear control
laws very difficult. So the best solution is to
synthesize nonlinear controls based on a complete
modeling of the physical system. Nonlinear
controller designs are generally based on the concept
of closed-loop linearization [8, 9] of the helicopter's
non-linear model. The idea is to transform nonlinear
dynamics into linear form using state feedback, with
the input-state linearization corresponding to a full or
partial linearization of the model. Other work, using
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the direct method of Lyapunov and taking into
account the complete model of the quadrotor
helicopter, was developed for trajectory tracking and
stabilization at a fixed position [10-12]. The sliding
mode control is characterized by robustness with
respect to structural uncertainties and external
disturbances for the control of drones [13]. However,
the main disadvantage associated with this
methodology is the appearance of vibrations
(chattering phenomena) in the actuators that can
damage the system. Better results have been obtained
with the nonlinear backstepping control technique;
the convergence of the internal states of the quadrotor
has been guaranteed whatever the initial states [14].
This control technique was later reinforced with the
addition of the integral action [15]. This approach has
been validated to the quadrotor helicopter in various
flight experiments. The control strategies proposed
previously in the literature are generally based on the
classical structure of quadrotor which leads to a
deficiency of driving capacity especially in the
presence of defects. A novel eight-rotor UAV model
proposed in [16] has been used in this paper. The
main advantages of this configuration are increased
payload capacity, fault tolerance, stability in the wind
and quietness efficiency. The FTC schemes enable a
drone to continue flying with an acceptable capability
despite the attendance of defects, over the past
decades, researchers have classified FTC approaches
into two types: passive fault-tolerant control (PFTC)
and active fault-tolerant control (AFTC). PFTC uses
robust control techniques to ensure system
insensitivity to closed loop faults. It can maintain the
stability of the system when the fault occurs. With
PFTC, the system continues to operate with the same
controller and system structure, usually; this
technique is used in the case where the diagnosis of
the fault is difficult to obtain. The PFTC does not
require any fault detection and diagnosis system or
controller reconfiguration. AFTC is based on online
fault compensation and requires online fault
information, therefore, this approach needs
reconfiguration based on the information provided by

the fault detection and identification (FDI) block [17].

This paper proposes an adaptive fuzzy global fast
dynamic  terminal  sliding mode  control
(AFGFDTSMC) method for a class of unknown
multiple-input-multiple-output (MIMO) nonlinear
systems with bounded external and internal
disturbances (octorotor helicopter with defective
actuators) in order to compensate the fault effect after
estimating uncertainties. Compared to recent work
reported in the literature, the contributions of this
paper are presented under different aspects such as:
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fault modeling, control strategy, type of multi rotors
helicopter processed and type of fault:

- Unlike in [18], the adaptive FTC strategy,
developed in this work, has been introduced in all
steps of the global fast dynamic terminal sliding
mode control (GFDTSMC) design, to obtain a better
trajectory tracking in the presence of defects.
Moreover, the developed control method deals with
an octorotor helicopter in faulty operation, while in
[18], a healthy classical quadrotor case is used.

- This work consists in proposing a new control
strategy to improve the dynamic performance of the
octorotor helicopter, especially in case of faulty
operation.

- Unlike the passive FTC presented in [19], the
proposed control structure is not bounded and can
compensate the faults without information of their
upper bounds, such as: actuator faults.

- Compared to the work of [20], the proposed FTC
does not need an observer or internal model to
compensate the fault effect.

- By using Lyapunov’s method, the tracking errors
are proven to be exponentially stable in contrast to the
literature [21] where stability is not proven. In
addition the proposed AFGFDTSMC controller can
eliminate the chattering phenomenon which
characterizes the sliding mode control.

This paper is organized as follows: In section 2, the
dynamic model of octorotor helicopter in healthy
condition is given. In section 3, a defective model of
the octorotor helicopter is presented. The proposed
FTC design is carried out in section 4. Simulation
results are presented and analyzed in section 5.
Finally, the conclusion is given in section 6.

2. Dynamic modeling of the octorotor
helicopter in healthy operation

The octorotor as its name suggests is a helicopter
with eight rotors, each rotor is composed of a motor,
reducer and propeller. The configuration of the
octorotor considered in this work is represented in
Fig.1.

Unlike the quadrotor which only has four rotors,
the octorotor has eight rotors equally spaced at 22.5¢
and connected to the centre by arms [16]. To compute
the dynamic model of the octorotor helicopter we will
make the following assumptions [22]:

- The helicopter structure is rigid and symmetrical;

- The propellers are rigid;

- Thrust and drag are proportional to the square of the
propellers speed;

- Ground effect is neglected,

- Each motor reacts immediately to the commanded

rotor speed.
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Figure. 1 Octorotor configuration [16]

Based on the above assumptions and using the
Euler-Lagrange formulation, the dynamic model of
the octorotor is given as the following form [16]:

(b:%{ﬂt/)(ly—IZ)—K1¢2—JH39+U2}

é:liy{q')y'/(zz—Ix)—Kzéz—JH,9¢>+U3}

y)z%{¢9(1x—l},)—K3t/)2+U4}

¥= %{(COS(psmecosy/+sm(psml//)U - K, %}

j= %{(cosgysmﬁsmw—s1n¢)cosgy)U -K. 7}
%{(coswcosﬁ)U -K, l-g

(D

The variable 3 in (1) is the overall residual propeller
angular speed obtained by:
19 = _‘Ql

=0, +03+04—05—0Ng+ 057+ (1g

)

Where €;,...,Qg the angular speeds of the propeller,
the other parameters are given in Table 1.

The mathematical formulation of the octorotor
control inputs is obtained by [16]:
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Table 1. Octorotor helicopter parameter definitions [16]

Symbol Parameter
m mass
Iy, Iy and I, inertia on the (x, y, z) axis
b lift coefficient
d force to moment scaling factor
Ju rotor inertia
L and arm and moment arm length [ =
an b4
L cos (g)
K; (i=1,...,6) drag coefficients
g acceleration of gravity
U, total thrust on th'e body in the z-
axis
U, and Us roll and pitch inputs
Us yawing moment
_le -
Q;
U, b b b b b b b b|
U,| 10 0 =bl =bl 0 0 bl bl||Q;
U, bl bl 0 0 -bl -bl 0 0| Q:
U, -d —-d d d -d -d d d]|Q
Q;
|
3)
Where: Q; (i=1,...8) denotes the motors speeds.

3. Main title dynamic modeling of the
octorotor helicopter in faulty operation

The dynamic model of the octorotor helicopter in
defected case is given by:

¢:%{91//(1y ~1)- K¢ ~J,80+U,,|
O={p (1.~1,)-K,0* =1, 99+ U,

y
i =%{¢9(1x ~1,)- Ky’ +U,,|
)'C'Z%{(COS(pSiHHCOSl//+Si1’l(pSiIll//) U, —K45c}
j}=%{(coswsm@smyf—smgocosy/)U Ksy}
EZ%{(COS(pCOSH) U, - K z'} -g

“)
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The fault in each rotor is modeled with a bias
which multiplies to the forces in healthy operation
obtained by:

Dip =1 =B 5

0<f<1 (i=1..8)

)

Where f; denotes the fault coefficient of each
actuator, if £;=0 alludes to healthy actuator and if
Pi=1 reflect a completely damaged actuator.

Uiy, Uy, Usr and Uy are the control inputs of the
octorotor in faulty operation written by:

1

=

—
|

(1-8)e
(l_ﬂz)gi
Usl [ b b b b b b b]|(1-8)%
Uy | |0 0 =bl b1 0 0 bl bl|(1-5)2
Uy, | |6l b1 0 0 bl -bl 0 0[(1-5)Q
U, |4 - d d -d -d d d](1-8)2
(1-5,)
(1-4)

,_
[
re)

5]

(6)

Introducing Eq. (6) into Eq. (4) yields:

¢=Il{ey;(1y—12)—K1¢2—JH()9+U2}+d¢
[92%{(0@/)(12—IX)—KZH'Z—JH(_)(p+U3}+dg
)
o1 . .
y/zl—{q)H(Ix—I},)—K31//2+U4}+dw
i= L{(cosgosmé’cosa//+sm(osm1//)U Kx}+d
m
V= %{(cosq)smﬁsmw—s1ngocos1//)U Ksy}+d
L{(COS(pcosﬁ)U -K, z} g+d,
m

0

The unknown resultant actuator faults are obtained
by:
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bl 2 2 2 2
21_(13393 +ﬂ4Q4 _ﬂ7Q7 _ﬁsgs)
bl 2 2 2 2
dy =" (B - B0+ B+ f )
5
d 2 2 2 2
:[_(ﬂIQl +132§22 _13393 _/3494 +
BiQ% + B, - B, - B
cos@ sin @ cosy + sin @ sin
d =0 PR (g0 - 05 -
m
ﬂ3Q§ _ﬂ49421 —,3592 _ﬂsgé _ﬂ793 _ﬂsgs)
cos @ sin @siny —sin @ cos
dy = ¢ Z 4 W(_IBIQ%_I@Q;_
B - B,Q% - B - A% - 5,05 - B0
cosgpcosd
d. z(ﬂ—(_ﬂlglz _ﬂzgg _ﬁ3Q§ _ﬂ4Qi -
B - B0 — B, - %)

®)

Assumption 2
The actuator faults resultant related to the octorotor is
bounded where:

J=9,0,Y,xy,z

|d;| < df, df >0

©)

4. Design of FAGFDTSMC for octorotor
helicopter in presence actuator faults

The goal is to design an FTC based on
FAGFDTSMC for an uncertain octorotor helicopter
model in the presence of actuator faults to properly
handle trajectory tracking. The role of fuzzy systems
is to estimate the local nonlinearities of each
subsystem by adaptive laws that respect the stability
and convergence of the Lyapunov theory until the
desired tracking performance is achieved. To design
the proposed control, we operate with the defective
octorotor dynamic model developed in (7), in the
presence of actuator faults:
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1

¢:I_U2 +f1
|
021—U3 +]{2
y
.o 1
y=—U,+f,
I, (10)

1 . . .
x=—U, (COS(psm dcosy Jrsm(psmg//)Jrf4
m

P :LU1 (cos@sin@siny —singcosy )+ f;
m

Z =lU1(cos¢cost§’)-|—g+f6
m

Where f1,...,f6 are unknown functions given by:

1. K ., J,Q,
flzl—ﬁy/(ly—lz)—l—lgf— ;1 0+d,
£ zli@'/(lz —IX)—%92+JHQ¢)+d9

y y y

1., K, .
fi :I—(DH(Ix —1y)—1—3¢//2+dw

: : (11)
ﬁ:—&xmx

m

K, .
fs=——>y+d,

K,
fi=——Lz+d.

m

The basic configuration of a fuzzy logic system
consists of a fuzzifier, some fuzzy IF-THEN rules, a
fuzzy inference engine and a defuzzifier [23], the
general form of the i rule of the Takagi-Sugeno-
Kang (TSK) fuzzy logic system can be written as:

R®:ifx isAland...and x, is ALthenfisy; (12)

Where:

x=[x1,%2,...,xa]" are the inputs, f is the output, A’,
Ah,...., and A', are the fuzzy sets and y; is the fuzzy
singleton for the output in the i rule. The output of
the fuzzy system is obtained by:

z’;;lyi<n}?:1uA3;(xf)>
= 0" (x) (13)
'i'il<l'l}-1=1 Hai (x,-))

fl) =
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With 6"=[y;,y2,....ym] is the adjustable parameter
vector, m is the number of fuzzy rules, u4; is the

degree of membership of x; to .4}, and 0"=[w1,
W 2,...,W m] 18 the fuzzy basis functions where:

<H;~l:1 ﬂAi,(xj))
Pi(x) = ! (14)

Z?i1<n}l:1 ”A} (xj))

The fuzzy inference system is utilized to approximate
any nonlinearity Ad{x;) for i=1,...4. This
approximation function, which can be estimated on
compact set 9y, is obtained as:

hi(x) =0l yi(x),i=1,....4
(15)

Where: x; is the input vector, 6; is the adjusted vector
parameters, and wi(x;) is the fuzzy basis The optimal
value of §; can be defined as:

sup |h; (%) — by (%)| (16)

0 = Argmin
0; xi€19,-cl.

Note that 6;", used only for demonstration purpose, is

not required for controller synthesis [23- 25].

The estimation error is expressed as:

0:=6; — 0, (17)
The fuzzy approximation error is given as:

@i(%) = hi(%) — 6;TYi(%), i=1,....4
(18)

The compact set 9y; is assumed large enough so that
the input vector of the fuzzy systems remains in 9y
under the closed loop control system. Consequently
the fuzzy approximation error can be supposed to be
bounded as presented in [24, 25]:

|o; (%) < w;,  VX; € Uy, (19)
Where w; are unknown positive parameters.

The tracking errors and sliding surfaces are obtained

by:
For z subsystem, the sliding surface is given by:
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() =z(t) —z*, s, = 2+, (20)

The global fast dynamic terminal sliding surface is
defined by [18]:
Sz, =Sz + 1S, + 148, ma/n

1)

For (y, ¢) subsystems, the sliding surface is given by
[26]:

FO =y -y ¢) = 9(t) — 9", 5, = 19y +
CopV + @+ C34,p (22)

The global fast dynamic terminal sliding surface is
defined by [18]:

mz/nz

Sp, = Sp T 4254 + 125,

P41
(23)

For (x, 6) subsystems, the sliding surface is given by
[26]:

() = x(t) —x*, 0(t) = 0(t) — 0%, sg = c19% +
ngf + é + C39§ (24)

The global fast dynamic terminal sliding surface is
defined by [18]:

Se, = Sg + A3S¢ +7:3$m3/n3

(25)
For w subsystem, the sliding surface is given by:

The global fast dynamic terminal sliding surface is
defined by [18]:

C
4/ 4

Sy, = Sy +Aasy + T4S$
27

Where Cw, Cze, C39, C1¢, C1¢, Cz[p, C3[p, C: and Cl/,
are positive parameters, and we admit that:

P =0"=0 (28)
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The adaptive fuzzy control laws presented in Egs.
(29)-(32) are written in the case where the dynamics
of defective octorotor helicopter is uncertain:

Ul=m( 011 (%y) + 2% + 2" —
(/11‘*‘1'1 ms (m1 nl)/nl)s —k11Sz, —

ky, tanh (8—)) (29)

U, = Iy (_ezT’l’z(’?z) - (Az T 172 %
(m'y—n'y)/m,\ .
Se 2 e Z)S(p +
C1oV" + CopY " + C3p@" + @ — k154,

koo tanh( )) (30)

U3 = Iy <_93TI/’3(923)

7”3 (m3 n's)/n's
As+T Sg +
< 3 3 Tl3 9 [
C1oX" + CopX" + 390" + 0% — k3150, —

ks, tanh( 1)) G1)

1 .
Uy = _(_917104(924) P+ eyt -

(A4 +T4m4 lS}m4—n4)/n4) Sy — karSy, —

k4, tanh (g)) (32)

With: &, &,, €9 and & are positive design parameters
and the design parameters k;, remain constants for
i=1,...,4. The inputs of the fuzzy systems are given as:

4T _

X, = [2»5 >, X2 = [@» @]T , X3 =
~ 21T
9.9 (33)

6.6 2 =

In order to approximate the unknown fuzzy vectors
(0" and the unknown parameters (k") for i=1,....4,
we adopt the following adaptive laws [23, 27]:

0, ==00700 + 755, (371)
0, ==04,7p0, + V9255 (fz)
O, = =037 5305 + 74354 s (3@)

0, ==0,,70.0, + VoaSy, &y (74)

(34)
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|
:

/é —0, Yk, + 708, tanh[

kyy ==01Viakyy + 712 So tanh

(35)
k 043 Visks + Via Sg, tanh ]
k42 =—014Visk + Va5, tanh[ ]
&,
Where: (ca, Yo, Yu, Ok)>0 (for i=1,...,4); these

parameters are design constants.

Stability Analysis

The proof stability is based on Lyapunov's theory. It
is adopted by a feedback structure with two steps.

Step 1: From Eq. (10), the time derivative of S:1is:

S, = %Ul(cosgacose) —g+fe—Z +c,(z2—-27)

(36)
The time derivative of S.; is:
Sg = —CZ"—7"+ = Ul (cos @ cos0) +
(Al +1 —s(m =)/ 1) S, + hy (%)
(37)

Where:

hi(%y) = ¢, (% Ui(cospcosB) — g +f6) + fo

Defining the Lyapunov function for the z-position
subsystem as:

1
vy =3s% (38)
The time derivative of (36) is:

v, = Sz, (—CZZ* —F 4= Ul (cospcosB) +

(A + 7 250" "1)/"1)5 +h1(x1)>
(39)

The following adaptive fuzzy system is developed to
estimate the uncertain continuous function /(x)

21(921) = 91T1/J1(9Z1)
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hi(%y) = HlelJl(?_ﬁ) + @1(%;)
671 (x1) + 6 Y1 (%) + @1 (%)
(40)
Where:

is the parameter error vector.
Introducing (40) into (39) yields:

Vi = =5, 011 (%;) + 55,61 l/Jl(xl) + 55,01 (%1) +
Sz, E U, (cos ¢ cos 0) + (Al 47,0t v

Sz(m i 1) 521§Z -

Sz,C2Z" — S5, 7" (42)
Where:
|0, (X1)] < wq (43)

w1: unknown constant

By selecting the control law obtained in Eq. (29) and
using Eq. (43), we can make:

v, < —521§1TQ1(321) + kf2|5z1| — ki

S, tanh (Z—i) — kyq5%, (44)
Where: k1= 1.

Lemma 1

The set {& > 0, x € R} satisfied the following
inequality [23, 27]:

[pfPe]
(45)

{0 < |x| — x tanh (é) < g = pg;
p=e (1*P) ~ 0,2785

Using Eq. (45), Eq. (44) became:

. ~ - * =~ 7 S
V) < —s,, 67 a; (%) + kip8, — kips,, tanh (8—1) _

ki15%, (46)
Where:
Elz = klZ - kIZand éZ = 0.278582.

The augmented Lyapunov function is defined by:
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= L 9T + L f2

The time derivative of Lyapunov function in Eq. (47)
satisfied the following inequality:

. ~ _ = -~ S.
V, < —szlelTal(xl) + k128, — kq35,, tanh (ﬂ) -

&z
1 ~ . 1 ~ .
kq1sZ, + 2o, 616 + P ki2k12 (48)

By introducing Eqgs. (34) and (35) in Eq. (48), then
Eq. (48) will be bounded by the following formula:

) . 5 - -
Vo S k126, — k1157, — 09,61 01 — 0 K12k

(49)
Property:
~670 < —1||6|° + > 1le"|I?
2 2 (50)
O=0—-0"eR"
Where: 7 is a positive integer number.
Utilizing (48), (47) is rewritten by:
. o ~ 2 Oy 7 _
V, < —kqyqsZ — %”91” - %kfz + &
(51
With:
= * = d * g *
&1 = kizf, + 267117 + 52 ki3 (52)

The stabilization of the filtered errors s,1, so1 and sy1
will be obtained in the second step.

Step 2: The objective of this step is to synthesis the
control laws U,, Uz and U, .

In this step the Lyapunov function is defined by:

- 12 ;12 12
Va3 =V, +ES(p1 +5591 +ES¢1 (53)

The time derivative of (53) checks the following
inequality:

. 09, 5 12 Ok, + _ .
V3 < —kllszz1 — 71”91” - lelzz + & + 54,50,
+
Sg,50, + Sy, Sy, (54)

The time derivative of filtered errors s,, s¢ and s, is
computed using the equation (10):
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. 1 . . .
s, =c1¢(—U1 (cos@ sinf siny — sing cosy) +
m

|
fs—y)+cz¢(y—y)+1—Uz+

X

Li=9 +e,(9-9)

1 . . .
S, =0¢yp ;Ul (cos@ sin@ cosy + sin@ siny )+

7 —x'*)+c2¢,(x—x*)+1iy3 N

X

f,—0 +c,,(0-0)

. 1 oo ¥ . . ®
5, =I—U4+f3 —y +c,y-y)

z

(55)
The derivative of s,1, sg1 and 5,1 are given by:
‘§¢] :_Cl(p:}.}. _CZ(pj} _C3(p¢ _¢ +
l - m,2 m'y—n)/n | . —
I—U2 +| A, +7, —,s; 2}/ S,+ M, (X,)
x n2
S, = —cw'fc'* —cwjé* —cwé* -0"+

1

I . m; (m5—nt)/ny | . —_
I—U3+ Z3+T3n—,s9 S,+hy (x;)

y 3

.o ¥ ek 1 .
S, =—c.YW -y +I—U4+

'
my (my=n'y)in’y | . —
{/14 +7, — s, s, +h,(x,)

4
(56)
Where:
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h(x,)= cl(p(il'/1 (cos @ sin @ siny — sing cosy) +f5)+
m
1 . . .
Gy (;U1 (cos @ sin@ siny — sing cosy) + f5)+
. 1
fl +qu; I_Uz +f1
1 . . . . p
hy (x,) = cw(—U1 (cos ¢ sin@ cosy + sin@ s1n!//)+f4)+
m
1 . . .
Cyp (—U1 (cos @ sin@ cosy + sing sm!//)+f4)+
m

. 1
S+ 039(1_

¥

s

_ 1 p
h, (x,) ZCW(I—U4 +f3)+f3
(57)
By substituting Eq. (56) in Eq. (54), we obtain:
V3 S _kllszzl + S(pl (_Cl(py*
¢ﬁ+%%+-

(/12+12’"2 (m - ”2)/"2) +h2(xz)>

- C2(py* - C3<p¢* -
<P
So, (—Clg'J.C.* - ngjé* - C39é* - 9* +%U3 +
(13 +T3m3 (m3 n3)/n3)s +h3(x3)>
" e 1 -
sy, (—c9" = +rUs+
(14 + ‘L'4m4 Eljm o 4)/n4)s + h4(x4)>
o
Sl -

Jkl ki, + & (58)

hi(x;), i=2,3,4 are unknown uncertainties functions,
their estimation is performed by the following
adaptive fuzzy system:

hi(x) = 6] a; (%)

hi(%) = 6;Ta; (%) + @;(%;)
= =6 a;(%) + 6] a; (%) + @;(%;) (59)

With: x; is pre-defined, wi{x;) is the fuzzy
approximation error with:
|; (x| < w; (60)
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; 1s an unknown constant.

By choosing the adaptive control laws proposed
in Egs. (30)-(32) and the uncertainties functions /;(x;)
developed in Eq. (59), Eq. (58) is rewritten by:

V3 < —kq152, —%”91”2 —%Efz +é& —
S, 05 a2 (%) + k33|50, | — ka2
S, tanh (Sg"f) -
k215<%1 - 50153?“3(923) +
k§2|591| — k3359, tanh (%1) - k31551 -
Sy, 08 ag(%4) + kiz|sy, | —
k42Sy, tanh (SELJ) - k415$;1
(61)

Where k3, = w,, k3, = w3, and kjy, = w, .
Using Eq. (45), the inequality (58) becomes:

Vs < —kyys? — 2|6y |° - 22 kZ, + 5 -
S, 03 2z (%) +

k326, — k225,, tanh (S::) k,q 52
Se, 67 az(x3) +
k3,€9 — IE32591 tanh (%1) - k3ls§1 -
Sy, 08 @y (%) +

ki2&yp — E4zs¢1 tanh (2”—;) - k4ls$,1

o1

(62)
Where:

Ezz =kyp — k%z,ksz = k3 — k§29E42 =kyp —
kj;z,é(p = 0.2785¢,,6g = 0.2785¢4 and &, =
0.2785¢y, (63)

The augmented Lyapunov function is defined by:

1 A7z 1 7 1 15

Vo=V +—010,+ —ki, +—010; +

4T V3T g, V22 Ty K2 T o 030
15 1 ATz 15
— k3, +— 070, + — ki 64
2vrg 32 T 2y, 4 U4 T 5y K42 (64)

The time derivation of Eq. (61) is given by:

Vo < —leissf, — 2|0 - 22k, + 4,
— S, 05 a5 (%) +
k3,8, — kazs,, tanh (S::) ky155, —
59193?“3(9_53) +
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k3,€ — IE32591 tanh (%1) - k31551 -
Sy, 04 s (%) +

ki2€y — E425¢1 tanh (?—J) - k4155,1 +
iéTéz +

= fpok
2ve, 22 22t

1 ~ .
— 06305 +
2Yo3
. 1 ~ . 1 ~ .
— kak —010, + —kyyk
21y 32 32‘*‘2],94 4 4+2yk4 42/42
(65)

By exploiting Eq. (50), yields:

. og Ok, ~
Vy < —k115221 —+ ”91” —lefz - 15215511 -
22 6,° -
2
Ok 2 gg ~ 12 Ok
Tzkzz - k31591 - 73 ”93” - k32 k41
2
S —
Y1
o ~ _ _ _ _
94 ”94” Jk4 ki, +& +&+&+&,
(66)
Where:
- L ok _
& = ka8, +—2 ||‘92||2 + 2 kzz , €3 = k338, +
] Ok
% |63 )12 + 3k32,
- - g9 Ok
& = king, + 221163112 + 22 k33 (67)

Eq. (66) Can be simplified by:
Vi< -V +u (68)
With:

u=&+&E+&+& Mk = min{oy, Vi, ok,

Yy Oty Vieys Ok, Viey } (69)
And:

T’ == min{Zkll, 2k21, 2k31, 2k41, 0-91]/91,
06,Y6,, 06,Y6,, 06,Y6, Mk} (70)

The multiplication of Eq. (65) by the exponential
term, " we get [23, 27]:
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Non linear dynamic model
of the octorotor helicopter

I—P in faulty operation eq.(7)

f v

|_ Uineq. (28). U, ineq. (29)
U3 in eq. (30), U4 in eq.

Yok
|
+

Adaptive Laws 0" for

=1

A 4

Fuzzy
inferenc

A

i= 1,..,4 ineq. (32)
Adaptive Laws k, 3 for

i= 1,..,4 in eq. (33)

Figure. 2 organizational chart of the developed
AFGFDTSMC system

%(V4e’7t) < pem (71)
The integration of (67) over [0, f] yields:

[ _H) ot
o<V <b+ (va(0) n) e (72)

Where: 5 is selected depending to the design
parameters and u is a randomly selected parameter.
In accordance with [23, 27], the Lyapunov function
in Eq. (62) is bounded also reflect the exponential
convergence to an adjustable residual set for tracking
and parameter estimation errors, which means that all
signals in closed-loop are bounded. Fig. 2 presents
the global block diagram of the proposed FTC.

The organizational chart of the developed
AFGFDTSMC system is shown in Fig. 2.

5. Simulation results

To prove the efficacy and the capability for the path
following problem of the octorotor helicopter, the
developed FTC has been simulated. The physical
parameters of octorotor helicopter are obtained by
[16]: ;;=1.3 kg, L=0.23 m, the nominal values of /,,
I, and L are (I, I, L)=diag(1.5x107, 1.5x107,
2.6x107%) Kg/m? b=3.13x10° N/s?, d= 7.5x107
Nm/s?, Jy =6x10° Kg/m?, ki=ko=k;=107 N/m/s,
ka=ks=ke=1.2x1 0'3 N/rad/s.

The vectors:

. . ~ 1T
J?1=[Z,ZT R 322=[(ﬁ,(f)]T’ 323=[9’9] , Ky =
~ 21T
[#.9] 73)
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|—Proposed AFGFDTSMC -+ desired ---- GFDTSMC prposed in [17]|
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Figure. 3 Trajectory of the output variables (Rotor 2,4,6,8 fault and rotor 1,3 failure)
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Figure. 4 Trajectories of roll and pitch angles (Rotor 2,4,6,8 fault and rotor 1,3 failure)

represent the inputs of the fuzzy inference systems
O'a(x;) for i=1,...,4. For each variable we define
seven Gaussian membership functions uniformly
distributed on the intervals [-1, 1]. Note that all the
design adaptive parameters of the control laws are
selected to reach a satisfactory transient control
performance considering the requirement of stability
and all variable states of the octorotor helicopter are
supposed measurable. Flight tests in faulty condition
have been carried out to demonstrate the performance
of the proposed control.

5.1 Rotor 2,4,6,8 fault and rotor 1,3 failure

Figs. 3 and 4 show the simulation results where
more severe fault/failure scenario where rotors 2, 4, 6
and 8 are only 50% effective from 40 sec onwards,
and then rotor 1 and 3 fail totally at 60sec. Fig. 5
shows the evolution of rotor speed. The global
trajectory effectuated by the octorotor helicopter in
3D is given in Fig. 6. According to Figs. 3, 4, and 5,
it can be seen, the proposed control strategy can track
the reference trajectory accurately despite actuators
defects. In addition, it is obviously that the proposed
AFGFDTSMC can give small following error and
good tracking performance compared to GFDTSMC
proposed in [18].
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6. Conclusion

In this paper, the robust adaptive controller that is
based on adaptive fuzzy global fast dynamic terminal
sliding mode system has been investigated via its
application in tracking control of octorotor helicopter.
With this controller, the control law ensures the
convergence of tracking errors in presence of actuator
faults and parametric variations. This
incorporates adaptive parameters to compensate the
faults effect. The obtained simulation results show
that proposed controller keeps the tracking errors in
an acceptable interval in the attendance of actuator
defects and parametric variations. In addition, the
comparative study performed with the control
strategy proposed in [ 18] has shown the effectiveness
of the proposed control approach in faulty operation.
In the future work, the experimental implementation
of the proposed control scheme will be addressed.
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