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Abstract: In this paper, Fractional-order Non-singular Fast Terminal Sliding Mode Control based Fault Tolerant Control
(FONFTSM-FTC) is investigated for robotic manipulators in the presence of uncertainties, unknown external load
disturbances and actuator faults. Firstly, Fractional-order Non-singular Fast Terminal Sliding Mode Control (FONFTSM) is
proposed, in which Fractional-order is used to obtain good tracking performance, and Non-singular Fast Terminal Sliding
Mode Control is utilized to achieve fast finite-time convergence, non-singularity and chatter-free control inputs. Secondly,
FONFTSM with Adaptive scheme is used as a robust Fault Tolerant Control (FTC) to estimate the uncertainties as well as
actuator faults without prior knowledge of the upper bounds. Asymptotical stability of the closed-loop system is obtained
by Lyapunov analysis. Finally, corresponding simulation results with compared recent methods of adaptive FONFTSM
(AFONTSM) and Non-singular Fast Terminal Sliding Mode Control based Active FTC (NFTSMC-FTC) are made to
validate and demonstrate the effectiveness of the proposed method.
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1. Introduction

Robotic manipulator is a high nonlinear system,
which desires robust stability and trajectory
tracking performance in the existence of
uncertainties and external disturbances. These
unknown uncertainties increase the difficulty to
obtain good tracking performance for applied
control methods [9]. Moreover, another problem
arises when malfunction occurs at the joint
actuators. In that case, Fault Tolerant Control
(FTC) is used to compensate controller failures for
handling the system properly. The control failure
is inevitable in the practical situations. Thus,
the controlled system cannot work accurately
if the controller is not capable to tolerate the
faults. Therefore, an increasing interest has been
perceived in designing FTC methods, which
have been extensively considered and employed
in a variety of areas [6]. Basically, the key point
behind FTC is that the control system should be
reliable to ensure the desired performance and
asymptotical stability in the presence of actuator
failures [5].

The Sliding Mode Control (SMC) which belongs
to the class of a nonlinear controller has the
capability to deal efficiently nonlinear systems
with uncertainties, bounded external load
disturbances, and small sensitivity to the time
varying parameters. For finite-time stability,
Terminal SMC (TSM) has been designed in
[25], which gives fast response, better accuracy
and high robustness but faces slow convergence
and singularity problem. To achieve quick
convergence and remove singularity, Non-

singular TSM (NTSM) and Non-singular Fast
TSM (NFTSM) have been proposed to overcome
these problems [4, 23]. Furthermore, recent
SMC methods integrated with notable control
techniques have been proposed such as Adaptive
SMC for uncertain interval type-2 Fuzzy systems
with actuator saturation [12], output-feedback
based Adaptive SMC for uncertain nonlinear
Fuzzy systems [13], and model-free scheme
using TSM to control attitude and position of
uncertain quadrotor in the presence of external
disturbances [20]. For robotic applications, there
are few FTC methods that have been proposed,
concern with the finite-time convergence. In
[19], Non-Singular Fast Terminal Sliding Mode
Control (NFTSMC) has been used to obtain rapid
convergence and improvement in chattering and
singularity problem, while time delay estimation
(TDE) based FTC has been utilized for estimation
of uncertainties and actuator faults. Since, the
TDE is developed by inserting the delay in control
method, which may deteriorate the performance
of the system. To avoid the delay in the system,
adaptive technique is preferred to compensate
the uncertainties and faults. Adaptive control
has exceptional capabilities to accommodate
system uncertainties, external disturbances and
component failures [18]. In fact, various adaptive
schemes have been proposed to design FTC for
a number of robotic applications to compensate
actuator faults [10, 17]. Moreover, with NFTSMC
scheme, adaptive control has been proposed for
spacecraft attitude tracking in the presence of

https://doi.org/10.24846/v27i11y201806

ICI Bucharest © Copyright 2012-2018. All rights reserved



56 Saim Ahmed, Haoping Wang, Yang Tian

actuator faults, actuator saturations, disturbances
and inertia uncertainties [7].

Fractional-order (FO) controller is extensively
used to enhance the trajectory tracking and to
guarantee the better control performance for
both integer-order (IO) and FO systems [8]. FO
controller with TSM and NTSM has been exploited
in [3, 22], respectively. Moreover, model-free
technique using Continuous Fractional-order
Nonsingular Terminal Sliding Mode Control
(CFONTSM) based on TDE has been proposed
for practical tracking of robotic manipulators [21].
In [15], a remarkable technique named Adaptive
Fractional-order Non-singular Fast Terminal
Sliding Mode Control (AFONTSM) is proposed
for tracking of robotic manipulator. Non-singular
fast TSM is considered for fast convergence
and singularity problem, while adaptive control
approach is designed for estimation of disturbance
and uncertainties, and FO is used to obtain good
tracking performance of the system.

Thus, in this paper, we are focused upon
investigating the Fractional-order Non-singular
Fast Terminal SMC (FONFTSM) based FTC
(FONFTSM- FTC) for uncertain robotic
manipulators subject to the actuator failures.
The main contributions of this work can be
summarized as follows: 1) Sliding surface
based on the properties of Fractional-order and
Non-singular Fast Terminal SMC is developed,
which gives rapid tracking performance, fast
time convergence and mitigates the chattering
problem in the control torque inputs of robotic
manipulators. 2) FONFTSM-FTC is proposed
using Adaptive technique; in which unknown
uncertainties, external load disturbance and
actuator faults are compensated to make the
system reliable. 3) The system asymptotical
stability is analyzed by Lyapunov theorem.

The remainder of this paper is organized as follows:
Section-2 presents definition and lemmas about
Fractional-order calculus. Section-3 describes
the system modeling and problem formulations.
Details of the control design and stability of the
closed-loop system using Lyapunov analysis are
presented in Section-4 and Section-5, respectively.
Then in Section-6, comparative simulation results
are provided to validate and demonstrate the
effectiveness of the proposed approach. In the end,
Section-7 concludes this paper.

Notations: The following notations in this
work will be used such as and sgn(x)

b

denote Euclidean norm, absolute value and
sign function, respectively. M is positive
definite matrix, 0< 4, (M)< ||M || <A (M),

in which 4, and 4, illustrate the minimum
and the maximum eigenvalues of matrix M. The
superscript 7 represents the transpose. The asterisk
* sign will be used as element-wise multiplication

between two vectors.

2. Preliminaries

Definition [11]: The Riemann-Liouville fractional
integral and derivative of ¢, -order with respect
to ¢ and terminal value a are defined as follow:

a f(f)
alf@—n)ja (1a)

p d°f@_ 1 f(T)
A dtf dr (1b)
with function f(¢#), m—-1l<a<m, meN,

a €R" and I"(-) Gamma function, while 7 and
D“ denote the fractional integral and derivative,
respectively.

Property [16]: n, order derivative (d" /dt") of
the fractional-order derivative operator , D f(¢)
transforms as

f@%—D{dfm]tDTVW @

Lemma 1 [14]: To let the non-autonomous FO
system have an equilibrium point at x =0

Dx(t) = f(x,1) 3)

Let there exists a continuously differentiable and
Lipschitz with respect to x Lyapunov function
V(t,x) such that

] <V e.0) <, ]

4
Vo<l @

Wl <V 0 < o

o )

where a €(0,1) and W,(i=1,2,3) is a class-K
function. Then the equilibrium point of (3) is
asymptotically stable.

Lemma 2 [24]: For finite-time stability, Lyapunov
function V(x) with initial value ¥ is given as
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V(x)+oV(x)+0o,V(x) <0, (6)

where 0,,0, >0 and 0 <y <1, and the settling
time denoting by 7, can be computed as follows:

-y
T g;m[Hﬂj 7
o(l-y) o,

3.Dynamics of Robotic Manipulators
and Problem Statement

The dynamic equation of the robotic manipulator
can be defined as follows [19]

G=M"(q)(r-C(q,9)4—G(q)

. . (®)
—F(§)-W)+n(t-T,)x(¢,4,7)

where ¢,g and GeR” are joint’s position,
velocity and acceleration respectively.
M(g)eR™" represents the inertia matrix,
C(q,q) €R™" denotes the coriolis and centripetal
forces, F'(¢)eR" represents the friction forces,

G(g)eR" is the gravitational matrix, W eR"
expresses the unknown external load disturbance

vector, 7 €eR" stands for the joint torque vector,
7(q,4,7) €R" defines the partial and time-varying
actuator fault vector, and 7(¢—7,) denotes the

time profile of faults occurs at time 7.

Moreover, the time profile of the above faults 7(-)
is defined as follows:

n(t—T,)=diag{n,(t~T,),

©)
nz(t_Tf),“'a Un(t—Tf)},

where 7, denotes the i, state equation affecting
by the fault, and its corresponding fault model of
time profile is given as follows:

0 ift<T,

l—e=@-T,) ift=T,"’ (10)

77,-(f—Tf)={

where ¢, > 0 is the evolution rate of the unknown
fault. When the value of ¢, is small, the fault is
called an incipient fault. As ¢; — o0, 7, develops
as a step function and the incipient fault becomes
an abrupt fault.

At the occurring of an actuator fault $z(¢), the

control torque 7(¢) can be represented as [2]

r(t)=1,(t) + 97(t) , (11)

where 7, is the nominal torque. The fault function

x(q,4,7) in (8) can be expressed in the form of
actuator fault 97(t) as y(q,q4,7) =M "'(q)97(¢).

Dynamic equation (8) can be rewritten as

G=M" (9 + f(q.9)+0(q.4,7) + 2(4.4.7), (12)

where  f(q,4)=-M "(9)[C(g.9)q +G(q)]
denotes the known nominal system dynamics

and 0O(q,q,7)=-M '(¢)[F(§)+W] expresses
the uncertainties in the robotic manipulator.

For trajectory tracking, we can write (12) in the
following form of tracking error

G=M"7+ f(q,9)+0(q,4,7) — G, + x(q,4,7), (13)

where §=q—gq,, g is actual and ¢, is desired
position vectors.

4. Fractional-order Non-singular
Fast Terminal Sliding Mode
Control based FTC

In this section, sliding surface is, firstly, developed
on the properties of Fractional-order and Non-
singular Fast Terminal Sliding Mode Control
(FONFTSM). Subsequently, Control and Adaptive
laws are designed to propose FONFTSM based
FTC (FONFTSM-FTC) for uncertain robotic
manipulators in the presence of partial and time-
varying actuator faults at different joints.

4.1 Sliding Surface Design

To acquire benefits of TSM and FO control, and
avoid the singularity problem, sliding surface
has been designed in [15, 19]. Motivated by the
aforementioned techniques, accurate and rapid
control performance for an n-degree of freedom
(n-DOF) manipulators in finite-time, the following
referred FONFTSM surface can be selected as

S(6)=D"q(t) + k()" + k()" (14)

where S(¢) e R" is the sliding surface, « is FO

between 0<a <1, k, e R™ and k, e R™ are
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positive constant diagonal matrices, while / and
q are positive odd integers fulfilling the relation

I<l/g<2 and @>1/q.

To get the guarantee that sliding motion occurs,
S(t)=0 should be satisfied. According to
the property (2), the derivative of (14) can be
computed as

S(0)=D"4(t) + kp|d0)|"" *§(t)

o (15)
+kzé|q(t>|“ N &)

Since sliding manifold is developed, now
FONFTSM-FTC control design will be considered
for n-DOF manipulators to obtain robustness
and reliability subject to unknown bounds of
uncertainties and actuator faults.

Assumption: The bounded conditions of the
uncertainties ®(q,q,7) and the fault vectors
7(q,q,7) are given in (16) and (17), respectively,
by the following functions

|©(4.4.0)][< (B, + Bl ]S, (16)

|z(@.d.0)]< 8,(s]+]allsD. (17)

where f, and p, are unknown constants of
uncertainties upper bound, and £, is unknown
constant denoting the upper bound of faults.

4.2 FONFTSM-FTC Control Design

The FONFTSM-FTC control law for robotic
manipulator in presence of uncertainties, external
load disturbance and actuator faults can be defined
as follows:

() =1, O +7,(0), (18)

where 7, (t) is the torque used to control

nominal part and 7,(z) is the control input
utilized to compensate unknown uncertainties and
actuator faults in the system. Their corresponding
definitions are derived as follows:

Toon () ==M(q) £ (q,9) + M (q)q,
~D “{M(q)KS(t) *|S|
+M (q)Ksgn(S)" *|S|

+M (q)k@|a(0)|" *§(t)

+k, éM(q)m)r’qw x é(r)}

, (19)

7,(0)==D“{M(g)(B, + B[aS(®)
+M(q)(B, + B, las®)}

where K =diag(k,,k,, --k,) is a positive matrix,
u 1s a positive constant with range between
O<wu<l, and f,, B and S, represent the
estimates of £, B, and f3,, respectively.

For compensation of uncertainties, adaptive
laws are developed as follows:

By =TSO @)
B =S| 4| (22)

where /7, and /| are positive parameters.

Since (21) and (22) are designed to estimate
the upper bounds of the uncertainties and the
unknown external load disturbance as well, one
more adaptation law is designed for FTC to
estimate the bound of partial and time-varying
actuator faults. The updating law can be chosen
as follows:

A 2 2
B =T, (Isof ldl +Isol ), (23)
where I, is the positive adaptation gain, and f3,
is the estimate of unknown constant S, under
bounded condition of fault vector (17). Hence, the
FONFTSM-FTC scheme formulates the trajectory

tracking performance of the robotic manipulators
with uncertainties and actuator faults.

Remark 1: The proposed approach with the
sliding manifold (14), and the control input law
(18) updated by the adaptation laws (21-23),
when applied to the robotic manipulator model
(12), implies the tracking error }i_{ncj(t) — 0. The
asymptotical stability of closed-loop system is
given in the next section.

5. FONFTSM-FTC Stability Analysis

In this section, the stability analysis of the system
(13) is established by applying the Lyapunov
stability theorem. The proposed approach
guarantees the system is asymptotically stable
under uncertainties, external disturbances and
actuator faults.

Theorem: Considering the defined robotic
manipulator (12) which has existing uncertainties,
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external load disturbance, and actuator faults,
with the designed sliding mode surface (14) and
control law (18), the system trajectory of robotic
manipulator converges in finite-time with the
adaptive laws (21-23) and Assumption (16-17).

Proof: The Lyapunov function is proposed to
select as follows:

V(t)=0.58(t)" S(1)+0.5,' B2

" N 24
+0.507' B+ 05T B 9

where BOZBO_ﬂO’BI:ﬂ]_ﬂlﬂﬁl:ﬂl_ﬁl are
adaptation errors. By taking time derivative of
V(t), one gets

V()=S@) SO+ Ty BB, + 1T B, 05
15 A ’

+F7( ﬂlﬂl

To clarify the solution of (25), S(f) can be written
in the simplified form by substituting (13) into
(15), one has

S =D*{M 't + £(4.4)+O(q,4,7)
~G, + 2(4.4,0)} + kg *4(0)

koo )

(26)

Then substituting (18) into the above equation
(26), one obtains

St)=D{M"[-M(q)f(q.4) + M ()i,
~D ™ (M(q)KS(t)*|S
+M (q)Ksgn(S)" *|S|
+M (k|G| * ()
+hy (11 M (|G| ™" * (1)
+M(q)(B, + B |a)S@®)
M@B, + B, Jahs0)]
+1(q.9)+0(q.4.7) -,
+2(4,4.0)} + kla)” *§(0)
+h, (11 g ™" *4(0)

which can simplify as follows:

27

S(t)=—KS(t) *|S|- Ksgn(S)" S|
~(By+ Bllahs@
~(B,+B,a])s@)
+D“0(q.4,7)+ D x(4.4,7)

(28)

By substituting (28) into (25), the following
derivative of Lyapunov function V(¢) can be
formulated as

V()= S(t) {~KS(1)*|S| - Ksgn(S)" |S|
~(By + B a0 - (B, + B, |a]pS (@)
+D"0(q,4,7)+D" 1(4,4,7))

T, BB, T B+ T, BB,
Moreover, with (21-23) in (29), one has
V(t)==S(t)" KS(t) S|

=S(t)" KsgnS(t)" *|S|

ORI Ry ¥ ING

=S (B, + B, ahs @)

+8(t)" D*0(q,4,7) +S(t)' D 2(4,4,7)

+(By = BOISOI +(B,=BS@ |al

+B, = )(ISOF lal +s0)f )

(30)

With the introduction of S”S=|S| and
ST sgn(S) :||S , the above equation (30) can be
deduced as

Vo <-K[S@ff s -K[sollsw]

B+ Blab|lsof

B, + B, lab|lsl

i SRR NOIRY VACARDI NG

By =Bl + |8 - Al (4]
B, = A|(IsOF lal+ sl )

€2))

y

d

Then according to Assumption (16-17), the above

equation (31) can be simplified as follows
; 2

Vo <K (IsOff +[sw])ls (32)

As we know K >0, then the trajectory tracking

error system (13) of robotic manipulator is

asymptotically stable. Thus the stability proof is
analyzed completely.

Now, if we want to calculate its stability settling
time, the above equation (32) can be rewritten as
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V() <=S@)"KS@)|S)|
~S(t)" KsgnS(0)"|SQ)|
< =2[[S(0)] Ay (K )GS )" S(t)j

_2(,u+1)/2 ||S(t)||/1

‘min

| . (u+1)/2
X(ES(Z) S(t)]

in which A

‘min

eigenvalue of K.

(33)
(K)

(K) denotes the minimum

V(1) <=2[SO)]| A (K)[l - %jV

=242 S (@) A (K)

(u+1)/2
x 1_(£jﬂ V(/l+1)/2
14

. 1 5 | 1~
with Z=5F01ﬂ§+5r1 1ﬂ12+5Fllﬂi.

(34)

Therefore, according to Lemma 2, the referred
settling time can be computed as follows:

(1-p)/2

T < 2 In| 1+ 1 (35)
- A=) T,

with

Z
1, =200l A K1 | 6o

e
2

Y, = (us)2 ||S(t)||}“min (K| 1- (;j (37)

Hence, the error will converge to zero in a finite-
time and the trajectory will maintain converging
to the FONFTSM surface when 4 . (K)>0.

‘min

Remark 2: From (18) and (35), one can observe that
the K is proportional to the control input z and
inversely proportional to the settling time 7, . So, the
suitable value of K should be selected to obtain
stable closed-loop system and finite settling time.

6. Numerical Simulation Results

In this section, to validate the proposed
FONFTSM-FTC method, an uncertain 3-DOF
robotic manipulator with unknown external

load disturbance and its desired trajectories are
discussed firstly. Secondly, an appropriate value
of FO is selected by trail-and-error method for
the developed FONFTSM-FTC without the
actuator faults. Then, compared simulations on
2-DOF robotic manipulator without actuator faults
are realized with a AFONTSM [15]. Finally, to
validate the proposed method in the presence
of actuator faults, compared simulations is
implemented with a NFTSMC based active FTC
(NFTSMC-FTC) [19].

6.1 3-DOF Robotic Manipulator

The referred 3-DOF robotic manipulator is three
joints of PUMA 560 robot which is illustrated
in [1]. Their initial joint positions are chosen
as ¢,(0)=¢,(0)=¢,(0)=-x/16 and their
corresponding desired trajectory tracking
references, uncertainties and external load
disturbances are selected respectively as follows:

cos(t/57)-1
cos(t/Sr+x/2) |,
sin(t/ S +7m/2)-1

0.5sin(q,)

1.1sin(g,)
0.15sin(g,)

qd: W:

0.5¢g, +sin(3q,)
F(g)=|1.3qg,—1.8sin(2q,)
—1.8¢, —2sin(q;)

6.2 FONFTSM-FTC performance under
different values of ¢ without actuator faults

In order to find a suitable FO value, the
parameters of developed FONFTSM-FTC are
selected as follows: for sliding surface (14),
k, =90x diag(20,20,20),  k, =20xdiag(10,10,10),
[/g=1.05 and ¢=1.5, for control input (18),
K= diag(lO,lO,lO), and £ =0.9 is selected to
reduce chattering in control input, while adaptation
gains and initial conditions of adaptation laws
(21-23) are chosen as [, =/ =1",=5and
£(0)=5,0)=5,(0)=1.

Since « €(0,1), the performance of the proposed
FONFTSM-FTC at different FOs without actuator
faults are tested by the trial-and-error method on
the referred uncertain 3-DOF robotic manipulator
under unknown external load disturbance. Three
different FO values of a=0.1, #=0.3 and
a =0.6 are selected, and their corresponding
results of position tracking error and control
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input performances of FONFTSM-FTC are
demonstrated in Figures 1-2, respectively.

From these obtained results, one can notice easily
that the relative best performance result is obtained
under ¢ =0.1 and it ensures the closed-loop
system stability with satisfactory performance
under uncertainties and unknown external load
disturbances. Thus for the following comparison
test, the suitable value of « = 0.1 which represents
the fast convergent speed is selected. In addition,
to illustrate the effectiveness of the proposed
method, performance of position tracking and
error at different initial joint as ¢,(0)=-x/12,
q,(0)=—-x/9 and ¢,(0) = /12 are depicted at
a =0.1 in Figures 3-4, respectively.

= 0.0
|
g -0, 04-‘ \ o\ '/ el ‘ ]
G| |
= MH /, — =1, a=0.6, FONFTSM-FTC
2 o1 = mer, 0=0.3, FONFTSM-FTC
: 02 =1, a=0.1, FONFTSM-FTC
F; 02 o} L 0.01,
0 05 1 1.5 2 25 - 4
- (a)
= 0.05 T
] \
P
<] - T —
7 -0.0 o
5] 4 | T (i
R | !, — —0.6, FONFTSM-FTC
= o8| o i =0.3, FONFTSM-FTC
5 o oot =0.1, FONFTSM-FTC
1) 0.5 1 15 2 25 3
A (b)
= 0.05 T
A |
= 1 0.1
2 | .
2 01 ‘ I/ —0.6, FONFTSM-FTC
fé ~o1d j" . — 3, FONFTSM-FTC
; | ——c3, a=0.1, FONFTSM-FTC
= L2 : 20
1) 05 1 15 2 25 3

Timelms] it
fe)
Figure 1. Tracking error performances under
different o values. (a) Joint 1, (b) Joint 2 and (c)
Joint 3

w71, 0=0.6, FONFTSM-FTC
71, =0.3, FONFTSM-FTC

f

. a=0.1, FONFTSM-FTC

Control input [N.]

(a)

=0.6, FONFTSM-FTC
3, FONFTSM-FTC
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-T2
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3

L 004
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(b)
-WD/\/\ ! /\/\ )
V. \/\/\ )
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) ) —r;, a=0.1, FONFTSM-FTC
0o 05 1 1.5 g 25 3
Timelms]

(@

Control input [N.n]
3
L &

4 10°

Figure 2. Control input performances under different
a values. (a) Joint 1, (b) Joint 2 and (c¢) Joint 3

6.3 Comparison between FONFTSM-FTC and
AFONTSM using 2-DOF Manipulator

g2 —
iR ] TR
w ] /7 s 1 (0) = —7 /12, FONFTSM-FTC
K dL -0.26
5 W ] 0.0025
£ -2 . .
0 0.5 1 15 2 25 3
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& -0.35
£ oos| / o 0.06
= 04T
£ L )
[ 0.5 1 15 2 25 3
(b)
=] 026y g ! JE—
- i s (0] = /12, FONFTSM-FTC
i /D
ERR) 0 01
ER
=
& b
0 0.5 1 15 2 25 3

Time[ms| - 10°
(e

Figure 3. Joint’s position tracking performances at

different initial conditions under ¢ =0.1. (a) Joint 1,
(b) Joint 2 and (¢) Joint 3

— —a(0) = /12
o) ———es(0) = —7/0
(| —_—(0) = 7/12

mditions [rad]

L
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o
4
—DZJS H -0.26 j
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it 035

z
g
=
E
b
=
4
b
&

0.025

. . \ . .
0 05 1 15 2 25 i 2
Time|[ms| !

Figure 4. Tracking error performances at different
initial conditions under « =0.1

In this subsection, a 2-DOF robotic manipulator
model has been used with uncertainties and
external disturbances. In order to demonstrate the
performance of FONFTSM-FTC, one realizes the
comparison with the AFONTSM developed in
[15]. Their model parameters, desired trajectories
and uncertainties are chosen as same as described
in [15]. Moreover, the other parameters of
FONFTSM-FTC are selected as ¢=1.05 and
!/ g =1.01. Thus, their corresponding simulation
results are presented in Figures 5-6, which
illustrate respectively the performances of position
tracking and tracking errors.
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From these results, one can realize that the
proposed FONFTSM has better performances than
the compared AFONTSM in terms of fast tracking
performance and small tracking errors.

4

[N

Position tracking [rad]

08
08 —==qa
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6.4 Comparison between FONFTSM-FTC
and NFTSMC-FTC with actuator faults

Once selecting the best value of a=0.1 for
FONFTSM-FTC, then the considered fault vector
is chosen as:

9z, =[0,20g; +15¢; +25 cos(q2)(10s),0.7513(20s)]r

which means that the faults ©71 are applied
respectively at joint 2 at 10 sec, and at joint 3
with 75% partial loss at 20 sec. Moreover, to
demonstrate the proposed FONFTSM-FTC
performance, one compares it with NFTSMC-
FTC [19]. And their corresponding results are
illustrated in Figures 7-9, which depicts the joint’s
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positions tracking, position tracking errors and
control input signals, respectively.

From these results, one can notice that
the proposed FONFTSM-FTC has better
performances in terms of fast response speed,
smaller tracking error and better compensation
performance to actuator faults.

7. Conclusion

A FONFTSM-FTC is developed for trajectory
tracking of a robotic manipulator in presence of
uncertainties, unknown external load disturbance
and actuator faults. Tracking performance and
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