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Robust adaptive fuzzy type-2 fast terminal sliding mode control of robot manipulators in
attendance of actuator faults and payload variation

Introduction. This study presents a robust control method for the path following problem of the PUMAS560 robot. The technique is based
on the Adaptive Fuzzy Type-2 Fast Terminal Sliding Mode Control (AFT2FTSMC) algorithm and is designed to handle actuator faults,
uncertainties (such as payload change), and external disturbances. The aim of this study is to utilize the Fast Terminal Sliding Mode
Control (FTSMC) approach in order to ensure effective compensation for faults and uncertainties, minimize tracking error, reduce the
occurrence of chattering phenomena, and achieve rapid transient response. A novel adaptive fault tolerant Sliding Mode Control (SMC)
approach is developed to address the challenges provided by uncertainties and actuator defects in real robotics tasks. Oviginality. The
present work combined the AFT2FTSMC algorithm in order to give robust controllers for trajectory tracking of manipulator’s robot in
presence parameters uncertainties, external disturbance, and faults. We use an adaptive fuzzy logic system to estimate the robot’s time-
varying, nonlinear, and unfamiliar dynamics. A strong adaptive term is created to counteract actuator defects and approximation errors
while also guaranteeing the convergence and stability of the entire robot control system. Novelty. The implemented controller effectively
mitigates the chattering problem while maintaining the tracking precision and robustness of the system. The stability analysis has been
conducted using the Lyapunov approach. Results. Numerical simulation and capability comparison with other control strategies show
the effectiveness of the developed control algorithm. References 53, table 1, figures 8.

Key words: robot manipulator, type-2 fuzzy system, fast terminal sliding mode control, adaptive control.

Bcmyn. 'V pobomi npeocmaeneno naoitinuii memoo Kepygamus 015 npoonemu caioysanns waaxy poboma PUMAS560. Memoouka
6azyemovcsi HA AnOpuUMMi A0ANMUEHO20 HEeWimKo20 muny 2 weuokoeo KogzHo2o Kepyéauus mepminaiom (AFT2FTSMC) i
npusHavera 0 06poOKU HecnpasHocmell NPUBody, HeGUIHAUeHOCmell (NAKUX K 3MIHA KOPUCHO20 HABAHMANCEHHS) MA 308HIUHIX
3a6a0. Memow cmammi € SUKOPUCMAHHA NIOX00Y WEUOKO20 KOB83HO20 pedcumy kepysanns mepminarom (FTSMC) ona
3abe3neyenns eqhekmueHol KOMneHcayii NOMUNLOK | HeUIHAYEHOCEN, MIHIMI3AYIl NOMULOK 8I0CMENCEHH S, 3MEHUIeHHST BUHUKHEHHSL
ABUWY 0epeHYanHss ma 00CA2AHHA WUOKOI peaxyii Ha nepexioni npoyecu. Pospobaeno nosutl adoanmusHuil 6i0M080CmMIitiKull nioxio
00 KepyBaHHs KOG3HUM PeNCUMOM ONsl UPTUIeHHs npodaeMu, Wo No8 sA3aHa 3 HeGU3HAYEeHICMIO ma degheKmamu npueoody 8 peanrbHux
pobomax. Opuzinansuicme. s poboma 06 ’eonana aneopumm adanmueHO20 Hedimko2o muny 2 i weuodKo2o KiHYe8020 KOB3H020
DpedcuMy KepyBanHs 3 Memolo CMeoOpPenHsa HAOIUHUX KOHMPONepie OJia Gi0CMedCceHHA MPAEKMOpIi poboma-maninyiamopa 6 ymosax
HeGU3HAUEeHOCMI napamempie NpUCYmMHOCMI, 306HIWHIX 3a8a0 I HecnpaeHocmell. Bukopucmano cucmemy adanmueHoi Heuimkoi
JI02iKU Ol OYIHKU 3MIHHOI 6 uaci HemiHituHol ma Hegidomoi Oounamiku poboma. Cmeopeno CulbHuil adanmueHull mepmin s
npomudii deghexmam npugody ma NOMUIKAM anPOKCUMAyii, a Makoxic 01 2apanmii Koneepzenyii ma cmabinbHocmi yciei cucmemu
xepysanns pooomom. Hoeusna. Peanizoseanuii konmpoaep egekmueno nom sakuiye npobremy mpickauus, 30epicaioyu npu ybomy
MOYHICMb  GiOCMeEdiCeHHs: ma HaOdiliHicmb cucmemu. Ananiz cmabitbhocmi npogedeno 3a nioxooom Jlsnynosa. Pezynsmamu.
Yucenvne MoOenioganHs ma HNOPIGHANHA MOJCIUBOCHEN 3 [HWMUMU Ccmpame2iamu Kepy8anHs HOKA3VIOmMb epexmugHicmy
po3pobnenoco aneopummy kepysanns. bioin. 53, Tabm. 1, puc. 8.

Kmouosi crosa: po6oT-MaHimyIsTop, HeUiTKa cHCTeMa THIY 2, IIBHAKE KEPYBaHHS KOB3HMM Pe;KHMMOM TepMiHAJY, alaliTHBHE

KepyBaHHs.

1. Introduction. After the beginning of robotics,
robotic manipulators have been extensively utilized in
industrial automation containing the medical and nuclear
domains. Manipulator robot system control is a very hard
mission, principally in reason to the existence of high
nonlinearities, very strong coupling effects, uncertainties
parameters, and external disturbances in this type of system
[1]. Recently, a significant scientific endeavor has been
dedicated to develop an efficient controller of robot
manipulators. For example, PID controller [2, 3], intelligent
control [4, 5], optimal control [6, 7]. In [8], a feedback
linearization technique was employed to create an inverse
dynamics control system for precise motion control of a
manipulator robot and computed torque control has been
also proposed in [9, 10], where this approach is performed
by using feedback linearization method.

Several studies have suggested different approaches to
develop robust controllers for accurately following a desired
trajectory of a manipulator robot, even when there are
external disturbances, uncertainties in the parameters, and
defects [11, 12]. Sliding Mode Control (SMC) is a highly
reliable control technique that has been widely employed in
the motion control of robot manipulators due to its
exceptional ability to handle uncertainty and external
disturbances [13, 14]. This good property of SMC has been
utilized in the Fault Tolerant Control (FTC) design [15, 16].

Numerous articles have proposed multiple alternatives
to preserve the benefits and reduce or eliminate the

drawbacks of the conventional SMC. The adoption of
terminal SMC in [17, 18] aims to achieve finite-time
convergence. Nevertheless, the conventional terminal SMC
exhibits a singularity issue and provides a sluggish rate of
convergence. To address the issue of SMC, researchers have
devised two control methods: Fast Terminal SMC (FTSMC)
and nonsingular terminal SMC [19-22]. The authors in [20,
23, 24] devised a method called Nonsingular Fast Terminal
SMC (NFTSMC) to achieve both cancellation of
singularities and rapid finite-time convergence. Two control
methods PID based SMC (PID-SMC) and integral SMC,
were introduced in [25, 26]. A second-order sliding mode
controller is implemented based on a super twisting
algorithm for higher performance and stability in dealing
with parameter changes and external disturbances for a three-
level inverter-fed permanent magnet synchronous motor
proposed in [27]. To enhance the transient response of the
conventional SMC, the utilization of the integral action
within the PID controller is employed to enhance the
transient responsiveness [28].

Several techniques have been suggested to reduce the
chattering effect. In [29-31], a SMC has been developed
utilizing a saturation function to address this issue. But this
approach compromises the system’s robustness to external
disturbances, a high-order sliding mode controller is
employed, with super-twisting algorithm tested for
effectiveness and robustness [32]. A High-Order SMC

© H. Rahali, S. Zeghlache, B.D.E. Cherif, L. Benyettou, A. Djerioui

Electrical Engineering & Electromechanics, 2025, no. 1

31



(HOSMC) approach proposed in [33, 34], effectively
reduces chattering effect, but requires understanding the
temporal derivative of sliding surfaces, which is not always
accessible. The fuzzy logic control is chosen for its
simplicity and reliability, demonstrating its ability to handle
complex, nonlinear systems effectively through linguistic
variables and heuristic reasoning [35].

To summarize, numerous approaches have been
developed to address the shortcomings of classic SMC,
but no literature exists that proposes a controller synthesis
method that can collectively overcome all disadvantages
of SMC. To achieve a reliable FTC system, SMC design
must satisfy 4 essential requirements: chattering
reduction, fast transient response, finite-time
convergence, and compensation of uncertainties, external
perturbations and faults.

Aim and objectives of the article. Motivated by the
precedent problems, this work proposes a FTC to
overcome the external perturbations effects, uncertainties
and actuator faults for 3 Degrees of Freedom (3-DOF)
manipulators robot utilizing Adaptive Fuzzy Type-2 Fast
Terminal SMC (AFT2FTSMC). The main contribution of
this study is the development of a single, resilient
controller that starts with selecting a rapid nonlinear
terminal sliding surface, this controller aims to minimize
tracking errors, best performances and chattering
reducing. In addition, an adaptive type-2 fuzzy system has
been utilized in the synthesized controller, to identify the
unknown nonlinear model of robots due to actuator faults
and external disturbances.

The primary objective of this work is to assess the
effectiveness of modern control techniques in regulating
the joint positions of a manipulator robot. Secondly,
implement and validate the proposed command.

The Lyapunov approach was utilized for stability
demonstration, with the work’s contributions being
highlighted by:

1) The design utilizes a fast nonlinear terminal
sliding surface for improved control precision, finite-time
convergence and fast transient response.

2) Stability analysis was proved according to the
Lyapunov criterion, in which all adaptive laws were
generated.

3) Compared to other control strategies suggested in
the literature, such as computed torque control [9, 10],
PID [2, 3], PID-SMC [25, 26], and conventional
NFTSMC proposed in [20, 23, 24]. The proposed control
strategy demonstrates the best performance when there is
a defective.

In comparison with control strategies developed in
[33-44] the following points encapsulate the work’s
contributions.

A complicated internal model based on passive FTC
has been developed in [36, 37]. This control approach
does not provide accurate trajectory tracking in the event
of significant faults. The objective of this work is to use
robust AFT2FTSMC for robot manipulators in the
presence of payload changes.

The developed fast nonlinear terminal sliding
surface outperforms studies in [38, 39] of best
performances and exhibits robustness against actuator
fault effects.

In contrast to [38—40], the controller synthesis in the
work that is being described is independent of the robot
manipulators’ dynamic model. In our case, we supposed

that the inertia matrix, Coriolis matrix, centrifugal forces,
gravity terms are unknown.

In contrast to the control approach described in [41,
42], where the time delay identification it is adopted to
estimate the unknown dynamics model. This study employs
type-2 fuzzy systems to detect the uncertainties and
nonlinear functions included in the model of robot
manipulators. It also utilizes the FTSMC concept to develop
a FTC controller that does not rely on time delay detection.

In [43] a complicated FTC strategy based on the
association of SMC and nonlinear observer has been
developed. Regrettably, this control technique requires a
nonlinear observer, which will increase the intricacy and
computing time. In this work, a robust FTC control has
been developed without requiring a complex observer and
can give good faults tolerance.

The authors in [33-35] proposed a HOSMC; this
control algorithm has shown to be efficient to minimize
the chattering effect, but requires the acquaintance of
temporal derivative of sliding surfaces and it is sensible to
actuator faults.

However, the suggested control technique effectively
addresses the issue of chattering and successfully achieves
optimal trajectory tracking even in the presence of external
disturbances, uncertainties and actuator defects.

In [44], an adaptive fuzzy sliding control strategy
has been proposed for 3-DOF manipulator robot, the
results proved a favorable tracking performance with
chattering phenomenon elimination, but this work did not
deal the fault effects, but the proposed control strategy
can give the best trajectory tracking in faulty operation.

The originality of our work was to combine the
performance of fuzzy logic, the flexibility of adaptive
control, and the robustness of sliding mode for the definition
of a robust control structure tolerant to faults, achieving the
best stability/performance ratios and speed/performance in
the context of controlling a robot manipulator.

A novel adaptive fault tolerant SMC approach is
developed to address the challenges provided by
uncertainties and actuator defects in real robotics tasks.
This method does not rely on prior knowledge of
uncertainties and external disturbances unlike most of the
methods known from the literature.

2. Robot manipulator dynamic modeling.

2.1 Robot manipulator dynamic modeling in
healthy condition. The PUMA 560 robots are a 3-DOF
robot arm, this type of robot is extensively utilized in
industrial application. The configuration of PUMA 560
robots is presented in Fig. 1.

Fig. 1. PUMA 560 robot [45]

Using Lagrange formalism, the dynamic model of
PUMA 560 robot is given as:
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M(@)q"+Vn(9.9)q' +G(@) +upo =u+74, (1)
where ¢ = [q1, ¢, ¢3]" is the joint position vector;
g = [q/, ¢, ¢i1" is the joint velocity vector;
q" = [q", ¢, ¢3'']" is the joint acceleration vector;
u = [w, up, uz] is the joint input torque vector;
M(q) is the symmetric positive definite matrix of inertial
accelerations; V,(g, ¢') is the matrix of Coriolis and
centrifugal forces; G(gq) is the state varying vector of
gravity terms; u is the motor torques; 7, is the external
disturbances; uyy is the vector of torque due to the
payload m obtained by [45]:

T r ’ ’ !
upo =moJd (@ (@)q"+J'(@.4)d +g]. ()
with g =[009.81]" and J is the Jacobian matrix, equation
(1) can be rewritten as:
M(q)q"+V(a.9)q' +G(@) =u+E(q.q'.9"), (3)
with £(q,q',9")=7q —ttyg -

2.2 Robot manipulator dynamic modeling in
faulty condition. In robotic manipulators, defeat in the
actuators can be generated by various reasons such as
defeat in power supply systems. The dynamic model of
robot manipulator in faulty condition is given by:

M(q)q"+V,(q.9)q' +G(q)=uy +E(q,9',9"), (4)
where:

ur=u+ U, )
where u,is the motor torques in faulty condition; u is the
motor torques; U is the actuator fault component.

Substituting (5) in (4), the dynamic model in (3) is
rearranged as:

" _1 ’ ’ ’ "
q" =M} u=7,(4.4"q' - G(@)1+9(4.4'.4"). (©)
with:
’ " _1 ’ "
Q(QaQaQ):[M] [UO‘*'E(%QJI )]9
where Xq, ¢', ¢'") is the uncertainties component, which
include payload variations and actuator faults effects.

3. Robust FTC using AFT2FTSMC. The dynamic
model (6) can be expressed in the state space form by:

X| = Xp;
¥y =M u-v,(q.9".q")-Glg)]+ 9a.q".a") (7
y = xla

where x, = [g) ¢» ¢5]" is the state vector; x, = (q'1 ¢'> ¢'3)".

The tracking error variable e, is defined by:

e1=qq—xi, (®)

where g, = [q14 Q24 q3d]T is desired signal.

The time derivative of (8) is computed by:

el =qq—x.

The global fast dynamic terminal sliding surface is
given by [46—48]:

s=e| + e +ﬁe{"‘/n‘ =gy — Xy + A +,5’elm‘/n‘ , (9
where s is the global fast dynamic terminal sliding

surface; A, f, my, n; are the positive constants (m,<n,).
The time derivative of (9) is given as:

s'=qy +[/1+ﬂﬂe1(m‘_"‘ Jm ]e{ +

n »(10)

Define the following Lyapunov function as:

1
V=M@’ (1)
where V is the Lyapunov’s function.
The time derivative of (11) is calculated by:
’ ’ 1 ’ -
V=M@ - IM @] M@, (12)

where V7 is the time derivative of Lyapunov’s function.
Substituting (10) in (12) yields:

q& +(/’L+ﬂﬂel(ml_”l)/nl Jei +

n

i M@ Vla.4) + 69l -8a.4'q")

[M(q)™

) ()P -

(13)

The control law u is extracted by:

qy+ [/1 + ﬂ%el(ml_"l)/nl je{ +
1

u=r—t + (g nla.a)e' + Glg)]-

Lt )P st

+as,(14)

where o= diag[o; & oz]>0.
Using (14), it can be checked that:
V'<—as?<0. (15)
If we considered a free of payload variations and

without actuator defects, i.e., g, ¢, ¢'") = 0, the ideal
control law is written as:

(g By
[M(q)] m (16)

+[M(q)]‘1[Vm(q,q')q'+G(q)]—%[M'(q)]‘l[M(q)]zs)+as.

The functions M(q), V,.(q, q') and G(g) are unknown
and Hgq, ¢', q¢'") expression which include actuator faults
effects and payload variations are different to zero
(Hq, q', q'") # 0), in this work an adaptive type fuzzy-2
system has been utilized to treat this problematic. The
developed method concern the online identification of the
ideal control law given by global fast dynamic terminal
sliding mode control using fuzzy type-2 inference system
where the fuzzy parameters are adapted.

The ideal control law presented in (16) can be
rewritten as [49]:

u

u=u,+ as, 17)
where u,, is the real control law:
up =———(qq +(l+ﬂﬂ€1(mlinl)/nl )ej +
[M(q)] m (18)

+[M(q)1‘1[Vm(q,q'>q'+G(q)]—%[M'(qn‘l[M(q)]zs).

To synthesis an adaptive control law, we suppose
that each component of the control law u;, = [u up uh3]T
can be identified by a type-2 fuzzy as:

— [ApN) — ron A T . ar
Mg Vnla. gl + Glall-M(q) ™ u~8g.q',9"), iy = W] (). (/)0 . (19)
where s’ is the time derivative of s. Let us denote: @=[60," &' &,"]" and
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(er.€f) = diag[, (e (1).ef (W72 e1 (2).€f ()73 (e (3). i 3))].
therefore, we can write:

iy =W (e1.€))@, (20)
where @ denotes adapted vector parameters; W(X) is the
average basis functions obtained by fuzzy type-2 system
where each basis function is obtained by the average of

corresponded left and right basis functions.
The real control law u, is expressed by:

up =W (e, e +¢, Q1)
where @' is the optimal parameter; & = [& & &)’ is the
identification error that guaranty that |g| <&, where ¢ is

positive constant.
The adaptive control law applied to the robot is
expressed as [49]:
u=u,t+u,+ Up, (22)
where:
1) u,; is the fuzzy type-2 adaptive control term which is
designed in order to identified the ideal global fast dynamic

terminal sliding mode control law u, in (21) given as:

ug =ty =" (e1,€))0, (23)
where (e, €'1) is the average basis functions obtained by
fuzzy type-2 system where each basis function is given by
the average of corresponded left and right basis functions
and @1is the adjusted vector parameters given by:

O=y-s- WT(el,ei)—O'l@ R

where y=diag[n »» 13)>0, o1 = diag[ o1, 01,2 015]>0,
s=q/ —x2+ Aey + fe™"™ and &0) = 0.

2) u, is the robust control term are added to
minimize both the effects of fuzzy type-2 identification
error and uncertainties expressed as [50]:

u, =étanh(s/y),
with é’ =diag[§1 €A2 é3] .
&' =nstanh(s/ y)— 0, , (26)
with n = diag[m m 13]>0, 03 = diagl 03,1 022 0251>0, >0
and £;(0)=0.

3) u,; is given by:

24

(25)

u, = as, (22)

where a = diag[oy o 05]>0.

The optimal parameters vector & and ¢ are slowly
time varying, therefore the time derivative of estimation
error will be:

~1 A

F'=-¢ and O'=-0'. (33)

Substituting (33) in (32) and taking account (30) we
obtain:
V'<—as? +SWT(el,e{)5+s(£ —u,)-
-1
4 n
By introducing (24) and (26) into (34), yield:

V'S—as2+s(£—u,)+

34
Larz 34

(35)

e n
Substituting (29) in (35) we obtain:

S1579_
Ve

+ﬁ@T@—13773 tanh( il j+—2§A.
V4 n

V'< —as? +s(e—u, )+

—£'s tanh(ij + 5;s tanh( il ) + 22z
X X n

Or equivalently:

(36)

v'<-ast+2LoTo- gstanh[ J
z

! 37)

~ N 09 ~n *
+ & stanh| — +—gg—su,j+|s|g .
P ,

n
By introducing (25) into (37), yields:
V'<—as? +ﬂ§T@+|s|£; —&"stanh| > j+—25e§
I n
Let the inequality given as follows for any value of
&> 01[50]:

(€1

Is| s tanh(ij <(r=c¢, (39)

with ¢’is the constant that confirms ¢=e ", i.e. £=0.2785.
Equation (39) is changed as:

V<-astrecro0To+ 225 (40
Y n
By using young’s inequality, we 011%51:

3.1 Stability demonstration. The Lyapunov function %16T0<_ %1679 Lo Te* (41)
is given by: 14 2y 2y
1 I ~r~ 1 7~ |2
V=-M l(q)sz-i-—@r@-ir—eTg , (28) O25Ts 0252, 02|, (42)
2 2y 27, n 2n 2n
where Z and @ are the identification errors given as: By introducing (41) and (42) into (40), yields:
F=¢-¢, (29) V<-ast+sc-LoTo+2LoTo" -
. . ; 2y 2y
where & is the estimate of ¢ ; . (43)
~ * _92 52 2 *|2
O=0 -0. (30) 2 >
The time derivative of (28) yields: U 77
[P Let’s specify:
V’:s(ub—u)+—(9 O'+—zc'¢g'. 3D c=min{oi, o3, 20}. (44)
o r " . o So (43) becomes:
Subst1;ut1ng (21)*, (22), (2_’;) and (27) in (31) yields: V<—cV+p, (45)
V'3s(W (e1,€))0 +e-W (el,e{)@—u,,—as)-ir with:
O By (32)
LereLaTy p= €g+—@ To'y ‘ ‘ .46
Y n 2n
34 Electrical Engineering & Electromechanics, 2025, no. 1



By integrating (46), we find that:
V(1) < V(0)e “ + ple. (47)
Using (45) it can be demonstrated that the developed
control algorithm of PUMA 560 robot presented in (22) is
stable despite the existence of payload uncertainties and
actuator faults consequently the tracking errors converge
to zero. The proposed control scheme is showed in Fig. 2.

Adaptive
law A
£ in \
(26)
u, in |
27 ’ Faults
Slidin \
4 4 eL surfacg 3 | > UNIMATE X
"® 1 in9) > -y
A
d | 23)
dt
»| Fuzzy Adaptive /
d type-2 (g law 0 in
4 — P system 24)
dt

Fig. 2. Proposed adaptive control algorithm

4. Simulation results. The developed control method has
been carried out by numerical simulation using
MATLAB/Simulink environment in order to prove the
efficiency of tracking capability of the three joints (¢, ¢, 3),
where payload uncertainties and actuator faults are taken
into account.

Cycloidal desired trajectories are considered to the
three joints of PUMA 560 robot defined as:

a0+ 22 22 i 27 for0<¢ <t ;
qqt)=2""" 27| s ty (48)

qdj(tf)fort >y,

where g4(f) is the cycloidal desired trajectory, j = 1,..., 3;
D; = qq(t) — q4(0), and #is the final time of robot motion.

In addition, a comparative study with other state-of-
the-art control methodology has been carried out, the
input variables (ej, €'1) of the fuzzy type-2 system in (23)
are decomposed into five linguistic variables on the
normalized intervals [-1, 1] with five type-2 Gaussian
membership functions. In order to verify the efficiency of
the proposed control to versus actuator faults, we supply
the following abrupt faults:

150 N-m t=2s;
Uy=4120 N-m ¢=2s;
230 N-m t=3s.

In addition, the payload mass m, varies in the
interval from 10 kg to 2 kg, where it is showed in Fig. 3,
and additional external disturbances 7z, are supposed
varied in the time as:

10sin(?) + 5sin(2007);
77 =45c0s(2t) + 5sin(200m);
5cos(2t) + 5sin(2007).

The initial conditions of the three joints are
q(0) = [-45 —130 125]" deg. Three joints trajectory

tracking are showed in Fig. 4, where it is remarked that,
the positions for joints 1, 2, and 3 given by the control
method proposed in [38, 51, 52] are deviated from their
desired trajectory as depicted in Fig. 4, which show the
insufficiency of this control strategy in faulty condition.

1" T T T
Payload Varl‘htlon, kg : :
10— - - ———- e — -
| |
- —-—-—-—~ === === === ===
| |
8+-- - - -} -—-—---—- - — — — — — l— - — - — -4
| |
| |
Tre - - EREEEE
| |
6r--—--——--———— - - -
| |
Bl —————— e - ————
| |
,,,,,,, o [
4 | |
| |
3p------ e B e e
| |
2F------ m—— === ———— ==
| | |
1 L | | LS
0 1 2 3 4
Fig. 3. Payload variation
100, 912 deg : 002 deg ‘
Boukattaya et all.[38] | Boukattaya et all.[38] |
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T
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Boukattaya et all.[38]
——Mobayen et all.[51]
_|=Maetall.[52]

— Proposed controller
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B

Fig. 4. Joint angles tracking
0 ---9----~---7---b§ responses

Figure 5 presents the joint tracking error for joints 1, 2,
and 3, respectively. In Fig. 5, it is noted that in faulty
operation, the proposed control give a smallest tracking
error in compared to the proposed control in [38, 51, 52].
Error,, deg

Boukattaya et all.[38]
——Mobayen et all.[51]

40H—Ma et all.[52]
—Proposed controller

- Error,, deg
Boukattaya et all.[38]

—— Mobayen et all.[51]

20H—Ma et all.[52]

— Proposed controller

- - —a----r
I

ON

I I

) T |

T T T

I I I

| | y |

0 1 2 3 4 0 1

. Errors, deg
3

Boukattaya et all.[38]
30 ——Mobayen et all.[51]

—Ma et all.[52]
25 —Proposed controller
-
O
| |
O ——— A — k-
I I
[ i e
orfy 1 :
_5V,, R R Fig. 5. Joint angles tracking
| i
| | €rrors
% 1 2

It is noted also from Fig. 6, that the proposed control
strategy give lower control efforts with smooth signal, this
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can be checked by the integral square of control input
values (ISV) in Table 1. The trajectory tracking of the robot
in Cartesian space under the proposed controller and the
proposed control in [38, 51, 52], are indicated in Fig. 7. It is
remarked that the proposed control achieved a good
tracking in compared to other controllers.

u;, N-m Uy, N-m
L — etall.[38] 2 — etall.[38]
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Fig. 6. Control input signal
of the proposed controller
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Fig. 7. Performed trajectory in Cartesian space

5. Quantitative comparison. In this section a
quantitative comparison will be addressed in order to
well illustrate the comparison between 4 control
strategies, for this purpose an integral absolute error
(IAE), integral square error (ISE), integral time absolute
error (IATE) and ISV. The IAE, ISE and IATE are
utilized as error tracking measured and ISV denotes
energy consumption [53]. The IAE, ISE, IATE and ISV
criteria are defined as:

i i

IAE = j|e1 (Olde;  (50)  ISE= j e(ndt; (51
0 0
Zy ty

IATE = j le@lde; (52) ISV = j ut (e, (53)
0 0

From the quantitative comparison results presented
in Table 1 and Fig. 8, it is confirmed that performance
indices (IAE, ISE, IATE) values of the proposed
controller are lower compared with the existing control
[38, 51, 52]. In addition, comparing the control inputs
(energy consumption), it is remarked that the proposed
control strategy also give superior control input
performance as shown in Table 1 and Fig. 8.

Table 1
Quantitative comparison under external disturbances, payload
variation and actuator

Control IAE ISE

scheme Joint 1 |Joint 2 | Joint 3| Joint 1 | Joint 2 | Joint 3

Ref. [38] 8.16 | 245 | 8.15 |23.14| 2.27 | 30.95

Ref. [51] 12.61 | 3.14 | 19.55|65.93 | 3.83 |318.87

Ref. [52] 57.99 | 16.94 | 21.85 | 2.07 |210.51]|558.25
Proposed controller |0.5323]0.2155] 1.016 [{0.9763]0.1484| 3.233

Control IATE ISV

scheme Joint 1 |Joint 2 | Joint 3| Joint 1 | Joint 2 | Joint 3
Ref. [38] 19.53 | 5.61 | 16.61 | 277 |1447.5|5067.1
Ref. [51] 3441 | 7.76 | 61.751202.28|1301.6(5587.9
Ref. [52] 189.31| 56.78 | 77.59 [4455.1| 2439 | 7870

Proposed controller | 0.122 | 0.08 | 0.26 [189.76|1122.4]|4926.1

50 -
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Fig. 8. Histogram of performance indices (IAE, ISE, IATE, ISV)

6. Conclusions. This work proposed a novel adaptive
control strategy for path following of 3 degrees of freedom
robot manipulators in the existence of uncertainties (payload
variation), external disturbances, and actuator faults.

The developed approach associates an adaptive fuzzy
type-2 control and FTSMC. The proposed control
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algorithm is characterized by the integration of advantages
of SMC, adaptive fuzzy type-2 control, and FTSMC. By
utilizing only one powerful controller can supply several
benefits such as faults and uncertainties compensation,
small tracking error, chattering phenomenon reducing, and
fast transient response. In addition, the proposed controller
can supply globally asymptotic stability, where it has been
demonstrated by the Lyapunov theory.

The proposed control law in this paper has been applied
to the PUMAS60 robot and compared with other developed
controllers. The numerical simulation results demonstrate the
upper tracking capability of the developed control
methodology in the attendance of external perturbations,
uncertainties, and actuator faults. Finally, as future work, the
measurement noises and sensor defects effects will be taken
into account. In addition, an optimization algorithm will be
addressed in order to give the optimal values of the
developed controller.
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