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Abstract: In this study, an adaptive fuzzy type-2 backstepping controller (AFT2BC) has been proposed for an
industrial PUMAS560 manipulator robot with a variable load and actuator faults. The method realizes an accurate
tracking of the trajectory at the end effectors of the manipulator and improves its robustness toward model uncertainty
(payload variation) and actuator faults when controlling the position of the robot. By using the advantages of the
backstepping control, the convergence speed of the control algorithm has been improved, and its steady-state error has
been reduced. Also, integration of the continuous approximation law has been used to eliminate the real-time chattering
during the control process without affecting the robustness of the system. A type-2 fuzzy adaptive control law has been
designed in order to guaranty faults and uncertainties compensation, small tracking error, and fast transient response,
where the prior knowledge of uncertainties and external disturbances is not required, without disappearing the tracking
precision and robustness property. Finally, the stability of the controller has been proved by the Lyapunov theory, and
comparative simulations in faulty operation are conducted to show the superiority of the developed control strategy.
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1. Introduction

In recent years, robotic manipulator becomes
very important in several sophisticated industrial
applications such as painting, drilling, and welding, it
has acquired wide concern in reason to the great
performance in these tasks needing high precision for
path following.

The control of robot manipulators is a very hard
mission because this type of system is characterized
by highly nonlinearities; coupling effects,
uncertainties, and external disturbances [1]. Efforts
were made to deal with these problems, like PID
control, fuzzy logic control [3], neural network
control [4], feedback linearization control [5],
predictive control [6], sliding mode control [8-10],
and backstepping control [11] has been adapted to the
pursuit missions of manipulators robot. Sliding mode
control is an efficient nonlinear robust control
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method because it furnishes system dynamics with
robustness behavior to external disturbances and
uncertainties as soon as the system dynamics are
driven in the sliding surface [12, 13]. In [14] a robust
sliding mode control based on a linear PID sliding
surface has been developed to the robot manipulator,
this control strategy can handle bounded parameter
uncertainties and external disturbances. A first-order
sliding mode controller for a two-link robot
manipulator has been designed in [15]. Terminal
sliding mode control by using nonlinear sliding
surfaces has been proposed in [16] so that to reach
finite time convergence without providing a high
control input. In [17, 18] proposed fast nonsingular
terminal sliding mode control for manipulator robots
to minimize the convergence speed. Nevertheless, the
sliding mode control contains a switching expression
that leads to the chattering phenomenon, which will
probably produce high frequency in the control
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signals, actuator destruction, and great energy
consumption.

Recently, several solutions have been proposed in
the literature in order to reduce the chattering
phenomena such as the authors in [19] have utilized
the boundary layer method, where the discontinuous
sign function is replaced by sigmoid function or
saturation function. But this solution demeans the
robustness and the performances. That is why other
effective techniques have been suggested for instance
in [20, 21], where the authors have adopted high-
order sliding mode control by introducing twisting
and super-twisting algorithms. Another solution
based on second-order sliding mode has been
proposed in [22, 23]. The backstepping approach
furnishes a methodical closed-loop construction
instrument of Lyapunov function to a wide class of
non-linear systems. Owing to its easy configuration,
this control method is extensively used in robotic
manipulator systems, such as in [24] a robust
backstepping control has applied to the planar free-
floating space robot with dual-arms. The results

prove the efficiency of the developed control strategy.

A hybrid non-linear control using adaptive
methods is an effective control technique for
uncertain  dynamic systems such as robotic
manipulators... In [25], it introduces a robust fast non
singular terminal sliding mode control with
parameter adaptation in order to stabilize the position
and velocity errors of 2-DOF manipulator robot
towards zero in finite time. An adaptive second-order
terminal sliding mode approach is developed in [26]
to obtain a better tracking of the desired trajectory
with the elimination of chattering phenomenon.
Another adaptive control strategy proposed in [27]
based on second-order fast nonsingular terminal
sliding mode where all uncertainties existing in 2-
DOF manipulator robot are dominated by adopting
the adaptive approach. In addition, a prior
acquaintance of the upper bound of uncertainties is
not needed. In [28] an adaptive backstepping control
technique is introduced for path following of
manipulator robot in the existence of external
disturbances and uncertainties. An Adaptive fuzzy
sliding mode control has been proposed in [29] for 3
DOF planar robot manipulators, where the authors
used a type-1 fuzzy logic system to produce the
discontinuous control. In addition, the output gain is
adapted on-line by a supervisory fuzzy inference
system in order to avoid the chattering effects. The
stability in the closed-loop is proved by using
Lyapunov theorem. In [30] the authors suggest the
backstepping adaptive fuzzy control method for
three-link robot manipulators to obtain the tracking
errors tends to zero in finite time.
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An adaptive fuzzy controller for robotic
manipulator has been designed in [31], this control
scheme can compensate the modeling errors and
external disturbances, the simulation results illustrate
powerful robustness and better precision. The
majority of precedent research works assume that
robotic manipulator systems are in healthy condition.
Consequently, the motivation of this paper is to
provide a robust fault tolerant control based on the
backstepping approach and adaptive fuzzy type-2 for
the path following problem of 3-DOF robotic
manipulator with variable payload.

An adaptive fuzzy type-2 backstepping control
method is studied in this paper, which is suitable for
nonlinear systems with uncertainties (payload
variation) and actuator faults [32-35].

The advantage of the proposed control method is
to compensate all the uncertainties at the same time
and avoid the inherent “explosion of complexity”
problem. By introducing special adjustable control
parameters, not only the control precision of the
system is greatly improved, and the initial control
input is significantly reduced [32].

The main contributions of the proposed control
method are highlighted as follows:

e Compared to the passive fault tolerant control
designed in [36, 37] which requests to acquaint or
to identify the faults. This control scheme
becomes very hard in case of complex faults. In
this paper, the proposed controller needs an
adaptive fuzzy type-2 system in order to obtain a
robust estimation of uncertainties and faults.

e The proposed adaptive fault tolerant control
contains a robust term with adaptive gain that
allows to having more robustness against
uncertainties and faults which give certain
superiorities compared to [29, 31], which are
based on traditional adaptive fuzzy control for the
robotic manipulator.

e In [38, 39] authors adopt a complicated fault
tolerant control based on observer for estimate
faults. Unfortunately, this method needs an
additional  observer, which will augment
computational time, which is not desired for real-
time implementation. In this work, an adaptive
fault tolerant control scheme does not require an
observer or diagnostic block.

e A novel PID-nonsingular fast terminal sliding
mode control has been used in [40], in order to
give a robust fault tolerant control of robot
manipulators. In addition, the time delay
estimation is introduced to approximate the
unknown dynamics model, despite good obtained
results, but this approach is very complicated
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compared to the proposed work, where the
unknown dynamics model is estimated directly by
the adaptive fuzzy type-2 system without needing
delay time estimation.

Contrary to [30], the adaptive control approach
introduced in this work has been performed in all
stages of the backstepping algorithm synthesis
deals with a 3-DOF manipulator robot in defective
operation. On the other hand in [30], a sane 3-
DOF manipulator robot condition is taken into
account. On the other hand in [30], a sane 3-DOF
manipulator robot condition is taken into account.
Fuzzy logic control has been used widely to
control manipulator robots in diverse papers such
as [41-44]. Nevertheless, the trial and error
conduct to the considerable limitation of these
techniques [45]. In [46] an optimized fuzzy type-
2 PID controller is designed to control robotic
manipulator with variable payload, to reach path
following, and to minimize the effects of the
external disturbances; but it can't handle defects.
On the other hand, in this work, an adaptive fuzzy
type-2 control is developed in order to obtain a
better path following with variable payload and
actuator faults.

Adaptive control concerns the online adjustment
of the control loop regulators in order to guarantee
a certain level of performance. Several recent
works have used this approach to control
manipulators robot [19, 25, 28, 47, 48], this
technique proved fast and unaffected to external
disturbances, where no exact model is required.
Although, the fault effects are not taken into
consideration. In this paper, hybrid adaptive
control based on backstepping, and the fuzzy
type-2 system is developed like a fault tolerant
control with the existence of external disturbances,
actuator defects, and uncertainties.

In order to prove the efficiency of the proposed
approach (AFT2BC), simulations are effectuated in
the MATLAB programming environment to the 3-
DOF robot manipulators dynamical model. The
proposed control method allows us to avoid the
modeling problems, to provide a low tracking errors
and the best robustness versus payload variations and
actuator faults effects. The contributions of this paper
can be summarized as:

- Non-linear adaptive control method is
introduced in this paper to the 3-DOF robot
manipulators in order to give robust tracking in the
existence of uncertainties such as payload variations
and actuator faults in the same time. In addition, the
proposed control does not need the knowledge of the
dynamical model.
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- The proposed control is introduced to the 3-DOF
robot manipulators in its perfect non linear model
with coupling effects in which the decoupling stage
doesn't need in control design.

The remainder of this paper is arranged as follows,
In Section 2, the dynamical model of the robot in the
healthy and faulty condition is presented. Section 3
presents the robust fault tolerant control using
adaptive fuzzy type-2 backstepping. Simulations
results and discussion are given in Section 4. Section
5 presents a quantitative comparison. Conclusions are
summarized in Section 6.

2. Dynamic model of robot manipulator

2.1 Dynamic model of robot manipulator in
healthy condition

The PUMA 560 robots is a three DOF robot arm,
this type of robot is widely used in industry. Figure.1
shows the configuration of PUMA 560 robots.

The dynamic model of the PUMA 560 is given by
[45]:

M(@)g + Vin(q,4)q + G(q) + Upmo = u 1)

where u = [u; u, u3 |7is the joint input torque
vector, g = [q; q, g5 | is the joint position vector,
G =1[d4,d,q3]" is the joint velocity vector, ¢ =
[G1 G G317, M(q) is symmetric positive definite
matrix of inertial accelerations, V;,,(q, q) is the matrix
of coriolis and centrifugal forces, G(q) is state
varying vector of gravity terms. M(q) , V;,,(q, q) and
G(q) are given in Appendix A, and u,, is the vector
of torque due to the payload m,determined by [49]:

Umo = moJT(@J(@i+J(@.Di+g] (2

Figure. 1 PUMA 560 robot configuration [49]
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With: g =[009.81]" and J is Jacobian matrix
determined in Appendix A.
Eqg. (1) can be rearranged by:

id =M@ +moJ (@) (@] u—Vn(q,4)q -
G(q) —moJ" (@) (q,9)g —mo]"(@)g] (3)

2.2 Dynamic model of robot manipulator in faulty
condition

In robotic manipulators, failure in the actuators
can be engendered by several causes such as failure
in power supply systems. The dynamic model of
robot manipulator in faulty operation is obtained by:

G = M@ +moJ" (@) (@] [uy — Vin(a, g —
G(q) —moJ" (@) (a,)d —meJ"(@g] (4

Where:
ur =u+ U (5)

U, is unknown function related to the actuator faults.
Introducing Eq. (5) into Eq. (4), the dynamic model
in Eq. (3) becomes:

G = [M(q) +moJ" (@) (@] [u— V(g9 —
G(q) —G(q) —moJ" (@) (g, 9)g — moJT (@ g] +
9(q,q,u) (6)

With: 9(q, q,w) = [M(q) + moJ" (@)J (@)1~ Uy

3. Robust fault tolerant control design

The dynamic model Eq. (6) can be rewritten in
the state space as:

If M(q), Vin(q,q) and G(q) are known and free
of payload uncertainties and actuator faults, i.e., U,
the state space presentation of the PUMA 560 robot
is obtained as:

X1 =X,
Xy = [M(@Q] 7 u = V(g g —G(@] (7)
y=X1

Where x; = [q; g, q5]" is the state vector, x, =
[41 4245 1"
The tracking error variable is defined by:

€1 =qa — X1 8

Where g4 = [q14 924 934 1" is desired signal.
Step 1
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A Lyapunov function is defined as follows:
Vi=jef (©)
The time derivative of Eq. (11) is computed by:
Vi=e; & = ey (§qa—x2) (10)
The virtual control law S, is obtained by:
B2 = qa + c1e (11)

Where ¢; € R3is positive constant vector.
Step 2

In this step the tracking error variable is given as:
e =P2—x2 =qq + 161 — X3 12)
The time derivative of e;, e, are computed by:

é, =e,—c1e
é; = Gq + c1(e; — cre1) — [M(q)]™
Vn(4,4)q — G(q)]

Hu— (13)

Let define the augmented Lyapunov function:
1 2
+[M(q)] € (14)

_12
Vz—zel

The time derivative of Eq. (14) is given as:

Vz = e16; + [M(q)]ezé; —‘[M(Q)] M(Q) ez
(15)
Introducing Eqg. (13) into Eq. (15) yields:
VZ = —61612 + ez
(ﬁd+51(32_51€1)—[M(Q)]_1[U—Vm(q;Q)q_G(Q)] _
M(]™*
2 [M(@)] " M(g))%e, - u) (16)
The control law u is obtained by:
u= W(Qd +ci(e; —crep) +
M(q)]™ [V (4,9)q +G(@)] -
[M(@)] " M(@)]Pez) + cae; (17)
Where ¢, € R3is positive constant vector.
Using Eq. (17), it can be cheeked that:
V, < —cie? — cye? (18)
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V,<0 (19)

The functions M(q), V,,(q, q) and G (q)are unknown
and 9(q, q, w) term which include payload variations
and actuator faults effects are different to zero (U, #
0and my # 0), in this paper adaptive type fuzzy-2
fuzzy system has been used to deal this problem. The
proposed approach concern the online estimation of
the ideal control law obtained by backstepping
method using fuzzy type-2 inference system where
the fuzzy parameters are adjusted by adaptive laws.

The ideal control law presented in Eg. (17) can be
rewritten in the following form [50]:

u=1u,+ ce; (20)
With:

1
up = W(qd +c1(ey —creq) + [M(q)]™

V(4,03 + G(@] =5 [M(@)] " M(g)]ez) (21)

The fuzzy type-2 inference system is principally
utilized to estimate the control laws wu, ; in Eq. (21)

by:
i, = WT(ey, é,)0 (22)

Where 0 denotes adapted vector parameters, and
WT(X) represents 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.

The real u,can be expressed in the following
forms:

u, =WT(ey,6,)0* + ¢ (23)

Where 0" are the optimal parameters, and ¢ are the
estimation errors that satisfy the condition: || < &

Where £ is unknown positive parameter.
The adaptive control laws applied to the robot is
given by [50]:

U=uUg+u +u, (24)
With:
1. u,is the fuzzy type-2 adaptive control expression
which is designed in order to estimate the ideal
backstepping control law u,, in Eq. (21) given as:

Uug =1, = WT(91;é1)9 (25)
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Where WT(X) denotes 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 © is the adapted vector
parameters given by:

0= Vez,W(epél) — 010 (26)

Where y >0 and gy >0 ,
X, and ©(0) = 0.

2. u,is robust control expressions are introduced to
reduce both the effects of fuzzy type-2 estimation
error and uncertainties determined by [51]:

€ =(q tC181 —

u, = £tanh (%) (27)

& = né, tanh (e;) — 0,8 (28)
Withn >0,0, >0,y > 0and&(0) = 0.
3. u, are given by:

U, = Cye; (29)
Where ¢, > 0.

3.1 Stability Analysis
Define the following Lyapunov functions:

vV =cel+2[M(q)] e} + 2—1)/(§T(§ + %éTg (30)
& and @ are the estimation errors defined by:
E=¢"-¢ (31)
€ is the estimate of ¢*
6=0"-0 (32)
The time derivative of Eq. (30) yields:
V=—cet+e(up—u)+ %@TQL + %ng (33)

Substituting Egs. (23-25), and (29) in Eq. (33)
yields:

V S - C1612 + ez(WT(el, él')Q* +
e=WT(es,61)0 —u, — cye;) + %@T@ + %éTa& (34)

The optimal parameters vector ©*and ¢; are slowly
time varying, therefore the time derivative of
estimation error will be:
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f=—tandd=-0 (35)

Substituting Eqg. (34) in Eg. (35) and taking account
Eq. (32) we obtain:

V< —ce?— cze2 + eZW T(ey,6,)0 +
e,(e—u,) — —@T@ — n—fTéj (36)

By introducing Egs. (26) and (28) into Eqg. (36),
yield:

. or ~
V< —cef —cef+e(e—u,) +710T0 —

%énez tanh (%) + % &€ (37)
Substituting Eg. (31) in Eq. (37) we obtain:
V< —cre? —ce+ey(e— ur) LHTo —
e, tanh( ) + ée, tanh( ) + %éé (38)

Or equivalently:

i 01 ~ e
V< —qe?—cel+ 710T0 — g*e, tanh (}2) +
ée, tanh (;—2) + %éé —eyu, + |eyle” (39)
By introducing Eqg. (27) into Eq. (39), yields:
y 2 2, %157 *
V< —cief —cyes +70 O+ |eyle” —
* 7] 02 xa
e, tanh (;) + S &€ (40)

Consider the inequality written as follows for any
value of > 0 [51]:

leal = ep tanh (2) < ¢x = ¢ (41)

With £'is a constant equal = 0.2785.
Eq. (41) is changed as follows:

V< —cé2—cé2+¢ §+ 19T + 2 ~é(42)

By utilizing young’s inequality, one has:

%@T@ <-2 @T@ +2 @*T@* (43)
o2 ~TA _ o2 02 | %2
o el e L (44)

By introducing Egs. (43) and (44) into Eq. (42),
yields:
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V< - clel2 — e +&%¢ —;—;@TG +
zy 970" — 2 g2 + ‘2’—; Bk (45)
Let's specify:
¢ = min{ay, 05, 2¢4,2¢,} (46)
Eq. (45) becomes:
V<—cV+p (47)

With:
— o* 91 AT * 4 92 | .%|2
p=eg+; 070 +2n|£| (48)
By Integrating Eq. (48), yields:
V() <V(0) e~ +2 (49)

From Eq. (47) it can be proved that the proposed
control law of PUMA 560 robot presented in Eq. (24)
is asymptotically stable despite the presence payload
uncertainties and actuator faults consequently the
tracking errors converge to zero, which gives full
demonstration. The proposed control scheme is given
in Figure 2.

4. Simulation results

The proposed control strategy has been
effectuated by simulation using MATLAB/Simulink
in order to verify the effectiveness and the capability
attained for the tracking performances of the three
joints. The physical parameters PUMA 560 robot is
given in appendix A.

Two simulation testes of the PUMA 560 robot are
carried out, where payload uncertainties and actuator
faults are taken in consideration. In Test 1, the three
joints of PUMA 560 robot are commanded

Adaptive
law £ in
(28)

Error
in ||ez
(10)

| x,

v

ot

Fuzzy Adaptive
type-2 Pllaw & in
system (26)

Figure. 2 Proposed adaptive control scheme
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to follow sinusoidal reference trajectory. In Test 2, a
cycloidal reference trajectories are considered to the
three joints of PUMA 560 robot, in addition these two
tests contains a comparative study with precedent
control method proposed in literature. For each
simulation test, the input variable (e; 2m+1,€12m+1)
of the fuzzy type-2 system in Eq. (25) are
decomposed into five linguistic variables on the
normalized intervals [-1, 1] with five type-2 Gaussian
membership functions.

4.1 Test 1:

In this first simulation, the robot is supposed to
track the following desired trajectory:

(qld = cos (S%t) -1
{qu = cos (=t +7) (50)
\q3q = sin (%t +%) -1

To verify the effectiveness of the proposed fault
tolerant control, we provide a sudden defect U, =
[350360320]"N.m at t=12 sec in the three
actuators in same time. In addition, the mass of
payload mgapplied at the end of the third joint is
varied from 10 kg to 2 kg in the period of 25sec as
depicted in Fig.3. The initial angle displacements
are q((0) = [17.2 14.3 17.2]7 deg. The simulation
are effectuated for proving the capability of the
proposed control approach in faulty condition and
compared with other control strategies available in
literature such as [19, 25 and 27]. Numerical
simulation results are depicted in Figures 3-6. The
positions of joints 1, 2 and 3 are presented in figure 4.
Tracking error signals are illustrated in Figure 5. It is
remarked that good trajectory tracking are given by
utilizing the proposed control strategy. To better
prove the higher performances in faulty condition of
the proposed control strategy, three controllers
proposed in [19, 25 and 27] are considered in our
simulation for the aim of comparison. The real
trajectories along joints 1, 2 and 3 positions,
corresponding to the control method proposed in [19,
25 and 27] are deviate from their desired values as
shown in figure 4, which explicate the insufficiency
of this control strategy in faulty condition. The
proposed controller has less tracking errors in
compared to the three other controllers as presented
in Figures 5 and 6 presents the control inputs, which
on can distinctly view that the control torques is
smooth.
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Figure. 3 Payload variation (Test 1)

Yietall.[27] —— Mobayen.[19]
— Boukattaya [25]— Proposed controlle

————— Desired angle

ql(deg)

10 Time(sec) 15 20 2

q2(deg)

0 Ting(seg) 19 2 %

, a3(deg)

Time(sec)
Figure. 4 Joint angles tracking responses (Test 1)

4.2 Test 2:

In this test, cycloidal function signals are utilized
as the reference performance. The three joints desired
trajectories are chosen as:

qai(t) =

D; t . t
(qai(0) + 2% [2"5 —sin (27[;)]
kqdi(tf) for t >t with i ={1,2,3}

Where: D; = q4;(tr) — qa:(0) and ¢ is the final
time of robot motion.

DOI: 10.22266/ijies2021.0831.28



Received: April 19, 2021. Revised: May 11, 2021.

In order to check the capability of the proposed

Yi et a”[27] e Mobayen [19]
— Boukattaya [25] —ProposSed controller

————— Desired angle

Error1 (deg)
o = 3
m

0 Time(sec) 18 20 %

Error2 (deg)
- = B
m

0 Tine(seq) 1 2 %

(EG—

0 Time(sec) 15

Error3 (deg)

Figure .5 Joint angles tracking errors (Test 1)

Control input

10 _ 15
Time(sec)

Control input
u2 (N.m)

0 5 10 15 20 25
Time(sec)

Control input
u3 (N.m)

[ )

=

3

400 | | | | B
15 20 25

Time(sec)

o
12
=)

Figure. 6 Control input signal of the proposed controller
(Test 1)
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~

Time(sec)

Figure. 7 Payload variations (Test 2)

control to against actuator faults, we furnish the
following abrupt defect:

150N.m t = 2sec
Uy =4120N.m t = 2sec (52)
230N.m t = 3sec

Payload mass mgvaries in the interval from 10 kg to
2 kg and is depicted in figure 7. The initial conditions
of the three joints are ¢q((0)=[-54 —
130 125]7 deg . Three joints trajectory tracking
performance are presented in figure 8 and figure 9
indicate the joint tracking error for joints 1, 2, and 3,
respectively. It is noted that the tracking error in
faulty condition of the proposed control is the
smallest in compared to the proposed control in [19,
25, 27]. The position for joints 1, 2, and 3 obtained
by the control strategy proposed in [19, 25, 27] are
deflected from their reference trajectory as shown in
Fig.8, which indicate the incapability of this control
method in faulty operation.

5. Performance comparison with existing
adaptive fuzzy type-2 backstepping
control (AFT2BC)

In this section a quantitative comparison will be
addressed in order to well illustrate the comparison
between four control strategies based on adaptive
fuzzy type-2 backstepping, for this purpose an IAE
(integral absolute error), ISE (integral square error),
IATE (integral time absolute error) and ISV. The IAE,
ISE and IATE are utilized as error tracking measured
and ISV denotes energy consumption. The IAE, ISE,
IATE and ISV criteria are defined as:

IAE = [/|e; ()| dt (53)

ISE = [}/ e?(t) dt (54)
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Figure.8 Joint angles tracking responses (Test 2)
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Figure.10 Control input signal of the proposed controller
(Test 2)

Table 1. Quantitative comparison under external
disturbances, payload variation and actuator faults with
existing adaptive fuzzy type-2 backstepping

***** Desired angle Control  |AFT2BC|AFT2BC|AFT2BC|Proposed
310+ - scheme  |proposed | proposed | proposed | AFT2BC
J in[52] |in[53] |in[33] |strategy
A 5’ i
F N M| 1953 | 1261 | 57.99 | 05323
wor Joint

| | | | IAE 245 | 314 | 1694 | 0.2155
0 0.5 1 15 2 25 3 35 4 2 _
Time{sec) ;0”“ 815 | 1955 | 2185 | 1.016
51 1 io'“t 2314 | 6593 | 207 | 0.9763
U -
3  lise ‘;O'“t 227 | 383 | 21051 | 0.1484
5o :
| | | | | | éo'”t 3095 | 31887 | 55825 | 3.233
0 05 1 15 2 25 3 35 4 -
Tinelsec ‘io'm 1953 | 3441 | 18931 | 0122
R | ] IATE %O'm 561 | 776 | 5678 | o0.08
)]
0] -
¢, / éo'”t 1053 | 3441 | 18031 | 0.122
[o]
u Jlo'”t 5.61 776 | 5678 | 0.08
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- ISV |} 1953 | 3441 | 18931 | 0.122
Joint | 5 g 776 | 5678 | 0.08
Figure. 9 Joint angles tracking errors (Test 2) 3 : : ' :
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Figure. 11 Histogram of performance indices: (a) IAE, (b)
ISE, (c) IATE and (d) ISV

IATE = [ tle, ()| dt (55)
ISV = [[Tud(t) dt (56)

From the quantitative comparison results
presented in Table.1, and figure 11. It is confirmed
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that performance indices (IAE, ISE, and IATE)
values of the proposed AFT2BC strategy are lower
compared with the existing control [33, 52, 53]. In
addition, comparing the control inputs (energy
consumption), it is remarked that the proposed
control strategy also gives superior control input
performance as shown in Table.1, and figure 11.

6. Conclusion

In this work, a robust type-2 adaptive control has
been developed for trajectory tracking of an industrial
3-DOF manipulator robot in faulty condition. The
adaptation consists of online adjustments of fuzzy
type-2 parameters by exploiting Lyapunov stability
concepts.

In addition, the proposed control strategies
contain an additive control term with adaptive gain in
order to compensate the estimations errors and of
actuator faults. The simulation results of the proposed
control strategy demonstrate the efficiency to give a
small tracking error in existence payload variation
and actuator faults. It can also be concluded the
proposed control strategy guaranty a best
performances in defectively operation compared to
the precedent control strategy proposed in [19, 25 and
27]. In addition the developed control algorithm does
not require a priori knowledge about dynamic model.
Therefore, the proposed controller can operate in
faulty condition such as with model uncertainties and
external disturbances.

The numerical simulations results show that a
satisfactory tracking precision are obtained by using
the proposed adaptive fuzzy type-2 backstepping.
Finally, as future work, will be focused on the
practical implementation of the proposed control.
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Appendix A
First the following variables are defined by:

Cij = cos(qi + qj)

{Ci = cos(q;),
Sij = sin(qi + qj)

s; = sin(q;),

The inertia matrix is given by:

M(q) =
L + Ipc3s + ¢ + 1465653 IsSps + I6Sy3 I5553
Issy3 + Igs, I; + Iycq Ig + 0.51,¢5
I5s,3 Ig + 0.51,¢3 Iy

Where:

Il = Iyyl + IX.X'Z + mzdz(dz + e) + mgdg + Ixx3
+ IXXt + "'mtd% + IMl

Iy = Ly = Lz + Lyye — Lexe +mel3
I3 = 1Lyyy — Lxo + msls +m,l3

I, = m3lyl; + 2m.l, 15

Is = 0.5m3l3d, + mlsd,

I = 0.5m,1l,(d, + e) + mslyd,

I; = lppp + gz + M3l 4 Ly + me(13 +13) + Iy

Ig = I;53 + I;5 + mtl§
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Ig :IB+IM3

Iyi(i=1,..3) are the inertias moments of the
different motors.

Lyxt, Iyt Izc Represents the total inertias moments
relative to the main axes of the effector.

The state varying vector of gravity terms is obtained

by:

0
G(q) = [—(m3l2 + 0.5m,l,)gc, — 0.5m3l39c,3
—0.5m3l39¢73

The Jacobian matrix is defined as:

J(q) =
—=s1(lycp +13¢33) —dyey  —c1(l35; +13523)  —c1(3523)
c1(lyez +13003) —dysy —s1(I35; + 13523)  —51(13523)
0 —(lzc; + 13623) —(3c23)

The matrix of coriolis and centrifugal forces is
defined as follows:

Vin1
Vm(Qr Q)q = [szl
Vm3
Such as:
Vini = —(2(1352C2 + I3553¢53)
+ 14(cp523 + 52023))‘?1‘?2
— (21352323 + 14€2523)41G3
+ (Igcy + I5623)d5 + (2I5¢23) 4243
+ (Isc23)45

Vinz = (136355 + 1,653523
+ 0.514_(52C23 + C2523))Q%
— (I453)q2q5 — (0-51453)‘7?%

Vinz = (I2523C23 + 0.51,,5,3)47 + (0.51,53)45

e  Masses of the different liaisons
Table 2. Masses of the different liaisons

m, mg m, = 0.82 Kg
=17.40 Kg =5.04 Kg
mg = 0.35 Kg mg m;
= 0.09 Kg =my +ms +mg
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e  Geometric parameters
Table 3. Geometric parameters

Revised: May 11, 2021.

d>=149.0
9 mm

[:=431. |13=433.07

8 mm

mm

e=1

mm

e Inertias parameters

Table 4. Inertias parameters

c
% Ixxi Iyyi [zzi IMi
= [Kgm?] | [Kgm?] | [Kgm?] | [Kgm?]
=
1 - 350%10° - 1.14
2 130x10% | 524x10° | 539x1073 4.71
3 192x10% | 15.4x10° | 212x10°® 0.83
3
4 1.30x10" | 1.80x10" | 1.80x10° -
3 3
5 0.30x10" | 0.30x10" | 0.40x10°% -
3 3
6 0.04x10" | 0.15x10° | 0.15x10°% -
3 3
445+6 | 1.64x10° | 2.25x10° | 2.35x1073 -
3 3
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