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This work introduces a control approach for a mobile manipulator unmanned aerial vehicle (MMUAV) that is affected by numerous actuator
defects, parametric uncertainties and external disturbances. The technique is based on a disturbance observer and adaptive type-2 fuzzy
sliding mode control strategy. The suggested control method is unique among unmanned aerial vehicle (UAV) control strategies in that it
can concurrently adjust for actuator defects, parametric uncertainties and external disturbances. The proposed control strategy utilizes
adaptive control parameters in both continuous and discontinuous control components. This allows for the generation of suitable control
signals to handle actuator faults and parametric uncertainties without entirely depending on the robust discontinuous control strategy of
sliding mode control. Next, in order to preserve the tiny value of the discontinuous control gain of sliding mode control, a nonlinear distur-
bance observer is built and incorporated to reduce the impact of external disturbances. Furthermore, the stability study using Lyapunov’s
theory of the suggested control strategy demonstrates that it can maintain system tracking performance and minimize tracking errors in
the given circumstances. Comparative simulation results of MMUAV under various failing and uncertain conditions show the efficiency of
the suggested control approach.
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1. Introduction sectors include traffic surveillance [1, 2], conveyance of pay-
loads [3, 4], agricultural precision [5], management, control
Unmanned aerial vehicles (UAVs) have been increasingly and extinguishing wildfires [6], monitoring [7,8] and coordi-
used in many sectors over the last several decades. These  nated exploration [9]. So, a significant number of these uses
are implemented in settings that need the highest levels of

safety.
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integration of enhanced levels of autonomy and efficiency,
as well as safety and security measures, in order to effec-
tively fulfill their designated tasks. Quadrotor helicopters
have received much attention among different kinds of UAVs,
which is attributable to their ability to do vertical takeoff and
landing (VTOL), their versatility of application for indoor and
outdoor flight, and their low cost [11,12].

In the future, UAVs are expected to be controlled using
advanced algorithms that possess the capability to monitor
the health state of UAVs and initiate appropriate measures
as necessary [13, 14]. The growing need for superior sys-
tem functionality, reliability and safety has led to extensive
research on enhanced fault-tolerant control methods [15-
17]. In [18], a comprehensive examination of fault-tolerant
control and current fault diagnosis approaches for quadro-
tor UAVs is presented. There are active and passive fault-
tolerant control methodologies in the world of quadrotor
UAVs. There are two types of sliding modes in [19]: active
and passive. These are based on fault-tolerant control tech-
niques for tracking control in the event of an actuator defect.
They are proposed and tested in a quadrotor UAV test bed,
and their pros and cons are examined through theoretical
and experimental research.

On the other hand, passive fault-tolerant control meth-
ods do not use fault information from an onboard fault diag-
nostic mechanism to change the controller to accommo-
date the fault. Active fault-tolerant control methods do. In
[20], an active fault-tolerant control strategy based on a lin-
ear parameter-varying approach is used to counteract the
bad effects of actuator faults. This scheme is used on an
unmanned quadrotor helicopter. For a quadrotor UAV, the
authors of [21] created two passive fault-tolerant controllers
using the sliding mode concept in order to deal with partial
actuator failures successfully. For passive fault-tolerant con-
trol techniques to work, they depend on how resilient the
control strategy is to handle known faults. If faults do not
happen, monitoring performance could be affected.

The authors of [22] developed a fault diagnostic unit
that is capable of estimating actuator defects that result in
ineffective control. This fault diagnosis unit is then inte-
grated with a model reference adaptive control scheme to
create an active fault-tolerant control system for a quad-
copter system. Nevertheless, the degree of precision of
the presented fault information has a significant impact
on the performance of active fault-tolerant control tech-
niques. Furthermore, it should be noted that the perfor-
mance of the fault-tolerant control system may be affected
by both the time delay and fault estimate error that are
injected by the fault diagnostic unit [23]. Several researchers
have focused their studies on adaptive fault-tolerant con-
trol approaches to address this issue [24]. It shows how
a fault-tolerant monitoring control scheme can be used on
a quadrotor UAV, along with an adaptive fault absorber, to

reduce the effects of actuator failures. In [25], the authors
develop an innovative adaptive fault-tolerant control system
for aquadcopter attitude subsystem to maintain the required
formation trajectory in the event of an actuator failure. The
authors of [26] suggested a nonlinear adaptive fault-tolerant
controller for a quadrotor UAV, which relies on an immer-
sion and invariance observer, to address the issue of partial
efficiency reduction caused by actuator malfunction. Model
uncertainty and outside disturbances are problems that have
yet to be fully studied, even though the control systems men-
tioned above can give quadrotor UAVs the performance they
need for tracking even when actuators are broken.

Furthermore, the capacity for fault tolerance is one
of many elements to consider while ensuring the depend-
ability and security of UAVs. Indeed, practical systems
often encounter several unpredictable aspects during their
deployment for real applications [27-30]. One of the primary
obstacles encountered in the operation of quadrotor UAVs is
the management of outside perturbations and uncertainties
in the model. For example, depending on the control appli-
cations, the variation and divergence in the placement and
weight of the sensors and equipment installed on aircraft
may be a substantial obstacle for aircraft control systems
[31].

Several control approaches have been presented with
the aim of improving the robustness of quadrotor controllers
in the face of model uncertainty and outside perturbations.
In [32], a composite control technique is developed to coun-
teract the effects of time-varying perturbations on a quadro-
tor drone. In [33], a required performance controller is
constructed using a backstepping approach to address the
follow-up control issue of a quadrotor drone in the face
of outside perturbations and uncertainties about the UAV’s
model. In [34], a second-order sliding mode controller is
created for a quadrotor UAV with an imbalanced load to
increase the resilience of the systems for flight control while
taking into account complicated flying conditions. In [35],
a sliding mode control method using backstepping and a
cascade active perturbation rejection control is created to
make sure that a quadrotor drone can track even when
the UAV’s model is uncertain and there are outside distur-
bances. In [36], this study proposes an anti-disturbance con-
trol strategy for a quadrotor UAV, which employs multiple
observers to effectively minimize disturbances from both the
wind and the cable-suspended payload. It should be noted
that the above control techniques can only maintain strong
tracking performance in the absence of faults. Because of
this, to make sure the system is safe and reliable, the con-
trol system of a quadrotor UAV needs to be built so that
it can handle actuator problems, outside disturbances and
unknowns in the model system without affecting its func-
tionality or putting its surroundings in danger. The system
must efficiently tackle problems associated with actuator
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defects, external disturbances and alterations in parameters.
In [37], a supplementary controller is devised to manage the
concurrent appearance of two distinct categories of actua-
tor defects. The control strategy that has been developed has
a high level of robustness in the face of changing inertial
parameters over time. It can also tolerate faults and achieve
a high level of control precision. In [38], a resilient, defect-
tolerant controller has been created to regulate the attitude
of a quadrotor airplane in the presence of actuator defects
and turbulent winds. In [39], a hybrid adaptive controller
and backstepping approach based on type-2 fuzzy inference
systems are presented. To compensate for these impacts,
adjusted parameters are integrated into the suggested con-
trol. However, the majority of prior studies either consider
all uncertain elements (such as actuator defects, uncertain-
ties of model systems and outside perturbations) as a total
perturbation or treat the uncertainties of model systems and
outside perturbations as a single disturbance. When deal-
ing with multiple simultaneous perturbations, this approach
may result in a control method that is either conservative
or completely ineffective. The predefined time fault-tolerant
consensus tracking control issue has been formulated in [40]
for UAV systems, including specified performance and atti-
tude limitations. The UAV systems are categorized into posi-
tion and attitude subsystems for analysis. A predefined-time
consensus protocol is developed in the positioning subsys-
tem by altering traditional prescribed performance control
systems. The benefit of this work lies in its ability to maintain
tracking errors that are continuously positive or negative
during system operation while still achieving the required
tracking accuracy within the specified. Inside the attitude
subsystem, a universal barrier function based on output is
created to enforce attitude output limits and get rid of the
idea that Euler angles have to stay within certain ranges,
which was a limitation in earlier research. Because UAV actu-
ators can break down in harsh environments, an adaptive
compensation technique is being developed to make multi-
UAV systems more fault-tolerant. The workin [41] addressed
the uncooperative target tracking control issue for UAVs
underperformance and scaled relative velocity constraints,
whereby the states of the uncooperative target may only be
approximated via a vision sensor. Given the restricted detec-
tion range, a specified performance function is developed to
guarantee both transient and steady-state performances of
the tracking system.

The motivation of our research is to provide an effective
fault reconstruction and tolerance strategy for the mobile
manipulator unmanned aerial vehicle (MMUAV). Although
tremendous research has been done to ensure the safe oper-
ation of quadrotor helicopters and to achieve precise track-
ing performance independent of model errors and external
disturbances, there are still a few challenges that need to be
solved.

(1) The vast majority of research on quadrotor helicopters
has focused only on actuator defects or model uncertain-
ties and disturbances in the published literature. Only a
small number of studies, such as [42], have taken into
account all of the potential unpredictability variables
that might lead to a decline in control performance.

(2) The discontinuous control component is often overused
to correct actuator problems using the sliding mode
control approach. This may lead to control chattering,
which in turn causes the system to fail to maintain its
stability.

(3) Most observer-based control methods [43-45] treat
unmodeled dynamics, changes in parameters and dis-
turbances from the outside as a single type of distur-
bance that is evaluated by an observer. When there
are many system disturbances, this approach may
fail.

This paper presents a brand-new disturbance observer-
based adaptive fault-tolerant control method that can handle
actuator defects, parametric uncertainties and external dis-
turbances simultaneously, making the system more resilient.
UAV control systems should possess the capacity to with-
stand specific actuator failures, parametric uncertainties and
external disturbances without jeopardizing themselves or
their surroundings. From a control perspective, the objec-
tive is to develop a self-repairing “smart” flight control sys-
tem to enhance the reliability and survivability of UAVs, as
mandated by the next-generation flight control system out-
lined in the unmanned aircraft systems roadmap published
in 2005 by the U.S. Department of Defense. This paper’s main
contributions are summarized as follows:

(1) Unlike the investigations in [46-48], the suggested
control method has the potential to adaptively provide
suitable control signals that can concurrently address
actuator defects, parametric uncertainties and exter-
nal disturbances instead of relying solely on the robust
discontinuous control strategy of sliding mode control.
When adaptive control parameters are used in both
continuous and discontinuous control components, the
discontinuous control component relies on much less,
which makes control chattering less of a problem.

(2) The adaptive systems that have been put in place may
prevent the adaptive control parameters from being
overestimated, keeping the discontinuous control gain
within a safe range. This is accomplished by using the
boundary layer to formulate adaptive schemes instead
of only relying on the sliding variable, as is common in
most of the literature [49, 50].

(3) In contrast to the current fault-tolerant control methods
for quadcopter systems developed in [51,52], the design
above approach combined the impact of actuator faults,
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the uncertainties of model systems, and outside pertur-
bations, leading to a conservative design approach. This
paper addresses the issue of conservativeness by sep-
arately addressing and accommodating actuator faults,
outside perturbations, and model uncertainties. In par-
ticular, the suggested adaptive type-2 fuzzy inference
system schemes are used to account for model uncer-
tainties and actuator failures. To account for changes in
the outside world, a nonlinear disturbance observer is
created.

(4) In [53, 54], passive fault-tolerant control based on
nonlinear control has been proposed for hexacopter
and quadrotor helicopters. This work presents a fault-
tolerant control solution that integrates sliding mode
control with adaptive interval-type-2 fuzzy inference
systems improved by a nonlinear disturbance observer.
Subsequently, it may address several categories of
defects.

(6) Adaptive control is a method of control in which the con-
troller adjusts to the controlled system, accommodating
variations in parameters or addressing initial uncertain-
ties. An adaptive controller for the octorotor and quadro-
tor helicopters has been developed, as referenced in
[55-57]. This method demonstrated a rapid response
that is not affected by external disturbances, eliminat-
ing the need for a precise model. System faults are not
considered. This paper proposes an adaptive sliding
mode control method using a type-2 fuzzy inference sys-
tem and a nonlinear disturbance observer to address
model uncertainties, external disturbances and actuator
faults.

(7) An intelligent fuzzy controller has been extensively
tested to control quadrotors in several works, such as
[58, 59]. However, the trial-and-error problem severely
limits these approaches. In [60], a type-2 fuzzy PID
controller is designed to control the quadrotor heli-
copter; achieve trajectory tracking and reduce the influ-
ence of external disturbances, but it cannot deal with
fault effects. In this paper, we propose an adaptive non-
linear control system that uses a disturbance observer

Table 1.

to get position and angle control in a finite amount of
time, even when there is uncertainty and an actuator
fault.

Based on the observations above, different mechanisms
are used to deal with actuator faults, parametric uncertain-
ties and external disturbances. The proposed adaptive type-
2 fuzzy inference system schemes handle actuator faults
and parametric uncertainties, while a nonlinear disturbance
observer reduces the effects of external disturbances. The
developed disturbance observer also greatly reduces the size
of the discontinuous control gain in sliding mode control, so
it only needs to go above the threshold of the disturbance
estimation error instead of the disturbance itself. This makes
the control chattering problem a lot less severe.

This paper is arranged as follows. Modeling of MMUAV
systems in defective conditions is presented in Sec. 2. In
Sec. 3, conventional sliding mode control of the MMUAV
system is synthesized. A background of the type-2 fuzzy logic
inference system is then introduced in Sec. 4. The full design
steps for the type-2 fuzzy adaptive sliding mode control syn-
thesis and stability analysis are shown in Sec. 5. A distur-
bance observer design based on a type-2 fuzzy adaptive slid-
ing mode control strategy is exposed in Sec. 6. The simulation
results are presented and analyzed in Sec. 7. In Sec. 8, per-
formances comparison with other approaches is performed.
Finally, the conclusions of this paper are driven in Sec. 9.

2. Modeling of MMUAV System in Defective
Condition

In order to examine actuator defects, multiplicative and addi-
tive models are used, as seen in Table 1 (refer to [61]).

tr reflects the moment at which the actuator fails,
whereas f§ indicates its coefficient of accuracy such that § €
[—Bo, Bo], where 3, > 0. Also k < k < 1, with k > 0 denotes
the minimal level of actuator capability, in which  and k are
progressively varying, respectively, inside [—f3,, B,] and [k, 1]
[61]. Table 1 illustrates many circumstances that might lead
to actuator defeat in an MMUAV system. The dynamic model

Actuator faults [61].

Actuators Types of faults

Conditions Names of faults

Ui(t),i=1,..,4 U;(t) + B;(t)
(6, = 1,2
Ui () + Bi(t)
() + 9;(0)
Ui(t) + Bi(t)
T,(8) + 9(t)
ki (0)U(t)
2;(0)T(8)

Bi(t) = 0,B;(tp) % 0

Bias (lock in place)

7(t) + 9;(t) B;(t) = 0,9;(t) # 0

[B:()] =§;t,0<¢; K 1forallt = ¢tf Drift
[9;(D)] = q;t,0 < @; K Lforallt 2 tf
[B:(O)| < Boy Bi(t) » Oforall t = tr
[9;(0)| < 0o, 9;(t) > Oforallt = ¢f
0 <k;<ki(t)=<1foralltztf
0<AjsA(t)s1forallt =t

Loss of accuracy

Loss of effectiveness




Type-2 Fuzzy Adaptive Fault Tolerant Control Based on Disturbance Observer 857

of the MMUAV is obtained in [62] by using Newton-Euler
method expressed as

(,b _ (Iyyl_ Izz>9-1p _ Ulf(lt) _Tr'
é — (Izz - Ixx) (,01,[) + g(ml +m2)Cz sin(G)
Iyy Ixx
_ sz(t) - T
Iyy ‘
o (ha— Ly . Usp(®
V= ( I, )(09 - I, ~ (n
. Uyr(8)
2= (@)= — =9
U, ()
£ = (Os0) + eSO~ —
Ups(6)
7 = (s@)s(O)c(e) — c)s(@)) ﬁr,

i =M@ty —C(q,9)d - G —F@),

where 7,(t) = [117(t) 7,,(0)]".

To characterize the malfunctioning actuator for the dif-
ficulties mentioned in Table 1 [61], a short form may be used
as follows:

By substituting (12) and (13) into (11), the MMUAV

dynamic model’s flawed condition is restructured in the fol-
lowing way:

b= (I” — I”)e‘q) IO R e

I I

XX XX

b§— (Izzl_ Ixx)qbl[) + g(ml +Irn2)CzS(9)
yy xx

— M + [‘z(t) + dz(t),
Iyy
D= (1""1_ I”’)q‘;é - U;’(t) + Ty (t) + d5(2),
1. U,(0)
Z= (0(9)6(¢))m— — g+ T, () +d, (),
T
. Uy (D)
= (s)s(e) + c@)s(®)c(e)) e + T5(t) + ds(t),
. Uy (D)
= (s@)s(0)c(p) — c(¥)s(p)) ——+ T () + dg(0),
T

i=ME®) - .49 -6
—F(§) + () + d, (8,

4)

where

L) = I__l{(kl(t) = DU () + b1 (D)}

- OO0 = D+ 5000 ~ 1)
+0,(6) + 9,00,

() = TH{0ka(9) = DU + B0} — 7

vy Iyy

X {71 (®)(01(6) = 1) + 7,(O)(0(t) — 1)
+9:(t) +9,(0)},

L (0) = —H{0a(®) = DUs(0) + A0},

(c(®)c(9)

L@ = ™ {(ks(t) = DUL() + Ba(B)},
Lt = (s()s(p) +nCl(1l’)5(9)C(<P))
T
X {(ky(t) — DUL(E) + Bo (D)}
_ (s@)s@)c(p) — c(¥)s(e))
[ () =

mr
X {(ka(6) = DUL() + o (D)},
[;(0) = [(01(8) — D7,(2)

+9,(t) (02 (t) — Do (1) + 9,(O)]"
I, (¢t), ..., I, (t) describe the actuator faults effects.
d,(t),..,d,(t) indicate external disturbances and
uncertainties.

The roll angle, pitch angle and yaw angle are repre-
sented by the Euler angles ¢, 8 and v, respectively. x, y and
z present the position of the origin of the body fixed-frame
{o0,} with respect to the inertial frame {o,} (Figs. 1and 2),q =
[q, q,]" indicates the angular position of the manipulator.

The MMUAV system’s overall mass is denoted by my,
with

mr=m+my +m,, (5)

where the hexacopter’s mass is denoted by (m), (m,) rep-
resents the mass of link 1, and (m,) represents the mass of
link 2.

The control inputs (U, (t), U,(¢t), U5(t), U,(t)) are pro-
vided as follows:

W3
U () = T(_Fz -K+EK+F),

l
(U0 =5CR+F - F-2F - F+kK), (6)

Us(t) =c,(F, — B+ K —F, +F - F),
U,() =F, +F, +F + F, + Fs +
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o0i : Fixed reference
0v: UAYV reference
& : Position vector to UAV

Fig. 1. Hexacopter configuration [62].

Fig. 2. Planar manipulator configuration [62].

where (F, ..., Fy) represents the forces generated by the six
rotors, and c,, is the torque gain associated with the torque
produces by six rotors. (Iyy, I, 1,,) represents the MMUAV
inertia moments, which are written as

myl3s3(q) | myl3s°(qy)

Ly = I : 3 2 3 +mylis?(qy),
ml?  m,ls "

Iyy=1y+ 3 +m,l3,
ml3c®(q) | myl5c(qy)

Uz =1, + 13 23 +myl2c?(qy).

(7)

The hexacopter inertia moments are represented by I, I,
and [,.
The manipulator’s inertia matrix is given as

M) = [,’Zi %Z] (8)

l 2
My, =m, <§1) +my(2 + L1+ c(g)) + 1 + 1,

LY (L)L
My = My =m, 5 T3 7)C(q2 + 1,

lZ
M22=m2 3 +12

I; and I, represent the inertia of each individual link in the
manipulator.

The Coriolis matrix and the centrifugal forces exerted by
the manipulator are expressed as

Ci1 Ci2
i =| , ©)
Co1 Gy
where
C11 = —myli1,4,5(q2),
Ciz = —mylil(q1 + 42)5(q2),
Co1 = —myli1,445(q7),
Cy, = 0.
The gravitational vector is given as follows:
G =[G Gz]T (10)
with
L L,
Gy =(my 2 +myly ) ge(qy) +|m, )

xc(qy + q2),

L
G, = (mz (7»96(6{1 +q,).

The manipulator’s control torque vector is denoted by 7(t) =

[t,(E) Ty (t)]T-
The friction forces vector is written as
F(g) = 0.02[sign(q,) sign(g,)]", (11)

where (7,,7,) stands the torque exerted by each link of the
manipulator.

The expression of the torque 7, generated by the manip-
ulator which affects the hexacopter is given as

l
T, =T+t Mg <31) c(qq)

l
+m,g (%) c(q1 — q3) + 75 (12)
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The displacements of the centers of mass generated by the
position of the manipulator are expressed as follows:

lic(qq) (% + mz) + mzlgzc(‘h —4qz)

= - ¢, =0,
(13)
l my L
i) (B +my) +my2s(ay — a)
C,= . (14)

mr

3. Conventional Sliding Mode Control of MMUAV
System

The MMUAV mathematical model (14) may be expressed in
state space form as follows:

X = f(X,U(t),T(t)) + T(t) + D(t). (15)
The state vector may be expressed as follows:

_ T
X = [x1 x5 X3 X4 X5 Xg X7 Xg Xg X109 X171 X1 X153 X14]

€ R4
(16)
where
X, =@, X,=0, xX;=2, X90=%
X13=¢q, X =@, Xs=1, xXg=72
X11 =Y, X1u=4q, x3=0,
Xe =, Xg=X, Xy, =Y.
The input vectors are determined by
U(t) = [U1(t) Up(t) Us(t) U, (D]" € R, (17)

() = [1,(0) 7, (O] € R

The failures in actuators that affect the movement of the
MMUAV have the following effects:

I'(t) = [0 (t) 0 I,(t) 0 T5(8) 0 T,(¢) 0 Is(¢)
0T, (t) O, (0)]" € R, (18)

The external disturbances and uncertainties vector is given
as

D(t) = [0dy(t) 0d,(t) 0d3(t) 0dy(t) 0ds(t)

0dg(t) 0d,(t)]" € R (19)
with
d71(t)]
d = .
2 [d72 ®

The nonlinear function f (X, U(t), t(t)) is expressed as

fXU®), (1))

X2
Iyy =1 U;(H) -t
< vy ZZ>X4X6 _ 1(1) r
XX XX
X
Iz — Iy g(my + my)Cysin(xg)  Up(t) — 7y
—1 X2Xg + i - I
yy xx yy
X6
L, — I Us(t
( xx yy)x1x4 U
IZZ IZZ
— Xg
U,(t
(cos(ry) cos(ay)) 2 —
mr
X10
Uy(t
(sin(xg) sin(x4) + cos(x5) sin(x3) cos(x;)) 14n( )
T
X12
) ) . U,(®)
(sin(x,) sin(x3) cos(x1) — cos(xs) 51n(x1))m—
X14

M7 (x13) (2 () = C(x13, X14)X14 — G (X13) = F(x14))

3.1. Virtual control

The MMUAV’s dynamic model consists of six different inputs
(UL(®) Uy(t) Us(t) Uyu(t)), (r1(0)7T,(t)) and eight outputs
(p0yYzxyq, q,). Hence,the MMUAV may be classified as an
underactuated system. It is not possible for us to exert con-
trol over all states at the same time [44]. Stable zero dynam-
ics may be achieved in the system by combining controlled
outputs (¥ z x y q; q,) to track the desired positions and sta-
bilize the roll and pitch angles (¢ 8). In order to address this
problem, it is necessary to include two more virtual control
inputs (Us (t) Ug(t)) into the existing six control inputs of the
MMUAV. This will enable individual management of each out-
put. The virtual control inputs (Us(t) Ug(t)) represent the
correlation between pitch-x movement and roll-y movement
[45].

Us(t) = (s(xs)s(xy) + c(xs)s(x3)c(x1)), (20)
Ug(t) = (s(xz)s(x3)c(xq) — c(xs5)s(x1)). (21)
By using Egs. (20) and (21), we obtain
¢ = arcsin(Uss(xs) — Ugc(xs)),
Usc(xs) + Ues(xs)) (22)
c(9q) .

The physical interpretation of virtual controls is that the
roll and pitch angles determine the horizontal movement
in the x and y directions. To achieve control over hori-
zontal movement, the rolling and tilting movements should
be adjusted to the appropriate angles (¢; 8;). Figure 3

0, = arcsm(
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1 1
Ul— > 1

1 1
Us s > EEm———

1 1
Us— > ——0
Us L > |

1
Virtual control

Fig. 3. Controlled the motion of an MMUAYV utilizing virtual control.

displays the actuated MMUAV, which has eight inputs
(U, (8) Uy (1) Us(6) Uy(t) Us(6) U(t)) and (1,(6) 7o(1), as
well as eight outputs (¢ 0 Y zx y q; q,).

From the state space model (15), the subsequent config-
uration is feasible as follows:

Xon+1 = Xzm

Xom = fm(X) + G (X)Up () + 6, (8),

X13 = X140

%14 = fr(X13,X14) + M7 (x13)T(E) + 85(0),

(23)

wheren = 0,...,5,m = 1,..,6, f,,(X) and f,(x;3,x14) are
unknown nonlinear functions defined as follows:

L,,—1 T -1
yy ~ lzz
LX) = (1—>x4—x6 - I—r' 9:1(X) = T
XX

xx XX

’

Ixx g(ml + mZ)CzS(x3) Tr
Ji 2%Xe T -7
y

Izz_
fC0 = (— X, ,

xXx Iyy

Yy
_ Ixx -1
gZ(X) = 1_1. f3(X) = (I—yy)xlxzp
yy zz
U
fs(X) =0, gs5(X)= :n(:)'
U
f6(X) =0, geX)= L:)

fr(x13,%14) = M7*(13) (—C (13, X14) %14
— G(x13) — F(x14))-

S () = T (6) + di (0),

8,(t) = T, (t) + d, (b).

(24)

The input vectors are specified as follows:
U(t) = [U1(t) U (t) U3 () Uy(t) Us(t) Ug()]" € R°,
() = [r;() 12 (O]" € R,
(25)
The output vector is given as
Y=[p0yzxyqq,]" €R (26)
[, (t) and T,(t) represent the consequences of actuator
defects, d,,(t) and d,(t) are the effects of external distur-
bances and uncertainties.
The state space model in (23) can be rewritten as
x2n+1 = Xomo
J.sz = m(X) + gm(X)Um(t) + am(t)'
X13 = X140

%14 = F (X153, %14) + M7 (x13)T() + ay(8),

(27)

where
Fm(X) = fm(X) + Fm(t):
am(t) = dpy (0),
F;(x13,%14) = f7(x13,%14) + T;(2),

a7, (1)

a;(t) = [ = dy (1),
a7,(t)

a,(t) and a,(t) are components that group the external dis-

turbances effects.

Assumption 1 ([31, 65]). The components that group the
faults and external disturbances effects §,,(t) and §,(t) in
(23) are unknown but bounded and defined as |§,,(t)] <
Dy form=1,..,6and |6,(t)| < D,;.

Sliding mode controllers are designed in two phases. A
sliding surface must be built first to maintain system per-
formance. Second, a control law is created to push the slid-
ing variable to approach the desired surface and maintain its
proximity.

For the reference signals x(;,,1y4 and x;34, we may
establish the following definitions for the tracking error vari-
ables and their temporal derivatives:

€n+1 = X2n+1)d ~ Xon+rr =0, 5,
(28)
€13 = X139 — X13,
€n+1 = Xon+1ya —Xz2m N =0,..,5m=1,..,6,
€13 = X130 — X14s
(29)

where X134 = q4 = [q14 qu]T' X13¢ = qq = [q1a QZd]T'
X13=9=1[q QZ]T andx;4 = ¢ = [q QZ]T-
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The sliding surfaces can be defined as

Son+1 = €2n+1 T Aone1 (Xaninya = ¥2ns1)y 1 =0,..,5,
(30)
S13 = €13 + A13(Xq34 — X13) (31)

with 4,,,,, and 4,5 are positive design parameters.

Once the sliding surface has been designed, the next
stage is to create a suitable control law that will enhance
its attractiveness. The control law is structured as follows to

meet this requirement:
Up(8) = Um,eq(t) + AU, (32)
T(t) = Teq(t) + AT,

Up,eq(t) and 7.4(t) represent the equivalent control com-
ponents, whereas AU, and At represent the discontinuous
control components used to achieve the intended sliding
movement.

The equivalent control parts U, . (t) and 7.4(t) are con-
structed by setting $,,,,; = 0 and $;3 = 0, as shown in the
following:

Sone1 = €ant1 T Aone1 (Fninya — X2ns1)
= 56.(2n+1)d + /12n+1(55(2n+1)d — Xon+1) — Xom
n=05andm=1,...,6,
(33)
$13 = €13 + A13(X134 — X13)

= X130 + 213 (X130 — X13) — Xq4- (34)

By replacing (23) into (33) and (34), the equivalent control
inputs may be computed as follows:

1 .. .
Uneq(t) = m(x(2n+1)d + Lont1 (KX 2ns1)a
- x2n+1) - fm(X))' (35)

Teq(t) = M(x13){X13q + 213(X13q — X13)
— f7(X13,%14) }-

Subsequently, a discontinuous control component is created
to counteract disturbances and ensure the required sliding
movement is maintained, while also keeping the sliding vari-
able on the intended sliding surface. This control is synthe-
sized as follows:

1 .
AU, = mk2n+1 sign(szn41)s 36)

At = M(x13)k,3 sign(s;3),

where

k 0
ki = 15t = diag{kq31, k132}
0 ki3

and k,,, ,; are positive design parameters.

The global control laws are formed by combining the
equivalent and discontinuous control components as fol-
lows:

1 . .
Up(t) = ——(% +4 (x
m gm(X) (2n+1)d 2n+1\*(2n+1)d

— Xon41) — S (X) + konyq SigN(S2041)), (37)

T(t) = M(x13){¥13q + A13(X130 — X13)
— f7(%13,%14) + k3 sign(s;3)}-

Theorem 1. Assume a nonlinear system in (23), with lim-
ited external disturbances. By using the global control laws in
(37) and the designated sliding surfaces in (30) and (31), the
intended sliding movement may be attained and sustained on
the designated sliding surfaces, irrespective of disturbances.
This is accomplished by selecting discontinuous control gains
in(36)askyyyq = Doy +19p41 forn=0,5andm = 1,6 and
ki3 = diag{k,3;, ky3,} = diag{Dy; + 113, Dy7 + 113}

Proof. Define the following Lyapunov candidate
functions as
1
Vanes = 350 n=0..5  ©39)
1r
Vi13 = 5513513 (39)

2

The temporal derivatives of (38) and (39) are given as
Vl,2n+1 = San+152n+1s (40)
V13 = S{3813- (41)
By replacing (33) into (40), we yield

Vl,2n+1 = 52n+1(5é(2n+1)d + ’12n+1(55(2n+1)d — Xon41)
—Xen+1ya — fm&X) = A1 (X 2ns1)a
—Xon41) T fm(X) = kopyq sign(syngq)
—ap(t)),
= Son+1(kan41 SiI8N(S2p41) — @ (1))

=< (_[Dam + 7]2n+1]|52n+1| - 52n+1am(t)) <0.
(42)

m=1,..,6

Replacing (34) into (41) leads to
Vi13 = S13(¥13q + A13(F13q — %13) — M7 (x3)
X (f7(X13,%14)) — X134 — A13(X134 — %13)
+ M7 (xy3) (f5 (%13, %14)) — kq3 sign(s;3) — a4 ()
5{3 (—ky3 sign(s;3) — a, (1))

(—(kq3 Sign(513))T513 - a;(t)sm)
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< (—diag{(Dy7 + M13), (Dg7 + N13)} 513l
—al(t)s;3) < 0.
(43)

Hence, by selecting small positive values of 1,,,,; and 71,5,
the suggested global control laws in (37) ensure the sta-
bility of the system even in the face of faults and external
disturbances.

Remark 1. Sliding mode control may mitigate fault and dis-
turbance effects, but only if the discontinuous control gains
kyn41 and ky5 are larger than the maximum disturbance.
However, control chattering may occur if the discontinuous
control gain is raised to ensure system stability as distur-
bances get stronger. In addition, the amount of chattering is
directly proportional to the values of k,,,,; and k5.

The implementation of the control laws in (44) is inef-
fective due to the need for a precise model. An adaptive con-
trol technique using type-2 fuzzy systems is offered as a solu-
tion to these kinds of issues. The proposed methodology is
based on the use of online estimation to determine the local
nonlinearities of each subsystem. These nonlinearities are
represented by the functions g, (X), f,,(X), M;;(x;3) and
f7i(x13,%14) form = 1,...,6 and (i,j) = 1,2 are estimated
using adaptive type-2 fuzzy systems and local state variables
specific to each subsystem.

1 .. .
Up(t) = ——— +2
m(t) ) (Xzn+1)a m+1(X2nt1)a
— Xon41) — fin(X) + konyq sigN(S2041)),

T1(t)] _ [M11(x13) M, (xq3)

T = 7,(0) Miy(x13)  Map(xq3) (44)

X {5&13d + A13(X13q — %13)

[z x44)
f72(%13,%14)

] + ki3 Sign(513)}-

4. Background of the Type-2 Fuzzy Logic
Inference System

Figure 4 illustrates the configuration of a type-2 fuzzy logic
system. The system bears a resemblance to a type-1 fuzzy
logic system. One important difference is that a type-2 fuzzy
setis included, which means that a type reducer is needed to
turn the fuzzy inference engine’s output into a type-1 fuzzy
set. This is called a type-reduced set. The set with reduced
types is subjected to defuzzification in order to achieve a
crisp result. In this study, we focus on the analysis of an
interval-type-2 fuzzy logic system that employs singleton
input fuzzification. The process of fuzzification is referred to
as singleton fuzzification when the input fuzzy set consists

- Crisp output
| Defuzzifier l—’

| Rule base |
A
Type-1 reduced
fuzzy sets
X .
—>| Fuzzifier
Type reducer
Iy
Type-2 input \ 4 Type-2 output
fuzzy sets fuzzy sets

Inference

Fig. 4. Architecture of a type-2 fuzzy logic system.

of a single point with a degree of membership equal to 1.
The use of interval type-2 fuzzy logic systems proves to be
straightforward and efficient in streamlining the computing
procedure for type reduction.

Type-2 fuzzy logic controllers possess increased
degrees of freedom and utilize fuzzy membership values,
in contrast to type-1 fuzzy logic controllers, which employ
crisp values. As a result, they provide a significant benefit by
demonstrating greater resilience to elevated levels of uncer-
tainty compared to type-1 fuzzy logic controllers. Type-2
fuzzy logic controllers demonstrate superior durability com-
pared to type-1 fuzzy logic controllers, attributed to their
capacity to manage a broader spectrum of operational envi-
ronments.

Suppose we have a type-2 Takagi-Sugeno-Kang fuzzy
logic system with n inputs, x = [x;, ..., x,,] € R", and a single
output, y € R. In order to build the fuzzy rules, we suppose
that the type-2 fuzzy system has N rules, where the Lth rule
has the following form:

L., ic FL (o FL
R™:ifx, isF" and .. and x, is F,

thenyl =ct L=1,..,N. (45)
The antecedent linguistic phrases, denoted as £, Ff, ..., EL,
are represented by interval type-2 Gaussian fuzzy sets, as
seen in Fig. 5. The output of the Lth rule R%, is denoted as y’,
whereas the consequent parameter, C, is an interval type-1
set.

In Fig. 5, the uncertainty range of each membership
function (MF) may be shown as a bounded interval using the

0.9
0.8

807

hip gra

£0.5
0.4
0.3
0.2
0.1

Members

4
Input xp

Fig. 5. Interval type-2 Gaussian membership functions for the antecedent
sets.
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upper MF ﬂﬁﬁ (xp) and the lower MF Hea (xp), where
P

() = exp ) — L MY}
i (%) eXp{ 2( a, ' (46)
Eﬁé(xp) = 0.8ﬂﬁ5(xp).

In this context, o, and m,, represent respectively the mean
and standard deviation of the Gaussian primary MF of the
type-2 fuzzy system £y in the Lth rule.

The inference engine maps the crisp inputs to inter-
val type-2 fuzzy output sets by combining the fuzzy rules.
It takes the input and the rules’ antecedents into account to
determine the firing interval for each rule. Then, the subse-
quent fuzzy sets are trained using these firing levels. The Lth
rule’s firing interval, [fL, f%], is a type-1 interval set that is

defined by the points f* and f%, which are located on the left
and right sides of the set, respectively, such that

fl= Eﬁf(xl) X EFZL(xZ) X oo X Eﬁg(xn) (47)

ft= /:lﬁf(xﬂ X /:‘ﬁé(xz) X oo X ﬁﬁ}l(xn)- (48)
uﬁL(xp) and ﬁﬁll;(xp) denote the membership values of the
—r

lower and upper membership functions of the crisp input x,,
to the type 2 fuzzy system FPL in the Lth rule.

The final result may be stated as [66], when type-2
Takagi-Sugeno-Kang rules are applied with interval type-2
fuzzy systems for the antecedents and interval type-1 fuzzy
systems for the consequent sets.

Y =[yyl= Ll"'LM"'Il'“J}M
1

X .
Yoy frO/ 3, fr
Considering that the output Y is a type-1 interval set, it is suf-

ficient to calculate its two endpoints y; and y,. using an expan-
sion of fuzzy basis functions in the subsequent manner:

(49)

ZILV=1flL9L C L L T
— ZL=171 "~  _ w e =W 9, 50
TSN Z Hr R BY
N Lol N
Yi=1fr L=1

where flL and er are the firing strength membership grades
that contribute to y; and y,, respectively. Parameters ' rep-
resent type-1 centroids of consequent sets. Note that the cen-
troid of a type-1 set C; with Q discretized points is written as
follows:

_ 21?21 Vit (VL)

- . (52)
ZL=1 MCL(yL)

The fuzzy basis functions are obtained as

WE(x) = /A Wheo = I
! 1 :
g S
Equation (53) denotes the components of the left and
right fuzzy basis functions vectors are determined by

(53)

W) = W0, . WY @) (54)
W () = W), o RV () (55)
o =[0%,..,0M. (56)

To calculate y, it is necessary to calculate y; and y,.. This may
be accomplished by implementing the iterative algorithm
provided in [67]. Here, a concise description of the compu-
tational process is given. First, we calculate the right-most
point y,.

For the sake of simplicity, let’s suppose that the param-
eters 0; are organized in ascending sequence, meaning that:
0! < 6% <0V

KM algorithm for y, [67].

1. Calculate y, in (51) by first assigning a starting value

L S ; L FL
= > for L = 1,2,...,N with where f* and f* have
been computed using (47) and (48), respectively, and let
Y; =Yr

2. Determine the value of k (where 1 < k < N — 1) such
that 6% <y, < 9**1,

3.Calculate y, in (17) where f* = f“for L < kand f;* = f*
for L > k; then, sety,’ = y,.

4.1f y)" # y,, proceed to step 5. If y;" = y;, Establish there-
after y, = y,’, and proceed to step 6.

5.Sety, = y,’, and proceed to step 2.

6.End

KM algorithm for y, [67].

1. Calculate y; in (50) by first assigning a starting value

L SRt . L 21,
fz == for L = 1,2, ..., N with where f* and f"~ have

been computed using (47) and (48), respectively, and let
yl, =V

2. Determine the value of k' (where 1 < k' < N — 1) such
that 0¥ < y/ < 6%'*1,

3. Calculate y; in (17) where f* = f* for L < k" and f* =
f*for L > k'; then, sty = y,.

4. If y/" # y,, proceed to step 5.1f y; = y/, Establish there-
after y; = y,’, and proceed to step 6.

5.Sety, =,’, and proceed to step 2.

6. End
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The average of y;, and y, gives the type-2 fuzzy sys-
tem’s crisp output. Therefore, the defuzzified crisp output is
obtained as

W) +WT(x
= %9 =wT(x)6. (57)
5. Type-2 Fuzzy Adaptive Sliding Mode Control
Synthesis and Stability Analysis

Assumption 2 ([31, 65]). The disturbances effects a,,(t)
and a,(t) in (27) are unknown but bounded and defined as
|, ()| < Dy form =1,...,6 and |a,(t)| < Dy5.

The suggested control technique utilizes four adaptive
type-2 fuzzy inference system to approximate the functions
E, (X)) G (Xom), Fr (%43, x14) and M~ (x,3) separately. The
approximation is done in the following manner:

Fn(Xpn) = Wi (X,)0 + &, form=1,...,6,
(58)
InK) = Vi (X)) + &, form=1,..,6,
(59)
[ £ (X1, X
Fy (15 %1a) = fr1 (%13, X14)
| f72(X13, X14)
~ (W (13, %14)65, +&f (60)
_W7T2(x13,x14)9;2 +eée,
_f71(x13,x14)
Fy(xq3,%14) =
_f72(x13,x14)
_ [#A s )b +ep, (61)
W, (13, X14)6;, + €f

where 6, 9, 67, 67, 19;“1, 9, 19;1 and 9,, are the ideal
parameters Wik (X, Vit (X, W, (x13,x14) T(x13'x14)

VT (x13), V{5 (x13), Vh (x43) and 22(x13) are the mean basis
functions obtalned using type-2 fuzzy logic system. Each
basis function is computed as the average of the respective
left and right basis functions. The adaptive type-2 fuzzy infer-
ence system is considered to have limited approximation
errors, denoted as

leg | <€

Um’ |ng| = Sagm, |8f71| = gafn'

e S ey el S 2y

|€f72| S &g

lem,, | < oy, and gy, | < Eap,

Withe, ,e, ,e, ,&, ,& ,E
fm’ " Cgm’ 71’ U7’ TIMyy
unknown positive parameters.
The selected input vectors for the used type-2 fuzzy sys-
tems are determined as

., Eam,, and €ay,, AT€

Xy = [x12,]" = [p@]", X = [x3x,]" = (661",
Xy = [xsx]" = [WP]", X, = [xx)" = [22]”, (62)
X5 = [x9x10]" = [xX]",  Xg = [x11%1,]" = [yy]”,

3= [CI1CI2]T: 4= [Q1C72]T-

The adaptive type-2 fuzzy inference system is primarily
used to approximate the online nonlinear functions F,, (X,,),
ImXm), Fr(x43,%1,) and M~(x;3). These functions are
denoted as

E,(Xy) = WI(X,)8,, form=1,..,6, (63)
ImXp) = Vrg(Xm)ﬁm form=1,. (64)

by (X413, X14) =

_f71(x13r x14)l [ 71(9513' x14)971l

_f72(x13,x14) 2(x13,x14)972
(65)

M_l(x13) _M11(x13) M12(x13)]

Mlz (x13) Mzz (x13)
I/'1T2(x13)191zl

Vzg (%13)9,2

V1T1(x13)1911

(66)
[/17; (x%13)912

where 6,,, 9,,, 071, 075, 911, 912, U1 and 9,, are the adjusted
vector parameters.

By using Egs. (57)-(60) and (62)-(65), it can be shown
that

{ﬁm(Xm) — B (Xp) = _WrrTL(Xm)gm —Efy 67)
I (Xm) = gm(Xn) = VYZ(Xm)gm ~Egm
E (%13, %14) = Fy (%13, X14)
_ [F71 (213, %14) _ IF71(x13'x14)l
_ﬁ'72 (%13, %14) Fy5(x13,%14)
_ W7T1(x13'x14)é71 - gfn] (68)
Wi (13, %14) 07, — &,

M~ (x13) = M7 (x13)

My (x13) M12(x13)] _ M4 (x13) M12(x13)l
_M12(x13) My (x13) My;(x13)  Myp(%x13) ’
_ __V1T1(x13)1§11 &My, _Vsz(x13)7§12 - EMlzl

—Vsz(x13)1§12 — &My, —‘/27;(9613)1922 — &My,
(69)

where 8, = 05 — Oy, S = Oy = Oy 071 = 07, =
072 o 072,011 = 19;1 1911' 1912 =91, = 01203 =05, — 9y
and 9,, = 9,, — ,, are the parametric errors.

071, 6772 =
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The feedback control law is ultimately formulated as

1
Up(t) = —< (& + Ao (%
m gm(X) (2n+1)d 2n+1\*(2n+1)d

—Xone1) — B CO) +
X kany1SigN(Szn41),
(t) = [‘H(t)]
75(t)
= M(x13){5c'13d + A13(%134 = X13)
— (13, %10)} + M (x;3)ky 5 sign(sy3).

The following rules define the adjustment of type-2 fuzzy
system parameters:

Gm(X)
(70)

O = ~A1mSzne1 WinXim),

On = ~omSans1Vin X)) U (8),
671 = —az1By513Wy1 (X13, X14),
075 = —07,B,513 Wy (X413, %14),

. (71)
Uy = —A11B1513V11(x43) 74 (1),

D15 = —A13B1513V15(x13)T5(0),
Dy1 = —Ag1 Bys13Vhy (x13)74 (D),
Dyy = —AgyB;513Vh5 (X13) T, (1)

with B; = [10], B, = [0 1] and @4, Appy Q715 A72, A1, A12,
A,; and A,, are positive tuning parameters.

Remark 2. (1) The control law in (44) is only true over a
compact set U, € R™ on which g,,,(X) > 0.

(2) The developed control law in (70) incorporates the
adaptive control parameters ﬁ and M (x,3) which

are utilized in both the continuous and discontinuous
control components. Following the occurrence of an
actuator fault, the continuous control component will
assist in fault accommodation, thereby minimizing the
reliance on the discontinuous part of sliding mode con-
trol. The proposed control scheme effectively mitigates
the control chattering problem.

(3) In the implementation of the adaptive controller, the
condition g,,(X) > 0 should be guaranteed, because
the proposed controller (70) has the inverse term of
Jm(X). Therefore, we choose the initial type-2 fuzzy sys-
tem parameters vector values (i.e., 9,,(0)) are small pos-
itive constants in simulations.

Theorem 2. Let’s assume a nonlinear system in Eq. (27) that
incorporates both actuator defects and external disturbances.
Using the control laws in (70) and adding the suggested adap-
tation laws in (71), the desired sliding movement can be made
and kept up, even if there are problems with the actuators or

disturbances from the outside. The discontinuous control gains
are represented as follows:

kyi3 = diag{ky3q, kq3,} = [diag{(Dg7 + 113), (Dy7
+ 7713)}1 * [diag{lgfn + £M11T1(t) + €M12T2(t)|:
X |£f72 + 6M21Tl(t) + 8M22T2(t)|}]

andkyp iy 2 Do + |eg + &5 Uy ()| + 12041 are chosen for
this purpose.

Proof. Define the following Lyapunov candidate
functions as
1 1 74
Voons1 = 5522n+1 + a—BLHm
im
+ 1§75, n=0.,5m=1,.,6 (72)
Aom
Vo13 = 1S1T3S13 + Lé7T19~71 +—07,07,
2 az1 a7

1 a1 5 1 a1 5 1 a1 5

+ —9;,9; + —9;,9,, + —9,,0
4y, v T Vet T oYt
1 ~p =

+ =381, 9,,. (73)
zz

The temporal derivative of the sliding surfaces in (30) and
(31) may be calculated as follows:

$on+1 = ¥anina T Aant1 (X zns1ya = X2n+1) — Bu(X)

= Im XU () — ap, (1) (74)
$13 = X130 + A13(X13q — X13) — F (%13, X14)
— M7 (xq3)7(t) — o, (8). (75)

By adding and subtracting the terms §,,,(X)U,,,(t) in (74), we
get the following:

$on+1 = ¥an+na T Aont1 (X zns1ya = X2n+1) — Bu(X)
— Im XU () + {gin(X) = g O} (1)
—a,,(b). (76)

By adding and subtracting the terms M‘l(x13)r(t) in (75),
we get the following:

$13 = Xq13q + A13(X13q — X13) — F; (%13, %14)
— M (x3)T () + {M 7 (xy3) — M7 (x43)37(8)
— a; (). (77)

By replacing the control laws U,,,(t), 7(t) in (70) into (76)
and (77)

Son+1 = Xzn+1)a T /12n+1(x(2n+1)d — Xon41)

- Fm(X) - (f(2n+1)d + /12n+1(5c(2n+1)d
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—Xon41) — ﬁm(X) + kypiq8igNn(S2n41))
+ {gAm(X) - gm(X)}Um(t) - am(t)
= [ﬁm(X) — En(X)] — kongq sign(Szne1)

+ {gAm(X) - gm(X)}Um(t) - am(t);
(78)

$13 = X130 + A13(X13q — X13) — F7 (%13, X14)
— (B1zq + A3 Ghizq — Fu3) — By (X103, %14)
+ k13 5ign(s13)) + (M7 (x13) — M7 (x13)}
XT(t) —ay(t)
= [F5 (%13, %14) = Fr(X13,X14)] — ky3 5ign(sy3)

+ {M_l(xm) - M_l(x13)}f(t) — a,(0). (79)

By substituting (66), (67) into (78) and (68), (69) into (79),
yields:

Soma1 = [~ Wi (X)) 0y, — ffm] — kany15igN(San41)

+{ Vi XY On — €4, 30 () = @y (1), (80)
_W7T1 (¥13, %14)071 — €fn
_W72 (¥13,X14)07, — €fsn
_VlT1(x13)1§11 &My, _‘/12(9513)’512 - ngzl
—Vle(x13)1§21 &My, _Vsz(x13)1§22 ~ &M,
X T(t) — a,(t). (81)

Then, the temporal derivative of the chosen Lyapunov candi-
date functions in (72) and (73) can be expressed as

1 %

S13 =

] — k3 sign(s;3)

V2,2n+1 = Son+152n41 T a ér’CLém + a grtlﬁm'
1m 2m
(82)
Vs = sTu81a + —— 67,6, + — 67
2,13 — 513513 71971 72972
ary az;
1 7 & ST & ST &
+—0T 9, + —dL D, + —IL 9,
a;, 1 a,, 12 ay, 2t
1 ~r %
+ a—ﬁzTZﬁzz. (83)
22

By substituting (80) into (82) and (81) into (83), we get
VZ,2n+1 = Syne1 (=W (X)) b, — gfm] —kani1
X Sign(52n+1) + {_Vnrl‘(Xm)gm - ng}

1 ap s 1 ap -
X Up(8) = (D)) = =876 — —B]. 0,

im 2m

- 1 - ~
= 17;1 <_52n+1Wm(Xm) - a_9m> + 1917;1

im

; _ T
Vor3 = Si3 [

X <_52n+1Vm(Xm)Um(t) - aiﬁm>

2m

+ Sons1 (=€ — kanyq Si8N(S2041)

— &g, Un(t) — ay, (1)) (84)
—W77;(x13,x14)571 — &, .
T 5 — kq3sign(sy3)
—W,, (X13,%14)07, — €f,n

r ~
Vi1 (x13)011 — &y,

r ~
—V,1(x13)021 — €y,

- ~
Vi, (x13)012 — &p,

— T q —
2 (X13)022 — €y,

]T(t) - a7(t)]

1 "'T A 1 "’T A 1 "'T -
-—0,,0,, ——0,,0,, ——9;.9
4y, AT g P72l T Pt
1 xr & 1 sr 4 T
- —9;,9,, — —9,,9,, — —9,.,09
ay, 12012 T o VeV T aatae

o T [951 0 HW71(xl3'xl4)l
- 713 ~
0 97Tz Wy (%13, %14)
1

| ~
az; 71 T IﬁlTl Ol

_ éT éT _
[71 72 Lg 513 0 5;1
72
az,
1y
V11 (x13)7,1 () v sr | A1 1
X _[‘911 1921] 1
Vo1 (x13) 71 (1) — 9y,
21
T 512 0 | [Viz(x13)72(8) 18T T
S13 a7 [P, Yl
0 9y, |Vaz(x13)72(0)
_ 1 .
—9 ~
P 12 T 19{2 0
X — 513 5T
1 0 47,
— Uy,
La,,
V5 (x13)72(8) et
« |12\X13)72 _[51T2 ‘§2Tz 12 ST,
Vo2 (x13)72 () R
a,, %
€f, .
X\ - — k3 sign(s;3)
&f,
72

[€M11T1(t) + EMlzfz(t)l o (t)) (85)
_ —a, )

em,, T1(8) + &y, 72(8)
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By replacing (71) in (84) and (85), we get
VZ,Zn+1 = 52n+1(_5fm — ko1 SigN(S2041)
— €5, Um () — am(t))
= (=kon1lSons1l —{g5, + €4, Un(t)
+ @ (O)}S2n41)s (86)

Vz,13 = 51T3 <_k13 sign(s;3)

3 [—ef71 + &, T1 () + €4, T2 (1)
=&+ ey, T1(t) + &y, T2 (1)

- 0-’7(0)

= <—(k13 Sign(513))T513

T

[y T EM, T () + &y, 72(0) s
g +ey T,(0) + e T, T8
fr2 My, "1 Mo "2

- a;(t)sm)

T
B <_k13|513| B [th o, T2 720 S13
€, T €My T )+ EM,, T2 ®)

- a;(t)sm). (87)

Ultimately, it may be determined that 172_2n+1 < Oand 172_13<0
by selecting the discontinuous control gains as

ky3 = diag{k,31, k132} = [diag{(Dy7 + 113), (Dgy
+113)} + [diag{ler, + ey, 71(8) + &y, T2(0)],

X |eg, + &, T (1) + €y, T2 (O)]}]

and kypyq 2 Dyptles e Up(O)[+12,41- Asaresult, even
in the event of actuator failures and model uncertainty, the
suggested control rule may preserve system performance.

6. Disturbance Observer Based on Type-2 Fuzzy
Adaptive Sliding Mode Control Strategy

To accommodate for the unidentified uncertainties, the
selection of the discontinuous control gain should be such
that:

ky3 = diag{k,31, k135} = [diag{(Dy7 + 113), Dy
+113)}] + [diag{le, + ey, T1(8) + €4, T2 (0],

Xleg,, T em,, T () + en,, T2 (O3]

and kypyq = Do + &g, + €5 U ()| + 12,41 as determined
in the previous design. However, it is important to note that

this choice may result in unanticipated control chattering if
the disturbances are quite high. This section introduces the
creation of a nonlinear disturbance observer to enhance the
reduction of the discontinuous control gain. The observer is
then included in the previously established adaptive sliding
mode control to adjust for actuator defects, model errors and
external disturbances.

Assumption 3 ([31,65]). The disturbance’s time derivative
in (27) is bounded and fulfills &, (t) = 0 and a,(t) = 0.

In order to approximate the value of the unknown
disturbances «,,(t) and a,(t), a nonlinear disturbance
observer is formulated as per Refs. [68, 69]:

Zm = —KmZm — Km (KnXom + frn (X)) + g (XU, (D)),
A (t) =z, + K Xom,

(88)
Zy = —KqZy = Ky (kg X1y + fr (%13, X14) + M7 (x3)7(0)),
a7 (8) = z; + K7Xq4.

(89)

The variables z,, and z, represents the internal state of the
nonlinear observer, while x,, and

0 .
0 K72] = diag(x;q, K72)

denotes the gain of the nonlinear disturbance observer.

The disturbances estimation errors can be described as
the difference between the actual disturbances and the esti-
mated disturbances as

dm(t) = am(t) - é\:m(t)' (90)

@7 (t) = a;(t) — a; (). (91)
Subsequently, by invoking Assumption 1 and combing (27)
and (88) through (91) the time derivative of the disturbances
estimation error can be described by

G (8) = i (£) = Gy (8)
= —Zy, — KmXom
= Ky (A (1) — KppXom) + K (K Xom
+ fn(X) + g (XU (1))
= K (fn (X) + 9 (X) Uy () + (1))
Ky @ (1), (92)
a7 () = &5 (t)
= —Z; = Ky¥X14
= K7(Q7(t) = K7X14) + 17 (K7 X14 + f7(X13,X14)
+ M7 (x13)7(1))
— 167 (f (13, X14) + M7 (213)7(0) + a7 (2))
= —¥k; 07 (L). (93)

a;(t)
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By using the adaptive sliding mode control law obtained in
Eqg. (70), which does not take into account the unknown
disturbances in order to produce the continuous control
components, the composite control laws may be generated
by including the estimated disturbances &,,(t) and &,(t)
expressed as

1
U,(t) = ——( + 1 (x
m gm(X) (2n+1)d 2n+1\*(2n+1)d

_x2n+1) - ﬁm(X) - dm(t)

+ ko, sign(s2p41))

T(t) = M(x13){¥13q + A13(Ka3q — %13)

— (%13, X14) — @, () + ky3 sign(sy3)].
Theorem 3. Consider a nonlinear system (27), including
actuator defects, model uncertainties and unknown distur-
bances. Using the feedback control laws in (94) and distur-
bance observer (88) and (89) adjusted by (62) through (65)
and (71), the desired sliding movement is maintained despite

external disturbances, actuator faults and model uncertain-
ties. The discontinuous control gains are selected as

ki3 = diag{k,3q, k13,} = [diag{(Ey; + 113), (Eg7
+113)}] + [diag{les, + &y, 71 () + &4, T2 (0],

X |eg,, + e, T1 () + &y, T2 (D)1}
and kyp sy 2 Egm + &g, + &g U (O] + Mzngq-

(94)

Proof. Define the following Lyapunov candidate functions
as

1 - 1 74 1
V3one1 = 5522,”1 +ag, + a—erfﬂm t—
1im 2m
x989,,, n=0,.,5m=1,..,6, (95)
1 7 1.r. 1 1 ~ 1 7 A
Voi2 = =S;.S12 + =@, + —6,,6,, + —06,.0
3,13 2 13°13 2 77 a71 71771 a72 72972
1 41 5 1 a1 5 1 a1 5
+ a—nﬁnﬁn + a—1219121912 + a—2119211921
1 am ~
+ a—zzﬁszﬁzz. (96)

Then, the temporal derivative of the chosen Lyapunov candi-
date functions in (95) and (96) can be expressed as

; _ N ~ 2 AT A 1
Vions1 = Sons1Sons1 T Al + — 00, + —
A1m Aom

SR 97)
= 52n+1([_W1771‘(Xm)9~m - gfm] = Kont1
X Sign(52n+1) + {_Vnﬁ(xm)lgm - ggm}Um(t)
- 1 74 1 575 -
- am) - —977;19m - _1917;119m - Kmarzn
im Aom

~ 1 - ~
= QL(_SZn+1Wm(Xm) - a_gm) + 191’51

1im

X (_52n+1Vm(Xm)Um(t) - aiﬁm)

2m

+ Son+1(—€f,, = kany1 Si8N(S2p41)

“E€gm Um(t) - dm) - Kmdrzn' (98)

y _ T . ~T % 1 AT 3 1 AT 3
V313 = S13813 + @07 + —0,,07, + —0,,07,
az1 a7z

1 ST & 1 3T & 1 3T &

+—9;,9,; + —9,,9,, + —0,,9
a;, 11711 a, 12712 ay, 21721
1 ~+ 2

+—391.9,, (99)
azz

=T H_W7T1(x13'x14)é71 - Efnl

o ~
—W,, (%13, %14)07, — €5,

- ~
Vi1 (x13)911 — &n,

— k3 sign(s;3) + ~
_Vle(x13)7921 ~ &My,

—yT 9. —
12(X13)012 — €y,

T ~
=V, (X13)022 — €y,

]T(t) - d7(t)l

1 AT A 1 AT A 1 aT 4
— —67,6,) — —0L,6,, — =979

a, 71771 a, 72772 a;, 11711
_ 1

5T 1 s & 1 sr e s
V1,01, — —V,, 0, — —0,,0,, + @5 a,
Qi az1 az,

— _T [é% 0 HW71(7C13'x14)]

Blo 5;2 Wy (%13, %14)
- 1 .
a—971
AT AT 71
_[971 972] 1. _Sng
— 05,
La,,
% lgfl 0]-‘/11(9513)71(17)
0 192Tl V21 (x13)71(8)
_ 1 .
_1911 T
_[lgT 1§T] A —sT U, 0
1 Va4 13| o gr
—d,, 22
LA,
[[/12(7513)72(’5)
Voo (x13)72 ()
1 .
a—191z
x & 12
_[’91Tz 192Tz 1 .
—Uy,
az;
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_4T [sz 0 Hviz(xm)fz(t)
Blo 192Tz Va2 (x13)7,(8)
Ly,
. . 12
_[‘91T2 192T2 1 .
—0
A, %

€
+s1, (— Lf“] — k5 sign(s;3)

f72

_ [5M1171 ®+ My, T2 (t)] e (t))
7

Ep,, T1(t) + €3, T2 (0)

- d;(K7d7(t))- (100)

By replacing (71) in (98) and (100), we get
V3,2n+1 = Spne1(—€r, = Kopyq Sign(songe1) — &g
X Upy () = @) — k@2
= (—kons1lsons1l —{&g, + & Un(t)

+ m}Sans1) — Kl (101)
V3,13 = S1Tg <_k13 sign(s;3)

_ —&p + 5M1171(t) + 5M12T2(t) s
—&p, + ey, T1(8) + &, T2 (1) 7

- d;(’ﬁ @, (1))

= (—(k13 Sign(513))T513

T
€t &y, T1(0) + &4, T2 ()
&t en,, T1 (t) + En,y, T2 ®

~T ~T ~
X S13 — “7513> — a; (k,a,(t))

= <_k13|513|

T
g teEy, T )+ €y, T2 ®
&f, T €n,, T1 () + €4, 72(0)

X Sy3 — d?sm) — al(r,a,(t)). (102)

Ultimately, it may be determined thatV; 5,,,,<0 and V3 ;3 < 0
by selecting the discontinuous control gains as

ky3 = diag{k,3;,k13,} = [diag{(Ey; + 17), (Ey7

)} + [diag{lgfn + €M11T1(t) + ngzTZ(t)L
Xlef,, + em,, T1 () + En,, T2 (O3]

and kypyq 2 Egm + |&f + &g Un (O] + M2p41, Where 0, =
diag{E, , E, } and E,,, are the upper bound of the distur-
bance estimation errors. As aresult, even in the event of actu-
ator failures and model uncertainty, the suggested contra
rule may preserve system performance.

Remark 3. Due to the accurate assessment of unknown dis-
turbances by the disturbance observer, the upper limit of
the disturbance estimation errors E,,, and 0,_is much less
than the upper limit of the real disturbances D, and H, =
diag{D,, D, }. Hence, the discontinuous control gains used
in the control laws (94) presented in this section are signif-
icantly less in comparison to the ones utilized in the con-
trol law created in (70). By implementing the control laws
described in Eq. (94), the chattering issue in sliding mode
control can be partially mitigated. These control laws also
have the ability to overcome external disturbances, actuator
faults and model uncertainties.

Remark 4. Table 2 shows a comparison study conducted
to demonstrate the efficacy of the proposed control strategy
compared to related works and provide the most compre-
hensive visibility.

7. Simulation Results and Discussions

In this section, a number of simulated case studies and
tests are used to assess the proposed type-2 fuzzy adaptive
sliding mode control (PT2FASMC) technique for MMUAV’s
capability in handling actuator defects, model uncertainties
and external disturbances. The physical parameters of the
MMUAYV under study are shown in Table 3.

To provide a fair comparison and showcase the bene-
fits of the proposed control strategy, we will also examine the
performance of a conventional sliding mode control (CSMC).
The control parameters depicted in Table 4 are carefully
selected using a trial-and-error method to ensure optimal
performance. In addition, to optimize the computation time
of the suggested control method, just three Type 2 member-
ship functions are used for each input variable in the fuzzy
systems being studied.

To verify the efficacy of the suggested control technique,
two scenarios are presented.

Remark 5. The simulations are executed on a DELL com-
puter equipped with MATLAB/Simulink software. Itincludes
a 3.0 GHz processor, 8 GB of RAM and a 500 GB SSD.

Scenario 1. Step trajectory tracking for the UAV and manip-
ulator in the presence of parametric uncertainty, actuator
faults and external disturbances.
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Table 2. Comparative study.

Proposed control scheme

Other control approaches Corresponding papers

The closed-loop system exhibits global asymptotic stability,
and the tracking error converges exponentially to the
origin owing to the accurate approximation based on

type-2 fuzzy systems

Considers four types of actuator defects: bias, drift,
accuracy loss and effectiveness loss

A nonlinear disturbance observer aims to compensate for
external disturbances, while the suggested adaptive
type-2 fuzzy systems are used to compensate for actuator
defects and model uncertainties, respectively

The absence of a fault detection and isolation (FDI) module

The closed-loop system exhibits uniform ultimate boundedness [10,13,37,49,56]
(UUB) stability, and the tracking error converges
exponentially just to a compact set, attributable to the

residual components from estimation

results in the controller automatically managing actuator
faults by adjusting its operations to mitigate the negative
impacts. Additionally, the time delay associated with

detection is eliminated

No information is required for actuator malfunctions since

the controller updates live to mitigate the impact

It is assumed that the control gain is an unknown nonlinear

The applicability of these methods is restricted to one or two [46,47,49,50,52]
types of actuator defects
The disturbance is characterized as an exogenous neutral, [30,36,44]

stable system, or it has been approximated accordingly.
Authors assumed that the time-derivative of the
disturbances must remain bounded

The FDI module is utilized for fault detection and isolation [14]
Need actuator fault models [50,53,54]
The control gain is a straightforward constant that restricts the [51,52,55,57]

function scope of the systems under consideration
Table 3. Physical parameters of the MMUAV [62].
Parameters Values Description
m 3.2Kg UAV mass
m, 0.2Kg Mass of link 1 of the manipulator
m, 0.22Kg Mass of link 2 of the manipulator
Ly, 1, 28.7 x 1073 Kg-m?,20.6 x 1073 Kg-m?,20.6 x 1073 Kg-m?  UAV inertia
1,1, 8.6 X 10"3Kg-m?, 7.8 X 1073 Kg- m? Links inertias of the manipulator
l 0.35m UAV arm length
1,1, 0.21m,0.21m Manipulator links lengths
g 9.81m/s? Gravity
cy 0.06 Torque gain related to the generated torque by six rotors.
Table 4. Control parameters.
Parameters Values
Aypyq forn=0,..,5 1
A5 diag[0.8,0.1]
Kypeiforn=0,..,5 1
ki3 diag[20, 20]
Nonsq forn=0,..,5 0.1
M3 0.1
ayform=1,..,6 100
a;, 100
a;, 100
Ay, 150
A, 150
Ay 150
Ay, 150
Kkpform=1,..,6 120

K7

diag[120,120]
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In this Scenario 1, actuator faults in MMUAV are gen-
erated using the additive and multiplicative faults model
described in Table 1, where the loss of control effectiveness
faults are injected to U, U,, U; and U, att = 25s,t = 505,
t = 75sand t = 100s, respectively. Subsequently, similar
faults are intentionally introduced to 7(t) = [t (t)7,(t)]" at
t = 125s. In order to assess the robustness of the suggested
control approach against uncertainties in the model parame-
ters, we are considering a 90% variation in the mass m, 70%
variation in the mass m; and 70% variation in the mass m,
att = 60 s. Besides, the equations of the MMUAV model take
into consideration the external disturbances. Interruptions
can occur when the MMUAV is flying outside due to wind
gusts. Consequently, the disturbing expressions are consid-
ered at time t = 20s as sinusoidal waves of different fre-
quencies, given as [70]

a,(t) = 0.5co0s(0.4t) + 1,
as;(t) = 0.5c0s(0.7t) + 1,
a,(t) = 0.5co0s(0.7t) + 0.7 cos(0.3t),

J as(t) = —0.08 cos(0.1013t — 3.043) + 0.1sin(0.448t
—13.464) + 0.05sin(1.5708t — 15m),

ag(t) = 0.05 cos(0.4t) + 0.05 cos(0.7¢t),
a,(t) = [Scos(0.4t) +1 5cos(0.4t) +1]".

a,(t) = 0.5cos(0.5t) + 1,

(103)
Evolution of x real vs x desired
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Fig. 6.

The trajectory tracking of the MMUAV is shown in Figs. 6
and 7, when there are numerous actuator problems, uncer-
tainties and external disturbances. The PT2FASMC is able to
adequately handle these faults such that the tracking perfor-
mance remains unchanged and the tracking errors eventu-
ally converge to zero. In reality, it is not possible to provide
appropriate trajectory tracking for the provided reference
command using CSMC in the event of actuator faults, uncer-
tainties and external disturbances. In addition, the CSMC
tracks the reference command with considerable oscillations
as presented in Fig. 6, and it has the weakest tracking perfor-
mance once faults arise. Due to the fact that yaw and height
motion is affected by four actuators, when faults occur in
the actuators, (x, y, z,v, q4, ;) positions are more affected
than (¢, 8). Also, as shown in Figs. 8-10, the CSMC requires
greater control efforts than the PT2FASMC to keep the sys-
tem tracking performance stable, since the discontinuous
control gain increases. Chattering from the controls may
potentially cause the system to become unstable by trigger-
ing unwanted dynamics.

The capability of the developed disturbance observer
is shown in Figs. 11 and 12, which illustrate the estimated
terms of external disturbances. The global trajectory in 3D
is depicted in Fig. 13. In Figs. 14(a)-14(d) and 15(a)-15(d),
we see an asymptotic convergence for the sliding surfaces
toward the origin of the proposed PT2FASMC. In contrast to
the CSMC, there is a divergence of sliding surfaces.
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lo’ 0.3 1 )
o i N,
S02 : B T B Y A WY
[7]
¢ { Vi WAy
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(x, ¥, z) positions and yaw angle (1) outputs of the UAV in the presence actuator faults, uncertainties and external disturbances (Scenario 1).
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Evolution of phi angle
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Evolution of input F2

Roll and pitch angles (¢, 8) of the UAV and q, and q, angles of the outputs manipulator in the presence actuator faults, uncertainties and external
disturbances (Scenario 1).
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Fig. 8. The six input forces of the UAV (Scenario 1).
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Fig. 9. Control inputs of the UAV (Scenario 1).

Scenario 2. Sine trajectory tracking for the UAV and manip-
ulator in the presence of parametric uncertainty, actuator
faults and external disturbances.

In Scenario 2, a sinusoidal desired trajectory is consid-
ered as [70]: x; = 0.5 cos(’zr—;), yqg = 05 sin(’zr—g), zZg =
3 - 2cos(72[—g), Yy 0.5 g4 = 12 cos(%) + 11cos(3)
and q,; = 12 sin(é) + 11 sin(%), the actuator faults in the
MMUAV are created using the additive and multiplicative

faults model outlined in Table 1. Specifically, loss of control
effectiveness faults are introduced to U,, U,, U3 and U, at
certain times: t = 5s,t = 10s,t = 15sandt = 20s,
respectively. Following that, a deliberate introduction of a
similar fault is made to 7(t) = [t,(t) 7,(t)]" att = 20s. To
evaluate the effectiveness of the proposed control method in
dealing with uncertainties in the model parameters, we will
examine a 90% change in the mass m, a 70% change in the
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Fig. 10. Torque control inputs of the manipulator (Scenario 1).
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Fig. 11.

mass m; and a 70% change in the mass m, att = 5s.In
addition, the unsettling expressions in (103) has been added
att = 20s. The tracking performance of the MMUAV heli-
copter in the faulty situation is shown in Figs. 16 and 17.
The PT2FASMC can keep the system working well even when
there are multiple actuator faults, parametric uncertainties
and disturbances from the outside. This is achieved through

Evolution of external disturbance alpha2 and its estimate

TR AAA
L VYUYV

0 — Estimated of alpha2| |
—-—-alpha2
0% 50 100 150
Time(sec)
(b)

Evolution of external disturbance alpha4 and its estimate

2 —_— E‘stimated of alpha4 ]
—-—-alpha4
a1 f A
2o [
S
oI | VT R T
-1 v v
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Time(sec)
(d)

a4, a,, a; and a, estimation (Scenario 1).

the implementation of a designed disturbance observer and
adaptive control schemes. Additionally, the PT2FASMC is
able to suppress control chattering by maintaining a small
discontinuous control gain, as depicted in Figs. 18-20. How-
ever, when actuator problems happen, the CSMC cannot only
make sure that the desired reference command is tracked if
they are focused on dealing with parametric uncertainties
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Fig. 13. 3D Position tracking result of the UAV.

and outside disturbances. Figures 18-20 display the control
inputs of the actuators using the two techniques. Control
chattering happens in the CSMC when a discontinuous con-
trol approach is used too much to deal with actuator prob-
lems, parametric uncertainties and disturbances from the
outside. Moreover, the introduction of additional uncertain

alpha6(rad/s2)

N

o

.
o

10

Evolution of external disturbance alpha6 and its estimate

1
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0 H
—-—-alpha6
5
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Evolution of external disturbance alpha72 and its estimate
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NN NN NN NN
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5
Time(sec)

(d

VTV

00

150

elements into the system exacerbates the oscillation of the
system output via CSMC.
Figures 21 and 22 depict the estimated components
of external disturbances, showing the effectiveness of the
constructed disturbance observer. Figure 23 illustrates
the global path in three dimensions. Figures 24(a)-24(d)
and 25(a)-25(d) illustrate an asymptotic convergence of
the sliding surfaces toward the origin of the proposed
PT2FASMC. Unlike the CSMC, there exists a divergence of
sliding surfaces.
To examine the two control laws, we define criteria J;
and J, in (104) and (105) according to the applied control.
They are considered energy criteria to justify the chattering
mitigation:

1

N =

J2

N[ =

14
Z uTy,
k=1

14
Z Tt
k=1

(104)

(105)

The CSMC requires significant energy, as seen by criterions

J; and J, in Table 5. In addition, as we said previously, this

control is at high frequencies, which gives rise to chattering.
In addition, the calculation of the equivalent control requires
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Table 5. Comparison of chattering mitiga-
tion between the CSMC and PT2ASMC with

p = 4500.

Controller Criterion J; Criterion J,
CSMC 6.13 x 10* 5.73 x 10*
PT2ASMC 1.03 x 10* 2.28 x 10*

knowledge of the model of the system to be controlled, which
is considered a limitation of this control method.

The disadvantages and limitations of the proposed con-
trol approach can be summarized as follows:

o Complexity: The disturbance observer-based adaptive
type-2 fuzzy fault tolerant control is more difficult than
other control systems due to its sophisticated algorithms
and design, which require real-time adaptation to dynamic
changes.

¢ Constraints in fast changes: In the face of fast system
changes, the proposed control approach may need time to
adjust, hence impacting performance.

e Problems involving significant system uncertainties:
While the proposed control algorithm demonstrates
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Sliding surfaces evolution along ¢, 0, q, and q, angles (Scenario 2).

robustness, it may encounter challenges in sustaining sys-
tem performance under conditions of significant system
uncertainties.

* Augmented initial investment: The sophisticated fea-
tures of disturbance observer-based adaptive type-2 fuzzy
fault-tolerant control result in a generally higher cost than
conventional control systems.

8. Performances Comparison With Other
Approaches

To make a quantitative comparison between the proposed
control method and the controllers proposed in Refs. [45,46,
55], three well-known performance criteria are used. These
are the integral of square error (ISE), integral of the absolute
value of the error (IAE) and integral of the time multiplied by
the absolute value of the error (ITAE). The obtained values
for each criterion are summarized in Table 6 and Fig. 26. It is
noted that the proposed control method offers the smallest
values control of ISE, IAE and ITAE. In contrast, the proposed
control strategy in Refs. [45,46,55] presents the largest val-
ues of ISE, IAE and ITAE for UAV position (x, y, z). It can be
seen that the system performances are better when using the
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Table 6. Values of the performance criteria of the proposed control method and the control strategies pro-
posed in Refs. [45,46,55] in faulty operation and in the presence of parametric uncertainties and external

disturbances.
Control Method UAV position (x) UAV position (y) UAV position (z)
ISE
Proposed control strategy in [45] 1.37 1.26 1.08
Proposed control strategy in [46] 1.25 1.14 0.95
Proposed control strategy in [55] 1.13 1.05 0.86
Proposed control method 0.12 0.11 0.012
IAE
Proposed control strategy in [45] 4.63 3.8 0.708
Proposed control strategy in [46] 3.85 2.25 0.910
Proposed control strategy in [55] 3.23 2.05 0.805
Proposed control method 1.34 1.02 0.12
ITAE
Proposed control strategy in [45] 29.36 22.7 9.38
Proposed control strategy in [46] 25.12 18.5 8.15
Proposed control strategy in [55] 21.32 11.05 6.43
Proposed control method 10.24 7.21 1.32
3 The discontinuous control strategy of sliding mode control
30 is greatly decreased by using type-2 fuzzy adaptive control
parameters in both continuous and discontinuous control
25 4 . . . .
sections, preventing chattering phenomena in the control
20 1 signals. In addition, by combining the suggested disturbance
ISE . . . T
5 ] :.iE observer with the established adaptive type-2 fuzzy sliding
ITAE mode control, the discontinuous control gain of sliding mode
101 control is decreased even more. This effectively reduces the
5 | chattering phenomena issue while still ensuring the accu-
. rate tracking capability of the MMUAV. The control technique
Proposed control Proposed control Proposed control Proposed control described in this Study has a much hlgher level of robust-
strategy in [45] strategy in [46] strategy in [55] method

ness when compared to earlier research, particularly in deal-
Fig. 26. ISE, IAE and ITAE Histogram of the proposed control algorithm, ing with actuator defects, model uncertainties and external
and the control strategies proposed in Refs. [45,46,55]. disturbances. The efficacy and benefits of the proposed con-

troller are confirmed and justified by numerical simulation

tests. These simulations compare the performance of the
proposed PT2FASMC as compared to the proposed control  controller with a conventional sliding mode controller. The
strategy in Refs. [45,46,55]. MMUAV is subjected to fluctuations in the masses (m, m; and
m,), varied levels of actuator failures, and unknown external
disturbances during these tests.

9. Conclusion

In this work, an adaptive type-2 fuzzy sliding mode con- ORCID

trol strategy based on a disturbance observer for MMUAV )

targets various actuator defects, parametric uncertain- Samir Zeghlache

ties and external disturbances while reducing the chat- il lhft{tp};s:{/0rc1d.0rg/0000-0002-3041-9473
ilal Rahali

tering phenomenon. Separate processes are employed to )
overcome actuator faults, parametric uncertainties and https://orcid.org/0000-0003-1741-3445
external disturbances. Specifically, the suggested adaptive  Ali Djerioui

control strategies are used to accommodate parametric https://orcid.org/0000-0001-9597-5975
uncertainties and actuator faults, while the developed distur- Loutfi Benyettou

bance observer is employed to reduce external disturbances. https://orcid.org/0009-0009-6713-0401
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