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This work introduces a control approach for amobilemanipulator 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 ef iciency of
the suggested control approach.
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1. Introduction

Unmanned aerial vehicles (UAVs) have been increasingly
used in many sectors over the last several decades. These
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sectors include traf ic surveillance [1, 2], conveyance of pay-
loads [3, 4], agricultural precision [5], management, control
and extinguishingwild ires [6], monitoring [7,8] and coordi-
nated exploration [9]. So, a signi icant number of these uses
are implemented in settings that need the highest levels of
safety.

Furthermore, the increasing complexity of UAVs has
prompted academics and manufacturers to focus more on
their reliability and security [10]. Generally, UAVs are exten-
sively used in hazardous and complicated situations at work,
adding more dangers to their dependability and safety. The
development of the last generation of UAVs necessitates the
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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 receivedmuch 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 tomaintain 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 andoutside disturbances are problems that have

yet to be fully studied, even though the control systemsmen-

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 aimof 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 effectivelyminimize disturbances fromboth 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 ofmodel systems and

outside perturbations as a single disturbance. When deal-

ing withmultiple 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 thiswork lies in its ability tomaintain

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,

whichwas 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 systemsmore fault-tolerant. Thework in [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.

Themotivation 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 ormodel 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-newdisturbance observer-

based adaptive fault-tolerant controlmethod that can handle

actuator defects, parametric uncertainties and external dis-

turbances simultaneously, making the systemmore 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’smain

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 amethod of control inwhich the con-

troller adjusts to the controlled system, accommodating

variations in parameters or addressing initial uncertain-

ties. Anadaptive controller for theoctorotor andquadro-

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 controlmethod 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

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

developeddisturbance 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. Thismakes

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-

ingmode 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]).

𝑡𝑓 reflects the moment at which the actuator fails,

whereas 𝛽 indicates its coefficient of accuracy such that 𝛽 ∈

[−𝛽̄0, 𝛽̄0], where 𝛽̄0 > 0. Also 𝑘̄ ≤ 𝑘 ≤ 1, with 𝑘̄ > 0 denotes

the minimal level of actuator capability, in which 𝛽 and 𝑘 are

progressively varying, respectively, inside [−𝛽̄0, 𝛽̄0] and [𝑘̄, 1]

[61]. Table 1 illustrates many circumstances that might lead

to actuator defeat in an MMUAV system. The dynamic model

Table 1. Actuator faults [61].

Actuators Types of faults Conditions Names of faults

𝑈𝑖(𝑡), 𝑖 = 1,… , 4 𝑈𝑖(𝑡) + 𝛽𝑖(𝑡) 𝛽̇𝑖(𝑡) = 0, 𝛽𝑖(𝑡𝑓) ≠ 0 Bias (lock in place)

𝜏𝑗(𝑡), 𝑗 = 1, 2 𝜏𝑗(𝑡) + 𝜗𝑗(𝑡) 𝜗̇𝑗(𝑡) = 0, 𝜗𝑗(𝑡𝑓) ≠ 0

𝑈𝑖(𝑡) + 𝛽𝑖(𝑡) |𝛽𝑖(𝑡)| = 𝜉𝑖𝑡, 0 < 𝜉𝑖 ≪ 1 for all 𝑡 ≥ 𝑡𝑓 Drift

𝜏𝑗(𝑡) + 𝜗𝑗(𝑡) |𝜗𝑗(𝑡)| = 𝛼𝑗𝑡, 0 < 𝛼𝑗 ≪ 1 for all 𝑡 ≥ 𝑡𝑓

𝑈𝑖(𝑡) + 𝛽𝑖(𝑡) |𝛽𝑖(𝑡)| < 𝛽̄0𝑖, 𝛽̇𝑖(𝑡) → 0 for all 𝑡 ≥ 𝑡𝑓 Loss of accuracy

𝜏𝑗(𝑡) + 𝜗𝑗(𝑡) |𝜗𝑗(𝑡)| < 𝜗̄0𝑗, 𝜗̇𝑗(𝑡) → 0 for all 𝑡 ≥ 𝑡𝑓

𝑘𝑖(𝑡)𝑈𝑖(𝑡) 0 < 𝑘̄𝑖 ≤ 𝑘𝑖(𝑡) ≤ 1 for all 𝑡 ≥ 𝑡𝑓 Loss of effectiveness

Δ𝑗(𝑡)𝜏𝑗(𝑡) 0 < Δ̄𝑗 ≤ Δ𝑗(𝑡) ≤ 1 for all 𝑡 ≥ 𝑡𝑓
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of the MMUAV is obtained in [62] by using Newton–Euler

method expressed as
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(1)

where 𝜏𝑓(𝑡) = [𝜏1𝑓(𝑡) 𝜏2𝑓(𝑡)]
𝑇.

To characterize the malfunctioning actuator for the dif-

ficulties mentioned in Table 1 [61], a short formmay be used

as follows:

𝑈𝑖𝑓(𝑡) = 𝑘𝑖(𝑡)𝑈𝑖(𝑡) + 𝛽𝑖(𝑡) for 𝑖 = 1,… , 4, (2)

𝜏𝑗𝑓(𝑡) = Δ𝑗(𝑡)𝜏𝑗(𝑡) + 𝜗𝑗(𝑡), for 𝑗 = 1, 2. (3)

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

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

lowing way:
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× {𝜏1(𝑡)(𝜎1(𝑡) − 1) + 𝜏2(𝑡)(𝜎2(𝑡) − 1)

+𝜗1(𝑡) + 𝜗2(𝑡)},

Γ3(𝑡) =
−1

𝐼𝑧𝑧
{(𝑘3(𝑡) − 1)𝑈3(𝑡) + 𝛽3(𝑡)},

Γ4(𝑡) =
(𝑐(𝜃)𝑐(𝜑))

𝑚𝑇

{(𝑘4(𝑡) − 1)𝑈4(𝑡) + 𝛽4(𝑡)},

Γ5(𝑡) =
(𝑠(𝜓)𝑠(𝜑) + 𝑐(𝜓)𝑠(𝜃)𝑐(𝜑))

𝑚𝑇

× {(𝑘4(𝑡) − 1)𝑈4(𝑡) + 𝛽4(𝑡)},

Γ6(𝑡) =
(𝑠(𝜓)𝑠(𝜃)𝑐(𝜑) − 𝑐(𝜓)𝑠(𝜑))

𝑚𝑇

× {(𝑘4(𝑡) − 1)𝑈4(𝑡) + 𝛽4(𝑡)},

Γ7(𝑡) = [(𝜎1(𝑡) − 1)𝜏1(𝑡)

+𝜗1(𝑡) (𝜎2(𝑡) − 1)𝜏2(𝑡) + 𝜗2(𝑡)]
𝑇.

Γ1(𝑡), … , Γ7(𝑡) describe the actuator faults effects.

𝑑1(𝑡), … , 𝑑7(𝑡) indicate external disturbances and

uncertainties.

The roll angle, pitch angle and yaw angle are repre-

sented by the Euler angles 𝜑, 𝜃 and 𝜓, respectively. 𝑥, 𝑦 and

𝑧 present the position of the origin of the body fixed-frame

{𝑜𝑖}with respect to the inertial frame {𝑜𝑣} (Figs. 1 and 2), 𝑞 =

[𝑞1 𝑞2]
𝑇 indicates the angular position of the manipulator.

The MMUAV system’s overall mass is denoted by 𝑚𝑇,

with

𝑚𝑇 = 𝑚 +𝑚1 +𝑚2, (5)

where the hexacopter’s mass is denoted by (𝑚), (𝑚1) rep-

resents the mass of link 1, and (𝑚2) represents the mass of

link 2.

The control inputs (𝑈1(𝑡), 𝑈2(𝑡), 𝑈3(𝑡), 𝑈4(𝑡)) are pro-

vided as follows:

⎧
⎪
⎪

⎨
⎪
⎪
⎩

𝑈1(𝑡) =
𝑙√3

2
(−𝐹2 − 𝐹3 + 𝐹5 + 𝐹6),

𝑈2(𝑡) =
𝑙

2
(2𝐹1 + 𝐹2 − 𝐹3 − 2𝐹4 − 𝐹5 + 𝐹6),

𝑈3(𝑡) = 𝑐𝑣(𝐹1 − 𝐹2 + 𝐹3 − 𝐹4 + 𝐹5 − 𝐹6),

𝑈4(𝑡) = 𝐹1 + 𝐹2 + 𝐹3 + 𝐹4 + 𝐹5 + 𝐹6,

(6)
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Fig. 1. Hexacopter configuration [62].

Fig. 2. Planar manipulator configuration [62].

where (𝐹1, … , 𝐹6) represents the forces generated by the six

rotors, and 𝑐𝑣 is the torque gain associated with the torque

produces by six rotors. (𝐼𝑥𝑥, 𝐼𝑦𝑦, 𝐼𝑧𝑧) represents the MMUAV

inertia moments, which are written as

⎧
⎪
⎪

⎨
⎪
⎪
⎩

𝐼𝑥𝑥 = 𝐼𝑥 +
𝑚1𝑙

2
1𝑠

3(𝑞1)

3
+
𝑚2𝑙

2
2𝑠

3(𝑞2)

3
+ 𝑚2𝑙

2
1𝑠

2(𝑞1),

𝐼𝑦𝑦 = 𝐼𝑦 +
𝑚1𝑙

2
1

3
+
𝑚2𝑙

2
2

3
+𝑚2𝑙

2
1 ,

𝐼𝑧𝑧 = 𝐼𝑧 +
𝑚1𝑙

2
1𝑐

3(𝑞1)

3
+
𝑚2𝑙

2
2𝑐

3(𝑞2)

3
+ 𝑚2𝑙

2
1𝑐

2(𝑞1).

(7)

The hexacopter inertia moments are represented by 𝐼𝑥, 𝐼𝑦
and 𝐼𝑧.

The manipulator’s inertia matrix is given as

𝑀(𝑞) = �
𝑀11 𝑀12

𝑀21 𝑀22
� (8)

with

𝑀11 = 𝑚1 �
𝑙1

2
�

2

+𝑚2(𝑙
2
1 + 𝑙1𝑙2(1 + 𝑐(𝑞2))) + 𝐼1 + 𝐼2,

𝑀12 = 𝑀21 = 𝑚2 �
𝑙2

2
�

2

+ �
𝑙1

2
��

𝑙2

2
)𝑐(𝑞2� + 𝐼2,

𝑀22 = 𝑚2 �
𝑙2

2
� + 𝐼2.

𝐼1 and 𝐼2 represent the inertia of each individual link in the

manipulator.

The Coriolismatrix and the centrifugal forces exerted by

the manipulator are expressed as

𝐶(𝑞, 𝑞̇) = �
𝐶11 𝐶12

𝐶21 𝐶22
� , (9)

where

⎧
⎪

⎨
⎪
⎩

𝐶11 = −𝑚2𝑙1𝑙2𝑞̇2𝑠(𝑞2),

𝐶12 = −𝑚2𝑙1𝑙2(𝑞̇1 + 𝑞̇2)𝑠(𝑞2),

𝐶21 = −𝑚2𝑙1𝑙2𝑞̇1𝑠(𝑞2),

𝐶22 = 0.

The gravitational vector is given as follows:

𝐺 = [𝐺1 𝐺2]
𝑇 (10)

with

⎧
⎪
⎪

⎨
⎪
⎪
⎩

𝐺1 = �𝑚1 �
𝑙1

2
� +𝑚2𝑙1�𝑔𝑐(𝑞1) + �𝑚2 �

𝑙2

2
��

× 𝑐(𝑞1 + 𝑞2),

𝐺2 = �𝑚2 �
𝑙2

2
��𝑔𝑐(𝑞1 + 𝑞2).

Themanipulator’s control torque vector is denoted by 𝜏(𝑡) =

[𝜏1(𝑡) 𝜏2(𝑡)]
𝑇.

The friction forces vector is written as

𝐹(𝑞̇) = 0.02[sign(𝑞̇1) sign(𝑞̇2)]
𝑇, (11)

where (𝜏1, 𝜏2) stands the torque exerted by each link of the

manipulator.

The expression of the torque 𝜏𝑟 generated by themanip-

ulator which affects the hexacopter is given as

𝜏𝑟 = 𝜏1 +𝑚2𝑔�
𝑙1

2
� 𝑐(𝑞1)

+𝑚2𝑔�
𝑙2

2
� 𝑐(𝑞1 − 𝑞2) + 𝜏2. (12)
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The displacements of the centers of mass generated by the

position of the manipulator are expressed as follows:

𝐶𝑥 =
𝑙1𝑐(𝑞1) �

𝑚1

2
+𝑚2� + 𝑚2

𝑙2
2
𝑐(𝑞1 − 𝑞2)

𝑚𝑇

, 𝐶𝑦 = 0,

(13)

𝐶𝑧 =
𝑙1𝑠(𝑞1) �

𝑚1

2
+𝑚2� + 𝑚2

𝑙2
2
𝑠(𝑞1 − 𝑞2)

𝑚𝑇

. (14)

3. Conventional Sliding Mode Control of MMUAV

System

The MMUAV mathematical model (14) may be expressed in

state space form as follows:

𝑋̇ = 𝑓(𝑋, 𝑈(𝑡), 𝜏(𝑡)) + Γ(𝑡) + 𝐷(𝑡). (15)

The state vector may be expressed as follows:

𝑋 = [𝑥1 𝑥2 𝑥3 𝑥4 𝑥5 𝑥6 𝑥7 𝑥8 𝑥9 𝑥10 𝑥11 𝑥12 𝑥13 𝑥14]
𝑇

∈ ℜ14,

(16)

where

⎧
⎪

⎨
⎪
⎩

𝑥1 = 𝜑, 𝑥4 = 𝜃̇, 𝑥7 = 𝑧, 𝑥10 = 𝑥̇,

𝑥13 = 𝑞, 𝑥2 = 𝜑̇, 𝑥5 = 𝜓, 𝑥8 = 𝑧̇,

𝑥11 = 𝑦, 𝑥14 = 𝑞̇, 𝑥3 = 𝜃,

𝑥6 = 𝜓̇, 𝑥9 = 𝑥, 𝑥12 = 𝑦̇.

The input vectors are determined by

�
𝑈(𝑡) = [𝑈1(𝑡) 𝑈2(𝑡) 𝑈3(𝑡) 𝑈4(𝑡)]

𝑇 ∈ ℜ4,

𝜏(𝑡) = [𝜏1(𝑡) 𝜏2(𝑡)]
𝑇 ∈ ℜ2.

(17)

The failures in actuators that affect the movement of the

MMUAV have the following effects:

Γ(𝑡) = [0 Γ1(𝑡) 0 Γ2(𝑡) 0 Γ3(𝑡) 0 Γ4(𝑡) 0 Γ5(𝑡)

0 Γ6(𝑡) 0Γ7(𝑡)]
𝑇 ∈ ℜ14. (18)

The external disturbances and uncertainties vector is given

as

𝐷(𝑡) = [0 𝑑1(𝑡) 0 𝑑2(𝑡) 0 𝑑3(𝑡) 0 𝑑4(𝑡) 0 𝑑5(𝑡)

0 𝑑6(𝑡) 0 𝑑7(𝑡)]
𝑇 ∈ ℜ14 (19)

with

𝑑7(𝑡) = �
𝑑71(𝑡)

𝑑72(𝑡)
� .

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

𝑓(𝑋, 𝑈(𝑡), 𝜏(𝑡))

=

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

𝑥2

�
𝐼𝑦𝑦 − 𝐼𝑧𝑧

𝐼𝑥𝑥
� 𝑥4𝑥6 −

𝑈1(𝑡) − 𝜏𝑟

𝐼𝑥𝑥
𝑥4

�
𝐼𝑧𝑧 − 𝐼𝑥𝑥

𝐼𝑦𝑦
� 𝑥2𝑥6 +

𝑔(𝑚1 +𝑚2)𝐶𝑧 sin(𝑥3)

𝐼𝑥𝑥
−
𝑈2(𝑡) − 𝜏𝑟

𝐼𝑦𝑦
𝑥6

�
𝐼𝑥𝑥 − 𝐼𝑦𝑦

𝐼𝑧𝑧
� 𝑥1𝑥4 −

𝑈3(𝑡)

𝐼𝑧𝑧
𝑥8

(cos(𝑥1) cos(𝑥3))
𝑈4(𝑡)

𝑚𝑇

− 𝑔

𝑥10

(sin(𝑥5) sin(𝑥1) + cos(𝑥5) sin(𝑥3) cos(𝑥1))
𝑈4(𝑡)

𝑚𝑇

𝑥12

(sin(𝑥2) sin(𝑥3) cos(𝑥1) − cos(𝑥5) sin(𝑥1))
𝑈4(𝑡)

𝑚𝑇

𝑥14

𝑀−1(𝑥13)(𝜏(𝑡) − 𝐶(𝑥13, 𝑥14)𝑥14 − 𝐺(𝑥13) − 𝐹(𝑥14))

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

.

3.1. Virtual control

TheMMUAV’s dynamic model consists of six different inputs

(𝑈1(𝑡) 𝑈2(𝑡) 𝑈3(𝑡) 𝑈4(𝑡)), (𝜏1(𝑡)𝜏2(𝑡)) and eight outputs

(𝜑 𝜃𝜓 𝑧 𝑥 𝑦 𝑞1 𝑞2). Hence, theMMUAVmay 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 (𝜓 𝑧 𝑥 𝑦 𝑞1 𝑞2) to track the desired positions and sta-

bilize the roll and pitch angles (𝜑 𝜃). In order to address this

problem, it is necessary to include two more virtual control

inputs (𝑈5(𝑡) 𝑈6(𝑡)) into the existing six control inputs of the

MMUAV. Thiswill enable individualmanagement of each out-

put. The virtual control inputs (𝑈5(𝑡) 𝑈6(𝑡)) represent the

correlation between pitch-𝑥movement and roll-𝑦movement

[45].

𝑈5(𝑡) = (𝑠(𝑥5)𝑠(𝑥1) + 𝑐(𝑥5)𝑠(𝑥3)𝑐(𝑥1)), (20)

𝑈6(𝑡) = (𝑠(𝑥2)𝑠(𝑥3)𝑐(𝑥1) − 𝑐(𝑥5)𝑠(𝑥1)). (21)

By using Eqs. (20) and (21), we obtain

�

𝜑𝑑 = arcsin(𝑈5𝑠(𝑥5) − 𝑈6𝑐(𝑥5)),

𝜃𝑑 = arcsin�
𝑈5𝑐(𝑥5) + 𝑈6𝑠(𝑥5)

𝑐(𝜑𝑑)
� .

(22)

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 (𝜑𝑑 𝜃𝑑). Figure 3
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Fig. 3. Controlled the motion of an MMUAV utilizing virtual control.

displays the actuated MMUAV, which has eight inputs

(𝑈1(𝑡) 𝑈2(𝑡) 𝑈3(𝑡) 𝑈4(𝑡) 𝑈5(𝑡) 𝑈6(𝑡)) and (𝜏1(𝑡) 𝜏2(𝑡)), as

well as eight outputs (𝜑 𝜃 𝜓 𝑧 𝑥 𝑦 𝑞1 𝑞2).

From the state spacemodel (15), the subsequent config-

uration is feasible as follows:

⎧
⎪

⎨
⎪
⎩

𝑥̇2𝑛+1 = 𝑥2𝑚,

𝑥̇2𝑚 = 𝑓𝑚(𝑋) + 𝑔𝑚(𝑋)𝑈𝑚(𝑡) + 𝛿𝑚(𝑡),

𝑥̇13 = 𝑥14,

𝑥̇14 = 𝑓7(𝑥13, 𝑥14) + 𝑀−1(𝑥13)𝜏(𝑡) + 𝛿7(𝑡),

(23)

where 𝑛 = 0,… , 5, 𝑚 = 1,… , 6, 𝑓𝑚(𝑋) and 𝑓7(𝑥13, 𝑥14) are

unknown nonlinear functions defined as follows:

⎧
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪

⎨
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪

⎩

𝑓1(𝑋) = �
𝐼𝑦𝑦 − 𝐼𝑧𝑧

𝐼𝑥𝑥
� 𝑥4𝑥6 −

𝜏𝑟

𝐼𝑥𝑥
, 𝑔1(𝑋) =

−1

𝐼𝑥𝑥
,

𝑓2(𝑋) = �
𝐼𝑧𝑧 − 𝐼𝑥𝑥

𝐼𝑦𝑦
� 𝑥2𝑥6 +

𝑔(𝑚1 +𝑚2)𝐶𝑧𝑠(𝑥3)

𝐼𝑥𝑥
−

𝜏𝑟

𝐼𝑦𝑦
,

𝑔2(𝑋) =
−1

𝐼𝑦𝑦
, 𝑓3(𝑋) = �

𝐼𝑥𝑥 − 𝐼𝑦𝑦

𝐼𝑧𝑧
� 𝑥1𝑥4,

𝑔3(𝑋) =
−1

𝐼𝑧𝑧
, 𝑓4(𝑋) = −𝑔, 𝑔4(𝑋) =

𝑐(𝑥1)𝑐(𝑥3)

𝑚𝑇

,

𝑓5(𝑋) = 0, 𝑔5(𝑋) =
𝑈4(𝑡)

𝑚𝑇

,

𝑓6(𝑋) = 0, 𝑔6(𝑋) =
𝑈4(𝑡)

𝑚𝑇

,

𝑓7(𝑥13, 𝑥14) = 𝑀−1(𝑥13)(−𝐶(𝑥13, 𝑥14)𝑥14

− 𝐺(𝑥13) − 𝐹(𝑥14)).

�
𝛿𝑚(𝑡) = Γ𝑚(𝑡) + 𝑑𝑚(𝑡),

𝛿7(𝑡) = Γ7(𝑡) + 𝑑7(𝑡).

(24)

The input vectors are specified as follows:

𝑈(𝑡) = [𝑈1(𝑡) 𝑈2(𝑡) 𝑈3(𝑡) 𝑈4(𝑡) 𝑈5(𝑡) 𝑈6(𝑡)]
𝑇 ∈ ℜ6,

𝜏(𝑡) = [𝜏1(𝑡) 𝜏2(𝑡)]
𝑇 ∈ ℜ.

(25)

The output vector is given as

𝑌 = [𝜑 𝜃 𝜓 𝑧 𝑥 𝑦 𝑞1 𝑞2]
𝑇 ∈ ℜ8. (26)

Γ𝑚(𝑡) and Γ7(𝑡) represent the consequences of actuator

defects, 𝑑𝑚(𝑡) and 𝑑7(𝑡) are the effects of external distur-

bances and uncertainties.

The state space model in (23) can be rewritten as

⎧
⎪

⎨
⎪
⎩

𝑥̇2𝑛+1 = 𝑥2𝑚,

𝑥̇2𝑚 = 𝐹𝑚(𝑋) + 𝑔𝑚(𝑋)𝑈𝑚(𝑡) + 𝛼𝑚(𝑡),

𝑥̇13 = 𝑥14,

𝑥̇14 = 𝐹7(𝑥13, 𝑥14) + 𝑀−1(𝑥13)𝜏(𝑡) + 𝛼7(𝑡),

(27)

where

𝐹𝑚(𝑋) = 𝑓𝑚(𝑋) + Γ𝑚(𝑡),

𝛼𝑚(𝑡) = 𝑑𝑚(𝑡),

𝐹7(𝑥13, 𝑥14) = 𝑓7(𝑥13, 𝑥14) + Γ7(𝑡),

𝛼7(𝑡) = �
𝛼71(𝑡)

𝛼72(𝑡)
� = 𝑑7(𝑡),

𝛼𝑚(𝑡) and 𝛼7(𝑡) are components that group the external dis-

turbances effects.

Assumption 1 ([31, 65]). The components that group the

faults and external disturbances effects 𝛿𝑚(𝑡) and 𝛿7(𝑡) in

(23) are unknown but bounded and defined as |𝛿𝑚(𝑡)| ≤

𝐷𝛼𝑚 for𝑚 = 1,… , 6 and |𝛿7(𝑡)| ≤ 𝐷𝛼7.

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 andmaintain its

proximity.

For the reference signals 𝑥(2𝑛+1)𝑑 and 𝑥13𝑑, we may

establish the following definitions for the tracking error vari-

ables and their temporal derivatives:

�

𝑒2𝑛+1 = 𝑥(2𝑛+1)𝑑 − 𝑥2𝑛+1, 𝑛 = 0,… , 5,

𝑒13 = 𝑥13𝑑 − 𝑥13,
(28)

�
𝑒̇2𝑛+1 = 𝑥̇(2𝑛+1)𝑑 − 𝑥2𝑚, 𝑛 = 0,… , 5,𝑚 = 1,… , 6,

𝑒̇13 = 𝑥̇13𝑑 − 𝑥14,

(29)

where 𝑥13𝑑 = 𝑞𝑑 = [𝑞1𝑑 𝑞2𝑑]
𝑇, 𝑥̇13𝑑 = 𝑞𝑑 = [𝑞̇1𝑑 𝑞̇2𝑑]

𝑇,

𝑥13 = 𝑞 = [𝑞1 𝑞2]
𝑇 and 𝑥14 = 𝑞̇ = [𝑞̇1 𝑞̇2]

𝑇.
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The sliding surfaces can be defined as

𝑠2𝑛+1 = 𝑒̇2𝑛+1 + 𝜆2𝑛+1(𝑥(2𝑛+1)𝑑 − 𝑥2𝑛+1), 𝑛 = 0,… , 5,

(30)

𝑠13 = 𝑒̇13 + 𝜆13(𝑥13𝑑 − 𝑥13) (31)

with 𝜆2𝑛+1 and 𝜆13 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:

�
𝑈𝑚(𝑡) = 𝑈𝑚,eq(𝑡) + Δ𝑈𝑚,

𝜏(𝑡) = 𝜏eq(𝑡) + Δ𝜏.
(32)

𝑈𝑚,eq(𝑡) and 𝜏eq(𝑡) represent the equivalent control com-

ponents, whereas Δ𝑈𝑚 and Δ𝜏 represent the discontinuous

control components used to achieve the intended sliding

movement.

The equivalent control parts𝑈𝑚,eq(𝑡) and 𝜏eq(𝑡) are con-

structed by setting 𝑠̇2𝑛+1 = 0 and 𝑠̇13 = 0, as shown in the

following:

𝑠̇2𝑛+1 = 𝑒̈2𝑛+1 + 𝜆2𝑛+1(𝑥̇(2𝑛+1)𝑑 − 𝑥̇2𝑛+1)

= 𝑥̈(2𝑛+1)𝑑 + 𝜆2𝑛+1(𝑥̇(2𝑛+1)𝑑 − 𝑥̇2𝑛+1) − 𝑥̇2𝑚,

𝑛 = 0, 5 and𝑚 = 1,… , 6,

(33)

𝑠̇13 = 𝑒̈13 + 𝜆13(𝑥̇13𝑑 − 𝑥̇13)

= 𝑥̈13𝑑 + 𝜆13(𝑥̇13𝑑 − 𝑥̇13) − 𝑥̇14. (34)

By replacing (23) into (33) and (34), the equivalent control

inputs may be computed as follows:

⎧
⎪
⎪

⎨
⎪
⎪
⎩

𝑈𝑚,eq(𝑡) =
1

𝑔𝑚(𝑋)
(𝑥̈(2𝑛+1)𝑑 + 𝜆2𝑛+1(𝑥̇(2𝑛+1)𝑑

− 𝑥̇2𝑛+1) − 𝑓𝑚(𝑋)),

𝜏eq(𝑡) = 𝑀(𝑥13){𝑥̈13𝑑 + 𝜆13(𝑥̇13𝑑 − 𝑥̇13)

− 𝑓7(𝑥13, 𝑥14)}.

(35)

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:

�
Δ𝑈𝑚 =

1

𝑔𝑚(𝑋)
𝑘2𝑛+1 sign(𝑠2𝑛+1),

Δ𝜏 = 𝑀(𝑥13)𝑘13 sign(𝑠13),

(36)

where

𝑘13 = �
𝑘131 0

0 𝑘132
� = diag{𝑘131, 𝑘132}

and 𝑘2𝑛+1 are positive design parameters.

The global control laws are formed by combining the

equivalent and discontinuous control components as fol-

lows:

⎧
⎪
⎪

⎨
⎪
⎪
⎩

𝑈𝑚(𝑡) =
1

𝑔𝑚(𝑋)
(𝑥̈(2𝑛+1)𝑑 + 𝜆2𝑛+1(𝑥̇(2𝑛+1)𝑑

− 𝑥̇2𝑛+1) − 𝑓𝑚(𝑋) + 𝑘2𝑛+1 sign(𝑠2𝑛+1)),

𝜏(𝑡) = 𝑀(𝑥13){𝑥̈13𝑑 + 𝜆13(𝑥̇13𝑑 − 𝑥̇13)

− 𝑓7(𝑥13, 𝑥14) + 𝑘13 sign(𝑠13)}.

(37)

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) as 𝑘2𝑛+1 ≥ 𝐷𝛼𝑚+𝜂2𝑛+1 for 𝑛 = 0, 5 and𝑚 = 1, 6 and

𝑘13 = diag{𝑘131, 𝑘132} ≥ diag{𝐷𝛼7 + 𝜂13, 𝐷𝛼7 + 𝜂13}.

Proof. Define the following Lyapunov candidate

functions as

𝑉1,2𝑛+1 =
1

2
𝑠22𝑛+1, 𝑛 = 0,… , 5, (38)

𝑉1,13 =
1

2
𝑠𝑇13𝑠13. (39)

The temporal derivatives of (38) and (39) are given as

𝑉̇1,2𝑛+1 = 𝑠2𝑛+1𝑠̇2𝑛+1, (40)

𝑉̇1,13 = 𝑠𝑇13𝑠̇13. (41)

By replacing (33) into (40), we yield

𝑉̇1,2𝑛+1 = 𝑠2𝑛+1(𝑥̈(2𝑛+1)𝑑 + 𝜆2𝑛+1(𝑥̇(2𝑛+1)𝑑 − 𝑥̇2𝑛+1)

− 𝑥̈(2𝑛+1)𝑑 − 𝑓𝑚(𝑋) − 𝜆2𝑛+1(𝑥̇(2𝑛+1)𝑑

− 𝑥̇2𝑛+1) + 𝑓𝑚(𝑋) − 𝑘2𝑛+1 sign(𝑠2𝑛+1)

−𝛼𝑚(𝑡)), 𝑚 = 1,… , 6

= 𝑠2𝑛+1(−𝑘2𝑛+1 sign(𝑠2𝑛+1) − 𝛼𝑚(𝑡))

≤ (−[𝐷𝛼𝑚 + 𝜂2𝑛+1]|𝑠2𝑛+1| − 𝑠2𝑛+1𝛼𝑚(𝑡)) < 0.

(42)

Replacing (34) into (41) leads to

𝑉̇1,13 = 𝑠𝑇13(𝑥̈13𝑑 + 𝜆13(𝑥̇13𝑑 − 𝑥̇13) − 𝑀−1(𝑥13)

× (𝑓7(𝑥13, 𝑥14)) − 𝑥̈13𝑑 − 𝜆13(𝑥̇13𝑑 − 𝑥̇13)

+𝑀−1(𝑥13)(𝑓7(𝑥13, 𝑥14)) − 𝑘13 sign(𝑠13) − 𝛼7(𝑡)

= 𝑠𝑇13(−𝑘13 sign(𝑠13) − 𝛼7(𝑡))

= (−(𝑘13 sign(𝑠13))
𝑇𝑠13 − 𝛼𝑇7(𝑡)𝑠13)
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≤ (−diag{(𝐷𝛼7 + 𝜂13), (𝐷𝛼7 + 𝜂13)}|𝑠13|

−𝛼𝑇7(𝑡)𝑠13) < 0.

(43)

Hence, by selecting small positive values of 𝜂2𝑛+1 and 𝜂13,

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. Slidingmode controlmaymitigate fault and dis-

turbance effects, but only if the discontinuous control gains

𝑘2𝑛+1 and 𝑘13 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 𝑘2𝑛+1 and 𝑘13.

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 𝑔𝑚(𝑋), 𝑓𝑚(𝑋), 𝑀𝑖𝑗(𝑥13) and

𝑓7𝑖(𝑥13, 𝑥14) for 𝑚 = 1,… , 6 and (𝑖, 𝑗) = 1, 2 are estimated

using adaptive type-2 fuzzy systems and local state variables

specific to each subsystem.

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

𝑈𝑚(𝑡) =
1

𝑔𝑚(𝑋)
(𝑥̈(2𝑛+1)𝑑 + 𝜆2𝑛+1(𝑥̇(2𝑛+1)𝑑

− 𝑥̇2𝑛+1) − 𝑓𝑚(𝑋) + 𝑘2𝑛+1 sign(𝑠2𝑛+1)),

𝜏(𝑡) = �
𝜏1(𝑡)

𝜏2(𝑡)
� = �

𝑀11(𝑥13) 𝑀12(𝑥13)

𝑀12(𝑥13) 𝑀22(𝑥13)
�

× �𝑥̈13𝑑 + 𝜆13(𝑥̇13𝑑 − 𝑥̇13)

− �
𝑓71(𝑥13, 𝑥14)

𝑓72(𝑥13, 𝑥14)
� + 𝑘13 sign(𝑠13)� .

(44)

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

set is included, whichmeans 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

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 systemwith 𝑛 inputs, 𝑥 = [𝑥1, … , 𝑥𝑛] ∈ ℜ𝑛, 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:

𝑅𝐿 ∶ if 𝑥1 is 𝐹̃
𝐿
1 and … and 𝑥𝑛 is 𝐹̃

𝐿
𝑛

then 𝑦𝐿 = 𝐶𝐿 𝐿 = 1,… ,𝑁. (45)

The antecedent linguistic phrases, denoted as 𝐹̃𝐿1 , 𝐹̃
𝐿
2 , … , 𝐹̃𝐿𝑛 ,

are represented by interval type-2 Gaussian fuzzy sets, as

seen in Fig. 5. The output of the 𝐿th rule 𝑅𝐿, is denoted as 𝑦𝐿,

whereas the consequent parameter, 𝐶𝐿, 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

Fig. 5. Interval type-2 Gaussian membership functions for the antecedent

sets.
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upper MF 𝜇̄𝐹̃𝐿𝑝
(𝑥𝑝) and the lower MF 𝜇

𝐹̃𝐿𝑝
(𝑥𝑝), where

⎧

⎨
⎩

𝜇̄𝐹̃𝐿𝑝
(𝑥𝑝) = exp �−

1

2
�
𝑥𝑝 −𝑚𝑝

𝜎𝑝
�

2

� ,

𝜇
𝐹̃𝐿𝑝
(𝑥𝑝) = 0.8𝜇̄𝐹̃𝐿𝑝

(𝑥𝑝).

(46)

In this context, 𝜎𝑝 and 𝑚𝑝 represent respectively the mean

and standard deviation of the Gaussian primary MF of the

type-2 fuzzy system 𝐹̃𝐿𝑝 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, ̄𝑓𝐿], is a type-1 interval set that is

defined by the points 𝑓𝐿 and ̄𝑓𝐿, which are located on the left

and right sides of the set, respectively, such that

𝑓𝐿 = 𝜇
𝐹̃𝐿1
(𝑥1) × 𝜇

𝐹̃𝐿2
(𝑥2) × ⋯ × 𝜇

𝐹̃𝐿𝑛
(𝑥𝑛) (47)

̄𝑓𝐿 = 𝜇̄𝐹̃𝐿1
(𝑥1) × 𝜇̄𝐹̃𝐿2

(𝑥2) × ⋯ × 𝜇̄𝐹̃𝐿𝑛
(𝑥𝑛). (48)

𝜇
𝐹̃𝐿𝑝
(𝑥𝑝) and 𝜇̄𝐹̃𝐿𝑝

(𝑥𝑝) denote the membership values of the

lower and upper membership functions of the crisp input 𝑥𝑝
to the type 2 fuzzy system 𝐹̃𝐿𝑝 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 = [𝑦𝑙𝑦𝑟] = �
𝜃1
⋯�

𝜃𝑀
⋯�

𝑓1
⋯�

𝑓𝑀

×
1

∑𝑁
𝐿=1 𝑓

𝐿𝜃𝐿/∑𝑁
𝐿=1 𝑓

𝐿
. (49)

Considering that the output𝑌 is a type-1 interval set, it is suf-

ficient to calculate its twoendpoints𝑦𝑙 and𝑦𝑟 using an expan-

sion of fuzzy basis functions in the subsequent manner:

𝑦𝑙 =
∑𝑁
𝐿=1 𝑓

𝐿
𝑙
𝜃𝐿

∑𝑁
𝐿=1 𝑓

𝐿
𝑙

=

𝑁

�

𝐿=1

𝑊𝐿
𝑙
(𝑥)𝜃𝐿 = 𝑊𝑇

𝑙
(𝑥)𝜃, (50)

𝑦𝑟 =
∑𝑁
𝐿=1 𝑓

𝐿
𝑟 𝜃

𝐿

∑𝑁
𝐿=1 𝑓

𝐿
𝑟

=

𝑁

�

𝐿=1

𝑊𝐿
𝑟 (𝑥)𝜃

𝐿 = 𝑊𝑇
𝑟 (𝑥)𝜃, (51)

where 𝑓𝐿
𝑙
and 𝑓𝐿𝑟 are the firing strength membership grades

that contribute to 𝑦𝑙 and 𝑦𝑟, respectively. Parameters 𝜃𝑖 rep-

resent type-1 centroids of consequent sets. Note that the cen-

troid of a type-1 set 𝐶𝐿with𝑄 discretized points is written as

follows:

𝑦𝑐 =
∑
𝑄

𝐿=1 𝑦𝐿𝜇𝐶𝐿(𝑦𝐿)

∑
𝑄

𝐿=1 𝜇𝐶𝐿(𝑦𝐿)
. (52)

The fuzzy basis functions are obtained as

𝑊𝐿
𝑙
(𝑥) =

𝑓𝐿
𝑙

∑𝑀
𝐿=1 𝑓

𝐿
𝑙

and 𝑊𝐿
𝑙
(𝑥) =

𝑓𝐿𝑟

∑𝑀
𝐿=1 𝑓

𝐿
𝑟

. (53)

Equation (53) denotes the components of the left and

right fuzzy basis functions vectors are determined by

𝑊𝑇
𝑙
(𝑥) = [𝑊1

𝑙
(𝑥), … ,𝑊𝑁

𝑙
(𝑥)], (54)

𝑊𝑇
𝑟 (𝑥) = [𝑊1

𝑟 (𝑥), … ,𝑊𝑁
𝑟 (𝑥)], (55)

𝜃 = [𝜃1, … , 𝜃𝑁]. (56)

To calculate 𝑦, it is necessary to calculate 𝑦𝑙 and 𝑦𝑟. 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 𝑦𝑟.

For the sake of simplicity, let’s suppose that the param-

eters 𝜃𝑖 are organized in ascending sequence, meaning that:

𝜃1 ≤ 𝜃2 ≤ ⋯𝜃𝑁.

KM algorithm for 𝑦𝑟 [67].

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

𝑓𝐿𝑟 =
𝑓𝐿+𝑓̄𝐿

2
for 𝐿 = 1, 2, … , 𝑁 with where 𝑓𝐿 and ̄𝑓𝐿 have

been computed using (47) and (48), respectively, and let

𝑦′𝑟 = 𝑦𝑟.

2. Determine the value of 𝑘 (where 1 ≤ 𝑘 ≤ 𝑁 − 1) such

that 𝜃𝑘 ≤ 𝑦′𝑟 ≤ 𝜃𝑘+1.

3. Calculate𝑦𝑟 in (17)where 𝑓
𝐿
𝑟 = 𝑓𝐿 for 𝐿 ≤ 𝑘 and 𝑓𝐿

𝑙
= ̄𝑓𝐿

for 𝐿 > 𝑘; then, set 𝑦′′𝑟 = 𝑦𝑟.

4. If 𝑦′′𝑟 ≠ 𝑦′𝑟, proceed to step 5. If 𝑦
′′
𝑟 = 𝑦′𝑟, Establish there-

after 𝑦𝑟 = 𝑦′′𝑟 , and proceed to step 6.

5. Set 𝑦′𝑟 = 𝑦′′𝑟 , and proceed to step 2.

6. End

KM algorithm for 𝑦𝑙 [67].

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

𝑓𝐿
𝑙
=

𝑓𝐿+𝑓̄𝐿

2
for 𝐿 = 1, 2, … , 𝑁 with where 𝑓𝐿 and ̄𝑓𝐿 have

been computed using (47) and (48), respectively, and let

𝑦′
𝑙
= 𝑦𝑙.

2. Determine the value of 𝑘′ (where 1 ≤ 𝑘′ ≤ 𝑁 − 1) such

that 𝜃𝑘
′
≤ 𝑦′

𝑙
≤ 𝜃𝑘

′+1.

3. Calculate 𝑦𝑙 in (17) where 𝑓𝐿
𝑙
= ̄𝑓𝐿 for 𝐿 ≤ 𝑘′ and 𝑓𝐿

𝑙
=

𝑓𝐿 for 𝐿 > 𝑘′; then, set 𝑦′′
𝑙
= 𝑦𝑙.

4. If 𝑦′′
𝑙
≠ 𝑦′

𝑙
, proceed to step 5. If 𝑦′′

𝑙
= 𝑦′

𝑙
, Establish there-

after 𝑦𝑙 = 𝑦′′
𝑙
, and proceed to step 6.

5. Set 𝑦′
𝑙
= 𝑦′′

𝑙
, and proceed to step 2.

6. End
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The average of 𝑦𝑙 and 𝑦𝑟 gives the type-2 fuzzy sys-

tem’s crisp output. Therefore, the defuzzified crisp output is

obtained as

𝑦 =
𝑊𝑇
𝑙
(𝑥) +𝑊𝑇

𝑟 (𝑥)

2
𝜃 = 𝑊𝑇(𝑥)𝜃. (57)

5. Type-2 Fuzzy Adaptive Sliding Mode Control

Synthesis and Stability Analysis

Assumption 2 ([31, 65]). The disturbances effects 𝛼𝑚(𝑡)

and 𝛼7(𝑡) in (27) are unknown but bounded and defined as

|𝛼𝑚(𝑡)| ≤ 𝐷𝛼𝑚 for𝑚 = 1,… , 6 and |𝛼7(𝑡)| ≤ 𝐷𝛼7.

The suggested control technique utilizes four adaptive

type-2 fuzzy inference system to approximate the functions

𝐹𝑚(𝑋𝑚), 𝑔𝑚(𝑋𝑚), 𝐹7(𝑥13, 𝑥14) and𝑀
−1(𝑥13) separately. The

approximation is done in the following manner:

𝐹𝑚(𝑋𝑚) = 𝑊𝑇
𝑚(𝑋𝑚)𝜃

∗
𝑚 + 𝜀𝑓𝑚 for𝑚 = 1,… , 6,

(58)

𝑔𝑚(𝑋𝑚) = 𝑉𝑇
𝑚(𝑋𝑚)𝜗

∗
𝑚 + 𝜀𝑔𝑚 for𝑚 = 1,… , 6,

(59)

𝐹7(𝑥13, 𝑥14) = �
𝑓71(𝑥13, 𝑥14)

𝑓72(𝑥13, 𝑥14)
�

= �
𝑊𝑇
71(𝑥13, 𝑥14)𝜃

∗
71 + 𝜀𝑓71

𝑊𝑇
72(𝑥13, 𝑥14)𝜃

∗
72 + 𝜀𝑓72

� , (60)

𝐹7(𝑥13, 𝑥14) = �
𝑓71(𝑥13, 𝑥14)

𝑓72(𝑥13, 𝑥14)
�

= �
𝑊𝑇
71(𝑥13, 𝑥14)𝜃

∗
71 + 𝜀𝑓71

𝑊𝑇
72(𝑥13, 𝑥14)𝜃

∗
72 + 𝜀𝑓72

� , (61)

where 𝜃∗𝑚, 𝜗
∗
𝑚, 𝜃

∗
71, 𝜃

∗
72, 𝜗

∗
11, 𝜗

∗
12, 𝜗

∗
21 and 𝜗∗22 are the ideal

parameters, 𝑊𝑇
𝑚(𝑋𝑚), 𝑉

𝑇
𝑚(𝑋𝑚), 𝑊

𝑇
71(𝑥13, 𝑥14), 𝑊

𝑇
72(𝑥13, 𝑥14),

𝑉𝑇
11(𝑥13), 𝑉

𝑇
12(𝑥13), 𝑉

𝑇
21(𝑥13) and 𝑉

𝑇
22(𝑥13) are the mean basis

functions obtained 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

|𝜀𝑓𝑚| ≤ 𝜀𝛼𝑓𝑚
, |𝜀𝑔𝑚| ≤ 𝜀𝛼𝑔𝑚

, |𝜀𝑓71| ≤ 𝜀𝛼𝑓71
,

|𝜀𝑓72| ≤ 𝜀𝛼𝑓72
, |𝜀𝑀11

| ≤ 𝜀𝛼𝑀11
, |𝜀𝑀12

| ≤ 𝜀𝛼𝑀12
,

|𝜀𝑀21
| ≤ 𝜀𝛼𝑀21

and |𝜀𝑀22
| ≤ 𝜀𝛼𝑀22

.

With 𝜀𝛼𝑓𝑚
, 𝜀𝛼𝑔𝑚

, 𝜀𝛼𝑓71
, 𝜀𝛼𝑓72

, 𝜀𝛼𝑀11
, 𝜀𝛼𝑀12

, 𝜀𝛼𝑀21
and 𝜀𝛼𝑀22

are

unknown positive parameters.

The selected input vectors for the used type-2 fuzzy sys-

tems are determined as

⎧
⎪

⎨
⎪
⎩

𝑋1 = [𝑥1𝑥2]
𝑇 = [𝜑𝜑̇]𝑇, 𝑋2 = [𝑥3𝑥4]

𝑇 = [𝜃𝜃̇]𝑇,

𝑋3 = [𝑥5𝑥6]
𝑇 = [𝜓𝜓̇]𝑇, 𝑋4 = [𝑥7𝑥8]

𝑇 = [𝑧𝑧̇]𝑇,

𝑋5 = [𝑥9𝑥10]
𝑇 = [𝑥𝑥̇]𝑇, 𝑋6 = [𝑥11𝑥12]

𝑇 = [𝑦𝑦̇]𝑇,

𝑥13 = [𝑞1𝑞2]
𝑇, 𝑥14 = [𝑞̇1𝑞̇2]

𝑇.

(62)

The adaptive type-2 fuzzy inference system is primarily

used to approximate the online nonlinear functions 𝐹𝑚(𝑋𝑚),

𝑔𝑚(𝑋𝑚), 𝐹7(𝑥13, 𝑥14) and 𝑀−1(𝑥13). These functions are

denoted as

𝐹̂𝑚(𝑋𝑚) = 𝑊𝑇
𝑚(𝑋𝑚)𝜃𝑚 for𝑚 = 1,… , 6, (63)

𝑔̂𝑚(𝑋𝑚) = 𝑉𝑇
𝑚(𝑋𝑚)𝜗𝑚 for𝑚 = 1,… , 6, (64)

𝐹̂7(𝑥13, 𝑥14) = �
̂𝑓71(𝑥13, 𝑥14)

̂𝑓72(𝑥13, 𝑥14)
� = �

𝑊𝑇
71(𝑥13, 𝑥14)𝜃71

𝑊𝑇
72(𝑥13, 𝑥14)𝜃72

� ,

(65)

𝑀̂−1(𝑥13) = �
𝑀̂11(𝑥13) 𝑀̂12(𝑥13)

𝑀̂12(𝑥13) 𝑀̂22(𝑥13)
� ,

= �
𝑉𝑇
11(𝑥13)𝜗11 𝑉𝑇

12(𝑥13)𝜗12

𝑉𝑇
12(𝑥13)𝜗12 𝑉𝑇

22(𝑥13)𝜗22
� , (66)

where 𝜃𝑚, 𝜗𝑚, 𝜃71, 𝜃72, 𝜗11, 𝜗12, 𝜗21 and 𝜗22 are the adjusted

vector parameters.

By using Eqs. (57)–(60) and (62)–(65), it can be shown

that

�
𝐹̂𝑚(𝑋𝑚) − 𝐹𝑚(𝑋𝑚) = −𝑊𝑇

𝑚(𝑋𝑚)𝜃̃𝑚 − 𝜀𝑓𝑚 ,

𝑔̂𝑚(𝑋𝑚) − 𝑔𝑚(𝑋𝑚) = −𝑉𝑇
𝑚(𝑋𝑚)𝜗̃𝑚 − 𝜀𝑔𝑚 ,

(67)

𝐹̂7(𝑥13, 𝑥14) − 𝐹7(𝑥13, 𝑥14)

= �
𝐹̂71(𝑥13, 𝑥14)

𝐹̂72(𝑥13, 𝑥14)
� − �

𝐹71(𝑥13, 𝑥14)

𝐹72(𝑥13, 𝑥14)
� ,

= �
−𝑊𝑇

71(𝑥13, 𝑥14)𝜃̃71 − 𝜀𝑓71

−𝑊𝑇
72(𝑥13, 𝑥14)𝜃̃72 − 𝜀𝑓72

� . (68)

𝑀̂−1(𝑥13) − 𝑀−1(𝑥13)

= �
𝑀̂11(𝑥13) 𝑀̂12(𝑥13)

𝑀̂12(𝑥13) 𝑀̂22(𝑥13)
� − �

𝑀11(𝑥13) 𝑀12(𝑥13)

𝑀12(𝑥13) 𝑀22(𝑥13)
� ,

= �
−𝑉𝑇

11(𝑥13)𝜗̃11 − 𝜀𝑀11
−𝑉𝑇

12(𝑥13)𝜗̃12 − 𝜀𝑀12

−𝑉𝑇
12(𝑥13)𝜗̃12 − 𝜀𝑀12

−𝑉𝑇
22(𝑥13)𝜗̃22 − 𝜀𝑀22

� ,

(69)

where 𝜃̃𝑚 = 𝜃∗𝑚 −𝜃𝑚, 𝜗̃𝑚 = 𝜗∗𝑚 −𝜗𝑚, 𝜃̃71 = 𝜃∗71 −𝜃71, 𝜃̃72 =

𝜃∗72 − 𝜃72, 𝜗̃11 = 𝜗∗11 − 𝜗11, 𝜗̃12 = 𝜗∗12 − 𝜗12, 𝜗̃21 = 𝜗∗21 − 𝜗21
and 𝜗̃22 = 𝜗∗22 − 𝜗22 are the parametric errors.
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The feedback control law is ultimately formulated as

⎧
⎪
⎪
⎪
⎪

⎨
⎪
⎪
⎪
⎪
⎩

𝑈𝑚(𝑡) =
1

𝑔̂𝑚(𝑋)
(𝑥̈(2𝑛+1)𝑑 + 𝜆2𝑛+1(𝑥̇(2𝑛+1)𝑑

− 𝑥̇2𝑛+1) − 𝐹̂𝑚(𝑋)) +
1

𝑔̂𝑚(𝑋)
×𝑘2𝑛+1 sign(𝑠2𝑛+1),

𝜏(𝑡) = �
𝜏1(𝑡)

𝜏2(𝑡)
�

= 𝑀̂(𝑥13){𝑥̈13𝑑 + 𝜆13(𝑥̇13𝑑 − 𝑥̇13)

− 𝐹̂7(𝑥13, 𝑥14)} + 𝑀̂(𝑥13)𝑘13 sign(𝑠13).

(70)

The following rules define the adjustment of type-2 fuzzy

system parameters:

⎧
⎪
⎪
⎪
⎪

⎨
⎪
⎪
⎪
⎪
⎩

𝜃̇𝑚 = −𝑎1𝑚𝑠2𝑛+1𝑊𝑚(𝑋𝑚),

𝜗̇𝑚 = −𝑎2𝑚𝑠2𝑛+1𝑉𝑚(𝑋𝑚)𝑈𝑚(𝑡),

𝜃̇71 = −𝑎71𝐵1𝑠13𝑊71(𝑥13, 𝑥14),

𝜃̇72 = −𝑎72𝐵2𝑠13𝑊72(𝑥13, 𝑥14),

𝜗̇11 = −𝐴11𝐵1𝑠13𝑉11(𝑥13)𝜏1(𝑡),

𝜗̇12 = −𝐴12𝐵1𝑠13𝑉12(𝑥13)𝜏2(𝑡),

𝜗̇21 = −𝐴21𝐵2𝑠13𝑉21(𝑥13)𝜏1(𝑡),

𝜗̇22 = −𝐴22𝐵2𝑠13𝑉22(𝑥13)𝜏2(𝑡)

(71)

with 𝐵1 = [1 0], 𝐵2 = [0 1] and 𝑎1𝑚, 𝑎2𝑚, 𝑎71, 𝑎72, 𝐴11, 𝐴12,

𝐴21 and 𝐴22 are positive tuning parameters.

Remark 2. (1) The control law in (44) is only true over a

compact set 𝑈𝑐 ⊂ 𝑅𝑛 on which 𝑔𝑚(𝑋) > 0.

(2) The developed control law in (70) incorporates the

adaptive control parameters
1

𝑔̂𝑚(𝑋)
and 𝑀̂(𝑥13) 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 𝑔̂𝑚(𝑋) > 0 should be guaranteed, because

the proposed controller (70) has the inverse term of

𝑔̂𝑚(𝑋). Therefore, we choose the initial type-2 fuzzy sys-

temparameters vector values (i.e.,𝜗𝑚(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∶

𝑘13 = diag{𝑘131, 𝑘132} ≥ [diag{(𝐷𝛼7 + 𝜂13), (𝐷𝛼7

+𝜂13)}] + [diag{|𝜀𝑓71 + 𝜀𝑀11
𝜏1(𝑡) + 𝜀𝑀12

𝜏2(𝑡)|,

× |𝜀𝑓72 + 𝜀𝑀21
𝜏1(𝑡) + 𝜀𝑀22

𝜏2(𝑡)|}]

and 𝑘2𝑛+1 ≥ 𝐷𝛼𝑚 + |𝜀𝑓𝑚 + 𝜀𝑔𝑚𝑈𝑚(𝑡)| + 𝜂2𝑛+1 are chosen for

this purpose.

Proof. Define the following Lyapunov candidate

functions as

𝑉2,2𝑛+1 =
1

2
𝑠22𝑛+1 +

1

𝑎1𝑚
𝜃̃𝑇𝑚𝜃̃𝑚

+
1

𝑎2𝑚
𝜗̃𝑇𝑚𝜗̃𝑚, 𝑛 = 0,… , 5 𝑚 = 1,… , 6, (72)

𝑉2,13 =
1

2
𝑠𝑇13𝑠13 +

1

𝑎71
𝜃̃𝑇71𝜃̃71 +

1

𝑎72
𝜃̃𝑇72𝜃̃72

+
1

𝑎11
𝜗̃𝑇11𝜗̃11 +

1

𝑎12
𝜗̃𝑇12𝜗̃12 +

1

𝑎21
𝜗̃𝑇21𝜗̃21

+
1

𝑎22
𝜗̃𝑇22𝜗̃22. (73)

The temporal derivative of the sliding surfaces in (30) and

(31) may be calculated as follows:

𝑠̇2𝑛+1 = 𝑥̈(2𝑛+1)𝑑 + 𝜆2𝑛+1(𝑥̇(2𝑛+1)𝑑 − 𝑥̇2𝑛+1) − 𝐹𝑚(𝑋)

−𝑔𝑚(𝑋)𝑈𝑚(𝑡) − 𝛼𝑚(𝑡) (74)

𝑠̇13 = 𝑥̈13𝑑 + 𝜆13(𝑥̇13𝑑 − 𝑥̇13) − 𝐹7(𝑥13, 𝑥14)

−𝑀−1(𝑥13)𝜏(𝑡) − 𝛼7(𝑡). (75)

By adding and subtracting the terms 𝑔̂𝑚(𝑋)𝑈𝑚(𝑡) in (74), we

get the following:

𝑠̇2𝑛+1 = 𝑥̈(2𝑛+1)𝑑 + 𝜆2𝑛+1(𝑥̇(2𝑛+1)𝑑 − 𝑥̇2𝑛+1) − 𝐹𝑚(𝑋)

− 𝑔̂𝑚(𝑋)𝑈𝑚(𝑡) + {𝑔̂𝑚(𝑋) − 𝑔𝑚(𝑋)}𝑈𝑚(𝑡)

−𝛼𝑚(𝑡). (76)

By adding and subtracting the terms 𝑀̂−1(𝑥13)𝜏(𝑡) in (75),

we get the following:

𝑠̇13 = 𝑥̈13𝑑 + 𝜆13(𝑥̇13𝑑 − 𝑥̇13) − 𝐹7(𝑥13, 𝑥14)

− 𝑀̂−1(𝑥13)𝜏(𝑡) + {𝑀̂−1(𝑥13) − 𝑀−1(𝑥13)}𝜏(𝑡)

−𝛼7(𝑡). (77)

By replacing the control laws 𝑈𝑚(𝑡), 𝜏(𝑡) in (70) into (76)

and (77)

𝑠̇2𝑛+1 = 𝑥̈(2𝑛+1)𝑑 + 𝜆2𝑛+1(𝑥̇(2𝑛+1)𝑑 − 𝑥̇2𝑛+1)

−𝐹𝑚(𝑋) − (𝑥̈(2𝑛+1)𝑑 + 𝜆2𝑛+1(𝑥̇(2𝑛+1)𝑑
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− 𝑥̇2𝑛+1) − 𝐹̂𝑚(𝑋) + 𝑘2𝑛+1 sign(𝑠2𝑛+1))

+ {𝑔̂𝑚(𝑋) − 𝑔𝑚(𝑋)}𝑈𝑚(𝑡) − 𝛼𝑚(𝑡)

= [𝐹̂𝑚(𝑋) − 𝐹𝑚(𝑋)] − 𝑘2𝑛+1 sign(𝑠2𝑛+1)

+ {𝑔̂𝑚(𝑋) − 𝑔𝑚(𝑋)}𝑈𝑚(𝑡) − 𝛼𝑚(𝑡),

(78)

𝑠̇13 = 𝑥̈13𝑑 + 𝜆13(𝑥̇13𝑑 − 𝑥̇13) − 𝐹7(𝑥13, 𝑥14)

− (𝑥̈13𝑑 + 𝜆13(𝑥̇13𝑑 − 𝑥̇13) − 𝐹̂7(𝑥13, 𝑥14)

+𝑘13 sign(𝑠13)) + {𝑀̂−1(𝑥13) − 𝑀−1(𝑥13)}

× 𝜏(𝑡) − 𝛼7(𝑡)

= [𝐹̂7(𝑥13, 𝑥14) − 𝐹7(𝑥13, 𝑥14)] − 𝑘13 sign(𝑠13)

+ {𝑀̂−1(𝑥13) − 𝑀−1(𝑥13)}𝜏(𝑡) − 𝛼7(𝑡). (79)

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

yields:

𝑠̇2𝑛+1 = [−𝑊𝑇
𝑚(𝑋𝑚)𝜃̃𝑚 − 𝜀𝑓𝑚] − 𝑘2𝑛+1 sign(𝑠2𝑛+1)

+ {−𝑉𝑇
𝑚(𝑋𝑚)𝜗̃𝑚 − 𝜀𝑔𝑚}𝑈𝑚(𝑡) − 𝛼𝑚(𝑡), (80)

𝑠̇13 = �
−𝑊𝑇

71(𝑥13, 𝑥14)𝜃̃71 − 𝜀𝑓71

−𝑊𝑇
72(𝑥13, 𝑥14)𝜃̃72 − 𝜀𝑓72

� − 𝑘13 sign(𝑠13)

+ �
−𝑉𝑇

11(𝑥13)𝜗̃11 − 𝜀𝑀11
−𝑉𝑇

12(𝑥13)𝜗̃12 − 𝜀𝑀12

−𝑉𝑇
21(𝑥13)𝜗̃21 − 𝜀𝑀21

−𝑉𝑇
22(𝑥13)𝜗̃22 − 𝜀𝑀22

�

× 𝜏(𝑡) − 𝛼7(𝑡). (81)

Then, the temporal derivative of the chosen Lyapunov candi-

date functions in (72) and (73) can be expressed as

𝑉̇2,2𝑛+1 = 𝑠2𝑛+1𝑠̇2𝑛+1 +
1

𝑎1𝑚
𝜃̃𝑇𝑚

̇𝜃̃𝑚 +
1

𝑎2𝑚
𝜗̃𝑇𝑚

̇𝜗̃𝑚,

(82)

𝑉̇2,13 = 𝑠𝑇13𝑠̇13 +
1

𝑎71
𝜃̃𝑇71

̇𝜃̃71 +
1

𝑎72
𝜃̃𝑇72

̇𝜃̃72

+
1

𝑎11
𝜗̃𝑇11

̇𝜗̃11 +
1

𝑎12
𝜗̃𝑇12

̇𝜗̃12 +
1

𝑎21
𝜗̃𝑇21

̇𝜗̃21

+
1

𝑎22
𝜗̃𝑇22

̇𝜗̃22. (83)

By substituting (80) into (82) and (81) into (83), we get

𝑉̇2,2𝑛+1 = 𝑠2𝑛+1([−𝑊
𝑇
𝑚(𝑋𝑚)𝜃̃𝑚 − 𝜀𝑓𝑚] − 𝑘2𝑛+1

× sign(𝑠2𝑛+1) + {−𝑉𝑇
𝑚(𝑋𝑚)𝜗̃𝑚 − 𝜀𝑔𝑚}

×𝑈𝑚(𝑡) − 𝛼𝑚(𝑡)) −
1

𝑎1𝑚
𝜃̃𝑇𝑚𝜃̇𝑚 −

1

𝑎2𝑚
𝜗̃𝑇𝑚𝜗̇𝑚

= 𝜃̃𝑇𝑚 �−𝑠2𝑛+1𝑊𝑚(𝑋𝑚) −
1

𝑎1𝑚
𝜃̇𝑚� + 𝜗̃𝑇𝑚

×�−𝑠2𝑛+1𝑉𝑚(𝑋𝑚)𝑈𝑚(𝑡) −
1

𝑎2𝑚
𝜗̇𝑚�

+𝑠2𝑛+1(−𝜀𝑓𝑚 − 𝑘2𝑛+1 sign(𝑠2𝑛+1)

− 𝜀𝑔𝑚𝑈𝑚(𝑡) − 𝛼𝑚(𝑡)) (84)

𝑉̇2,13 = 𝑠𝑇13 ��
−𝑊𝑇

71(𝑥13, 𝑥14)𝜃̃71 − 𝜀𝑓71

−𝑊𝑇
72(𝑥13, 𝑥14)𝜃̃72 − 𝜀𝑓72

� − 𝑘13 sign(𝑠13)

+ �
−𝑉𝑇

11(𝑥13)𝜗̃11 − 𝜀𝑀11

−𝑉𝑇
21(𝑥13)𝜗̃21 − 𝜀𝑀21

−𝑉𝑇
12(𝑥13)𝜗̃12 − 𝜀𝑀12

−𝑉𝑇
22(𝑥13)𝜗̃22 − 𝜀𝑀22

� 𝜏(𝑡) − 𝛼7(𝑡)�

−
1

𝑎71
𝜃̃𝑇71𝜃̇71 −

1

𝑎72
𝜃̃𝑇72𝜃̇72 −

1

𝑎11
𝜗̃𝑇11𝜗̇11

−
1

𝑎12
𝜗̃𝑇12𝜗̇12 −

1

𝑎21
𝜗̃𝑇21𝜗̇21 −

1

𝑎22
𝜗̃𝑇22𝜗̇22

= −𝑠𝑇13 �
𝜃̃𝑇71 0

0 𝜃̃𝑇72

� �
𝑊71(𝑥13, 𝑥14)

𝑊72(𝑥13, 𝑥14)
�

− �𝜃̃𝑇71 𝜃̃𝑇72�

⎡
⎢
⎢
⎣

1

𝑎71
𝜃̇71

1

𝑎72
𝜃̇72

⎤
⎥
⎥
⎦

− 𝑠𝑇13 �
𝜗̃𝑇11 0

0 𝜗̃𝑇21

�

× �
𝑉11(𝑥13)𝜏1(𝑡)

𝑉21(𝑥13)𝜏1(𝑡)
� − [𝜗̃𝑇11 𝜗̃𝑇21]

⎡
⎢
⎢
⎣

1

𝐴11
𝜗̇11

1

𝐴21
𝜗̇21

⎤
⎥
⎥
⎦

− 𝑠𝑇13 �
𝜗̃𝑇12 0

0 𝜗̃𝑇22

� �
𝑉12(𝑥13)𝜏2(𝑡)

𝑉22(𝑥13)𝜏2(𝑡)
� − [𝜗̃𝑇12 𝜗̃𝑇22]

×

⎡
⎢
⎢
⎢
⎣

1

𝑎12
𝜗̇12

1

𝑎22
𝜗̇22

⎤
⎥
⎥
⎥
⎦

− 𝑠𝑇13 �
𝜗̃𝑇12 0

0 𝜗̃𝑇22
�

× �
𝑉12(𝑥13)𝜏2(𝑡)

𝑉22(𝑥13)𝜏2(𝑡)
� − [𝜗̃𝑇12 𝜗̃𝑇22]

⎡
⎢
⎢
⎣

1

𝐴12
𝜗̇12

1

𝐴22
𝜗̇22

⎤
⎥
⎥
⎦

+ 𝑠𝑇13

× �− �
𝜀𝑓71

𝜀𝑓72

� − 𝑘13 sign(𝑠13)

− �
𝜀𝑀11

𝜏1(𝑡) + 𝜀𝑀12
𝜏2(𝑡)

𝜀𝑀21
𝜏1(𝑡) + 𝜀𝑀22

𝜏2(𝑡)
� − 𝛼7(𝑡)� . (85)
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By replacing (71) in (84) and (85), we get

𝑉̇2,2𝑛+1 = 𝑠2𝑛+1(−𝜀𝑓𝑚 − 𝑘2𝑛+1 sign(𝑠2𝑛+1)

− 𝜀𝑔𝑚𝑈𝑚(𝑡) − 𝛼𝑚(𝑡))

= (−𝑘2𝑛+1|𝑠2𝑛+1| − {𝜀𝑓𝑚 + 𝜀𝑔𝑚𝑈𝑚(𝑡)

+𝛼𝑚(𝑡)}𝑠2𝑛+1), (86)

𝑉̇2,13 = 𝑠𝑇13 �−𝑘13 sign(𝑠13)

− �
−𝜀𝑓71 + 𝜀𝑀11

𝜏1(𝑡) + 𝜀𝑀12
𝜏2(𝑡)

−𝜀𝑓72 + 𝜀𝑀21
𝜏1(𝑡) + 𝜀𝑀22

𝜏2(𝑡)
� − 𝛼7(𝑡)�

= �−(𝑘13 sign(𝑠13))
𝑇𝑠13

−�
𝜀𝑓71 + 𝜀𝑀11

𝜏1(𝑡) + 𝜀𝑀12
𝜏2(𝑡)

𝜀𝑓72 + 𝜀𝑀21
𝜏1(𝑡) + 𝜀𝑀22

𝜏2(𝑡)
�

𝑇

𝑠13

−𝛼𝑇7(𝑡)𝑠13�

= �−𝑘13|𝑠13| − �
𝜀𝑓71 + 𝜀𝑀11

𝜏1(𝑡) + 𝜀𝑀12
𝜏2(𝑡)

𝜀𝑓72 + 𝜀𝑀21
𝜏1(𝑡) + 𝜀𝑀22

𝜏2(𝑡)
�

𝑇

𝑠13

−𝛼𝑇7(𝑡)𝑠13� . (87)

Ultimately, it may be determined that 𝑉̇2,2𝑛+1 < 0 and 𝑉̇2,13<0

by selecting the discontinuous control gains as

𝑘13 = diag{𝑘131, 𝑘132} ≥ [diag{(𝐷𝛼7 + 𝜂13), (𝐷𝛼7

+𝜂13)}] + [diag{|𝜀𝑓71 + 𝜀𝑀11
𝜏1(𝑡) + 𝜀𝑀12

𝜏2(𝑡)|,

× |𝜀𝑓72 + 𝜀𝑀21
𝜏1(𝑡) + 𝜀𝑀22

𝜏2(𝑡)|}]

and𝑘2𝑛+1 ≥ 𝐷𝛼𝑚+|𝜀𝑓𝑚+𝜀𝑔𝑚𝑈𝑚(𝑡)|+𝜂2𝑛+1. As a result, 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:

𝑘13 = diag{𝑘131, 𝑘132} ≥ [diag{(𝐷𝛼7 + 𝜂13), (𝐷𝛼7

+𝜂13)}] + [diag{|𝜀𝑓71 + 𝜀𝑀11
𝜏1(𝑡) + 𝜀𝑀12

𝜏2(𝑡)|,

× |𝜀𝑓72 + 𝜀𝑀21
𝜏1(𝑡) + 𝜀𝑀22

𝜏2(𝑡)|}]

and 𝑘2𝑛+1 ≥ 𝐷𝛼𝑚+|𝜀𝑓𝑚+𝜀𝑔𝑚𝑈𝑚(𝑡)|+𝜂2𝑛+1 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 𝛼̇𝑚(𝑡) = 0 and 𝛼̇7(𝑡) = 0.

In order to approximate the value of the unknown

disturbances 𝛼𝑚(𝑡) and 𝛼7(𝑡), a nonlinear disturbance

observer is formulated as per Refs. [68, 69]:

�
𝑧̇𝑚 = −𝜅𝑚𝑧𝑚 − 𝜅𝑚(𝜅𝑚𝑥2𝑚 + 𝑓𝑚(𝑋) + 𝑔𝑚(𝑋)𝑈𝑚(𝑡)),

𝛼̂𝑚(𝑡) = 𝑧𝑚 + 𝜅𝑚𝑥2𝑚,

(88)

�
𝑧̇7 = −𝜅7𝑧7 − 𝜅7(𝜅7𝑥14 + 𝑓7(𝑥13, 𝑥14) + 𝑀−1(𝑥13)𝜏(𝑡)),

𝛼̂7(𝑡) = 𝑧7 + 𝜅7𝑥14.

(89)

The variables 𝑧𝑚 and 𝑧7 represents the internal state of the

nonlinear observer, while 𝜅𝑚 and

𝜅7 = �
𝜅71 0

0 𝜅72
� = diag(𝜅71, 𝜅72)

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

𝛼̃𝑚(𝑡) = 𝛼𝑚(𝑡) − 𝛼̂𝑚(𝑡), (90)

𝛼̃7(𝑡) = 𝛼7(𝑡) − 𝛼̂7(𝑡). (91)

Subsequently, by invoking Assumption 1 and combing (27)

and (88) through (91) the timederivative of the disturbances

estimation error can be described by

̇𝛼̃𝑚(𝑡) = 𝛼̇𝑚(𝑡) −
̇𝛼̂𝑚(𝑡)

= −𝑧̇𝑚 − 𝜅𝑚𝑥̇2𝑚

= 𝜅𝑚(𝛼̂𝑚(𝑡) − 𝜅𝑚𝑥2𝑚) + 𝜅𝑚(𝜅𝑚𝑥2𝑚

+𝑓𝑚(𝑋) + 𝑔𝑚(𝑋)𝑈𝑚(𝑡))

−𝜅𝑚(𝑓𝑚(𝑋) + 𝑔𝑚(𝑋)𝑈𝑚(𝑡) + 𝛼𝑚(𝑡))

= −𝜅𝑚𝛼̃𝑚(𝑡), (92)

̇𝛼̃7(𝑡) = 𝛼̇7(𝑡) −
̇𝛼̂7(𝑡)

= −𝑧̇7 − 𝜅7𝑥̇14

= 𝜅7(𝛼̂7(𝑡) − 𝜅7𝑥14) + 𝜅7(𝜅7𝑥14 + 𝑓7(𝑥13, 𝑥14)

+𝑀−1(𝑥13)𝜏(𝑡))

−𝜅7(𝑓7(𝑥13, 𝑥14) + 𝑀−1(𝑥13)𝜏(𝑡) + 𝛼7(𝑡))

= −𝜅7𝛼̃7(𝑡). (93)
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By using the adaptive sliding mode control law obtained in

Eq. (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 𝛼̂𝑚(𝑡) and 𝛼̂7(𝑡)

expressed as

⎧
⎪
⎪

⎨
⎪
⎪
⎩

𝑈𝑚(𝑡) =
1

𝑔̂𝑚(𝑋)
(𝑥̈(2𝑛+1)𝑑 + 𝜆2𝑛+1(𝑥̇(2𝑛+1)𝑑

− 𝑥̇2𝑛+1) − 𝐹̂𝑚(𝑋) − 𝛼̂𝑚(𝑡)

+𝑘𝑚 sign(𝑠2𝑛+1)),

𝜏(𝑡) = 𝑀̂(𝑥13){𝑥̈13𝑑 + 𝜆13(𝑥̇13𝑑 − 𝑥̇13)

− 𝐹̂7(𝑥13, 𝑥14) − 𝛼̂7(𝑡) + 𝑘13 sign(𝑠13)}.

(94)

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

𝑘13 = diag{𝑘131, 𝑘132} ≥ [diag{(𝐸𝛼7 + 𝜂13), (𝐸𝛼7

+𝜂13)}] + [diag{|𝜀𝑓71 + 𝜀𝑀11
𝜏1(𝑡) + 𝜀𝑀12

𝜏2(𝑡)|,

× |𝜀𝑓72 + 𝜀𝑀21
𝜏1(𝑡) + 𝜀𝑀22

𝜏2(𝑡)|}]

and 𝑘2𝑛+1 ≥ 𝐸𝛼𝑚 + |𝜀𝑓𝑚 + 𝜀𝑔𝑚𝑈𝑚(𝑡)| + 𝜂2𝑛+1.

Proof. Define the following Lyapunov candidate functions

as

𝑉3,2𝑛+1 =
1

2
𝑠22𝑛+1 + 𝛼̃2𝑚 +

1

𝑎1𝑚
𝜃̃𝑇𝑚𝜃̃𝑚 +

1

𝑎2𝑚

× 𝜗̃𝑇𝑚𝜗̃𝑚, 𝑛 = 0,… , 5 𝑚 = 1,… , 6, (95)

𝑉3,13 =
1

2
𝑠𝑇13𝑠13 +

1

2
𝛼̃𝑇7 𝛼̃7 +

1

𝑎71
𝜃̃𝑇71𝜃̃71 +

1

𝑎72
𝜃̃𝑇72𝜃̃72

+
1

𝑎11
𝜗̃𝑇11𝜗̃11 +

1

𝑎12
𝜗̃𝑇12𝜗̃12 +

1

𝑎21
𝜗̃𝑇21𝜗̃21

+
1

𝑎22
𝜗̃𝑇22𝜗̃22. (96)

Then, the temporal derivative of the chosen Lyapunov candi-

date functions in (95) and (96) can be expressed as

𝑉̇3,2𝑛+1 = 𝑠2𝑛+1𝑠̇2𝑛+1 + 𝛼̃𝑚 ̇𝛼̃𝑚 +
1

𝑎1𝑚
𝜃̃𝑇𝑚

̇𝜃̃𝑚 +
1

𝑎2𝑚

× 𝜗̃𝑇𝑚
̇𝜗̃𝑚 (97)

= 𝑠2𝑛+1([−𝑊
𝑇
𝑚(𝑋𝑚)𝜃̃𝑚 − 𝜀𝑓𝑚] − 𝑘2𝑛+1

× sign(𝑠2𝑛+1) + {−𝑉𝑇
𝑚(𝑋𝑚)𝜗̃𝑚 − 𝜀𝑔𝑚}𝑈𝑚(𝑡)

− 𝛼̃𝑚) −
1

𝑎1𝑚
𝜃̃𝑇𝑚𝜃̇𝑚 −

1

𝑎2𝑚
𝜗̃𝑇𝑚𝜗̇𝑚 − 𝜅𝑚𝛼̃

2
𝑚

= 𝜃̃𝑇𝑚(−𝑠2𝑛+1𝑊𝑚(𝑋𝑚) −
1

𝑎1𝑚
𝜃̇𝑚) + 𝜗̃𝑇𝑚

×(−𝑠2𝑛+1𝑉𝑚(𝑋𝑚)𝑈𝑚(𝑡) −
1

𝑎2𝑚
𝜗̇𝑚)

+ 𝑠2𝑛+1(−𝜀𝑓𝑚 − 𝑘2𝑛+1 sign(𝑠2𝑛+1)

− 𝜀𝑔𝑚𝑈𝑚(𝑡) − 𝛼̃𝑚) − 𝜅𝑚𝛼̃
2
𝑚, (98)

𝑉̇3,13 = 𝑠𝑇13𝑠̇13 + 𝛼̃𝑇7
̇𝛼̃7 +

1

𝑎71
𝜃̃𝑇71

̇𝜃̃71 +
1

𝑎72
𝜃̃𝑇72

̇𝜃̃72

+
1

𝑎11
𝜗̃𝑇11

̇𝜗̃11 +
1

𝑎12
𝜗̃𝑇12

̇𝜗̃12 +
1

𝑎21
𝜗̃𝑇21

̇𝜗̃21

+
1

𝑎22
𝜗̃𝑇22

̇𝜗̃22 (99)

= 𝑠𝑇13 ��
−𝑊𝑇

71(𝑥13, 𝑥14)𝜃̃71 − 𝜀𝑓71
−𝑊𝑇

72(𝑥13, 𝑥14)𝜃̃72 − 𝜀𝑓72
�

−𝑘13 sign(𝑠13) + �
−𝑉𝑇

11(𝑥13)𝜗̃11 − 𝜀𝑀11

−𝑉𝑇
21(𝑥13)𝜗̃21 − 𝜀𝑀21

−𝑉𝑇
12(𝑥13)𝜗̃12 − 𝜀𝑀12

−𝑉𝑇
22(𝑥13)𝜗̃22 − 𝜀𝑀22

� 𝜏(𝑡) − 𝛼̃7(𝑡)�

−
1

𝑎71
𝜃̃𝑇71𝜃̇71 −

1

𝑎72
𝜃̃𝑇72𝜃̇72 −

1

𝑎11
𝜗̃𝑇11𝜗̇11

−
1

𝑎12
𝜗̃𝑇12𝜗̇12 −

1

𝑎21
𝜗̃𝑇21𝜗̇21 −

1

𝑎22
𝜗̃𝑇22𝜗̇22 + 𝛼̃𝑇7

̇𝛼̃7

= −𝑠𝑇13 �
𝜃̃𝑇71 0

0 𝜃̃𝑇72
� �
𝑊71(𝑥13, 𝑥14)

𝑊72(𝑥13, 𝑥14)
�

− �𝜃̃
𝑇
71 𝜃̃𝑇72�

⎡
⎢
⎢
⎣

1

𝑎71
𝜃̇71

1

𝑎72
𝜃̇72

⎤
⎥
⎥
⎦

− 𝑠𝑇13

× �
𝜗̃𝑇11 0

0 𝜗̃𝑇21
� �
𝑉11(𝑥13)𝜏1(𝑡)

𝑉21(𝑥13)𝜏1(𝑡)
�

− [𝜗̃𝑇11 𝜗̃𝑇21]

⎡
⎢
⎢
⎣

1

𝐴11
𝜗̇11

1

𝐴21
𝜗̇21

⎤
⎥
⎥
⎦

− 𝑠𝑇13 �
𝜗̃𝑇12 0

0 𝜗̃𝑇22
�

�
𝑉12(𝑥13)𝜏2(𝑡)

𝑉22(𝑥13)𝜏2(𝑡)
�

− �𝜗̃𝑇12 𝜗̃𝑇22�

⎡
⎢
⎢
⎣

1

𝑎12
𝜗̇12

1

𝑎22
𝜗̇22

⎤
⎥
⎥
⎦
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−𝑠𝑇13 �
𝜗̃𝑇12 0

0 𝜗̃𝑇22
� �
𝑉12(𝑥13)𝜏2(𝑡)

𝑉22(𝑥13)𝜏2(𝑡)
�

− �𝜗̃𝑇12 𝜗̃𝑇22�

⎡
⎢
⎢
⎣

1

𝐴12
𝜗̇12

1

𝐴22
𝜗̇22

⎤
⎥
⎥
⎦

+ 𝑠𝑇13 �− �
𝜀𝑓71
𝜀𝑓72

� − 𝑘13 sign(𝑠13)

− �
𝜀𝑀11

𝜏1(𝑡) + 𝜀𝑀12
𝜏2(𝑡)

𝜀𝑀21
𝜏1(𝑡) + 𝜀𝑀22

𝜏2(𝑡)
� − 𝛼̃7(𝑡)�

− 𝛼̃𝑇7(𝜅7𝛼̃7(𝑡)). (100)

By replacing (71) in (98) and (100), we get

𝑉̇3,2𝑛+1 = 𝑠2𝑛+1(−𝜀𝑓𝑚 − 𝑘2𝑛+1 sign(𝑠2𝑛+1) − 𝜀𝑔𝑚

×𝑈𝑚(𝑡) − 𝛼̃𝑚) − 𝜅𝑚𝛼̃
2
𝑚

= (−𝑘2𝑛+1|𝑠2𝑛+1| − {𝜀𝑓𝑚 + 𝜀𝑔𝑚𝑈𝑚(𝑡)

+ 𝛼̃𝑚}𝑠2𝑛+1) − 𝜅𝑚𝛼̃
2
𝑚, (101)

𝑉̇3,13 = 𝑠𝑇13 �−𝑘13 sign(𝑠13)

− �
−𝜀𝑓71 + 𝜀𝑀11

𝜏1(𝑡) + 𝜀𝑀12
𝜏2(𝑡)

−𝜀𝑓72 + 𝜀𝑀21
𝜏1(𝑡) + 𝜀𝑀22

𝜏2(𝑡)
� − 𝛼̃7�

− 𝛼̃𝑇7(𝜅7𝛼̃7(𝑡))

= �−(𝑘13 sign(𝑠13))
𝑇𝑠13

−�
𝜀𝑓71 + 𝜀𝑀11

𝜏1(𝑡) + 𝜀𝑀12
𝜏2(𝑡)

𝜀𝑓72 + 𝜀𝑀21
𝜏1(𝑡) + 𝜀𝑀22

𝜏2(𝑡)
�

𝑇

×𝑠13 − 𝛼̃𝑇7𝑠13� − 𝛼̃𝑇7(𝜅7𝛼̃7(𝑡))

= �−𝑘13|𝑠13|

− �
𝜀𝑓71 + 𝜀𝑀11

𝜏1(𝑡) + 𝜀𝑀12
𝜏2(𝑡)

𝜀𝑓72 + 𝜀𝑀21
𝜏1(𝑡) + 𝜀𝑀22

𝜏2(𝑡)
�

𝑇

×𝑠13 − 𝛼̃𝑇7𝑠13� − 𝛼̃𝑇7(𝜅7𝛼̃7(𝑡)). (102)

Ultimately, it may be determined that 𝑉̇3,2𝑛+1<0 and 𝑉̇3,13 < 0

by selecting the discontinuous control gains as

𝑘13 = diag{𝑘131, 𝑘132} ≥ [diag{(𝐸𝛼7 + 𝜂7), (𝐸𝛼7

+𝜂7)}] + [diag{|𝜀𝑓71 + 𝜀𝑀11
𝜏1(𝑡) + 𝜀𝑀12

𝜏2(𝑡)|,

× |𝜀𝑓72 + 𝜀𝑀21
𝜏1(𝑡) + 𝜀𝑀22

𝜏2(𝑡)|}]

and 𝑘2𝑛+1≥𝐸𝛼𝑚 + |𝜀𝑓𝑚 + 𝜀𝑔𝑚𝑈𝑚(𝑡)| + 𝜂2𝑛+1, where 𝑂𝛼7 =

diag{𝐸𝛼7 , 𝐸𝛼7} and 𝐸𝛼𝑚 are the upper bound of the distur-

bance estimation errors. As a result, even in the event of actu-

ator failures and model uncertainty, the suggested control

rule may preserve system performance.

Remark 3. Due to the accurate assessment of unknowndis-

turbances by the disturbance observer, the upper limit of

the disturbance estimation errors 𝐸𝛼𝑚 and 𝑂𝛼7is much less

than the upper limit of the real disturbances 𝐷𝛼7 and 𝐻𝛼7 =

diag{𝐷𝛼7 , 𝐷𝛼7}. 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

MMUAV under study are shown in Table 3.

To provide a fair comparison and showcase the bene-

fits of the proposed control strategy,wewill 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 equippedwithMATLAB/Simulink software. It includes

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

The closed-loop system exhibits uniform ultimate boundedness

(UUB) stability, and the tracking error converges

exponentially just to a compact set, attributable to the

residual components from estimation

[10,13,37,49,56]

Considers four types of actuator defects: bias, drift,

accuracy loss and effectiveness loss

The applicability of these methods is restricted to one or two

types of actuator defects

[46,47,49,50,52]

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 disturbance is characterized as an exogenous neutral,

stable system, or it has been approximated accordingly.

Authors assumed that the time-derivative of the

disturbances must remain bounded

[30,36,44]

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

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

The FDI module is utilized for fault detection and isolation [14]

No information is required for actuator malfunctions since

the controller updates live to mitigate the impact

Need actuator fault models [50,53,54]

It is assumed that the control gain is an unknown nonlinear

function

The control gain is a straightforward constant that restricts the

scope of the systems under consideration

[51,52,55,57]

Table 3. Physical parameters of the MMUAV [62].

Parameters Values Description

𝑚 3.2 Kg UAV mass

𝑚1 0.2 Kg Mass of link 1 of the manipulator

𝑚2 0.22Kg Mass of link 2 of the manipulator

𝐼𝑥, 𝐼𝑦, 𝐼𝑧 28.7 × 10−3 Kg ⋅m2, 20.6 × 10−3 Kg ⋅m2, 20.6 × 10−3 Kg ⋅m2 UAV inertia

𝐼1, 𝐼2 8.6 × 10−3 Kg ⋅m2, 7.8 × 10−3 Kg ⋅m2 Links inertias of the manipulator

𝑙 0.35m UAV arm length

𝑙1, 𝑙2 0.21m, 0.21m Manipulator links lengths

𝑔 9.81m/s2 Gravity

𝑐𝑣 0.06 Torque gain related to the generated torque by six rotors.

Table 4. Control parameters.

Parameters Values

𝜆2𝑛+1 for 𝑛 = 0,… , 5 1

𝜆13 diag[0.8, 0.1]

𝑘2𝑛+1 for 𝑛 = 0,… , 5 1

𝑘13 diag[20, 20]

𝜂2𝑛+1 for 𝑛 = 0,… , 5 0.1

𝜂13 0.1

𝑎1𝑚 for𝑚 = 1,… , 6 100

𝑎71 100

𝑎72 100

𝐴11 150

𝐴12 150

𝐴21 150

𝐴22 150

𝜅𝑚 for𝑚 = 1,… , 6 120

𝜅7 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 𝑈1, 𝑈2, 𝑈3 and 𝑈4 at 𝑡 = 25 s, 𝑡 = 50 s,

𝑡 = 75 s and 𝑡 = 100 s, respectively. Subsequently, similar

faults are intentionally introduced to 𝜏(𝑡) = [𝜏1(𝑡)𝜏2(𝑡)]
𝑇 at

𝑡 = 125 s. In order to assess the robustness of the suggested

control approach against uncertainties in themodel parame-

ters, we are considering a 90% variation in the mass𝑚, 70%

variation in the mass 𝑚1 and 70% variation in the mass 𝑚2

at 𝑡 = 60 s. Besides, the equations of the MMUAVmodel 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 = 20 s as sinusoidal waves of different fre-

quencies, given as [70]

⎧
⎪
⎪
⎪

⎨
⎪
⎪
⎪
⎩

𝛼1(𝑡) = 0.5 cos(0.4𝑡) + 1, 𝛼2(𝑡) = 0.5 cos(0.5𝑡) + 1,

𝛼3(𝑡) = 0.5 cos(0.7𝑡) + 1,

𝛼4(𝑡) = 0.5 cos(0.7𝑡) + 0.7 cos(0.3𝑡),

𝛼5(𝑡) = −0.08 cos(0.1013𝑡 − 3.043) + 0.1 sin(0.448𝑡

−13.464) + 0.05 sin(1.5708𝑡 − 15𝜋),

𝛼6(𝑡) = 0.05 cos(0.4𝑡) + 0.05 cos(0.7𝑡),

𝛼7(𝑡) = �5 cos(0.4𝑡) + 1 5 cos(0.4𝑡) + 1�
𝑇
.

(103)

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 commandwith considerable oscillations

as presented in Fig. 6, and it has theweakest 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, 𝜓, 𝑞1, 𝑞2) positions are more affected

than (𝜑, 𝜃). 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.

(a) (b)

(c) (d)

Fig. 6. (𝑥, 𝑦, 𝑧) positions and yaw angle (𝜓) outputs of the UAV in the presence actuator faults, uncertainties and external disturbances (Scenario 1).



June 10, 2026 10:13 WSPC/284-US 2650023 ISSN: 2301-3850

872 S. Zeghlache et al.

(a) (b)

(c) (d)

Fig. 7. Roll and pitch angles (𝜑, 𝜃) of the UAV and 𝑞1 and 𝑞2 angles of the outputs manipulator in the presence actuator faults, uncertainties and external

disturbances (Scenario 1).

(a) (b)

(c) (d)

Fig. 8. The six input forces of the UAV (Scenario 1).
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(e) (f)

Fig. 8. (Continued)

(a) (b)

(c) (d)

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]: 𝑥𝑑 = 0.5 cos(
𝜋𝑡

20
), 𝑦𝑑 = 0.5 sin(

𝜋𝑡

20
), 𝑧𝑑 =

3 − 2 cos(
𝜋𝑡

20
), 𝜓𝑑 = 0.5, 𝑞1𝑑 = 12 cos(

𝑡

3
) + 11 cos(

𝜋

4
)

and 𝑞2𝑑 = 12 sin(
𝑡

3
) + 11 sin(

𝜋

4
), 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 𝑈1, 𝑈2, 𝑈3 and 𝑈4 at

certain times: 𝑡 = 5 s, 𝑡 = 10 s, 𝑡 = 15 s and 𝑡 = 20 s,

respectively. Following that, a deliberate introduction of a

similar fault is made to 𝜏(𝑡) = [𝜏1(𝑡) 𝜏2(𝑡)]
𝑇 at 𝑡 = 20 s. 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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(a) (b)

Fig. 10. Torque control inputs of the manipulator (Scenario 1).

(a) (b)

(c) (d)

Fig. 11. 𝛼1, 𝛼2, 𝛼3 and 𝛼4 estimation (Scenario 1).

mass 𝑚1 and a 70% change in the mass 𝑚2 at 𝑡 = 5 s. In

addition, the unsettling expressions in (103) has been added

at 𝑡 = 20 s. The tracking performance of the MMUAV heli-

copter in the faulty situation is shown in Figs. 16 and 17.

The PT2FASMC can keep the systemworkingwell evenwhen

there are multiple actuator faults, parametric uncertainties

and disturbances from the outside. This is achieved through

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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(a) (b)

(c) (d)

Fig. 12. 𝛼5, 𝛼6, 𝛼71 and 𝛼72 estimation (Scenario 1).

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

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 𝐽1
and 𝐽2 in (104) and (105) according to the applied control.

They are considered energy criteria to justify the chattering

mitigation:

𝐽1 =
1

2

𝑝

�

𝑘=1

𝑈𝑇𝑈, (104)

𝐽2 =
1

2

𝑝

�

𝑘=1

𝜏𝑇𝜏. (105)

The CSMC requires significant energy, as seen by criterions

𝐽1 and 𝐽2 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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(a) (b)

(c) (d)

Fig. 14. Sliding surfaces evolution along (𝑥, 𝑦, 𝑧) axis and yaw angle (𝜓) (Scenario 1).

(a) (b)

(c) (d)

Fig. 15. Sliding surfaces evolution along𝜑, 𝜃, 𝑞1 and 𝑞2 angles (Scenario 1).
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(a) (b)

(c) (d)

Fig. 16. (𝑥, 𝑦, 𝑧) positions and yaw angle (𝜓) outputs of the UAV in the presence actuator faults, uncertainties and external disturbances (Scenario 2).

(a) (b)

(c) (d)

Fig. 17. Roll and pitch angles (𝜑, 𝜃) of the UAV and 𝑞1 and 𝑞2 angles of the outputs manipulator in the presence actuator faults, uncertainties and external

disturbances (Scenario 2).
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(a) (b)

(c) (d)

(e) (f)

Fig. 18. The six input forces of the UAV (Scenario 2).
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(a) (b)

(c) (d)

Fig. 19. Control inputs of the UAV (Scenario 2).

(a) (b)

Fig. 20. Torque control inputs of the manipulator (Scenario 1).
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(a) (b)

(c) (d)

Fig. 21. 𝛼1, 𝛼2, 𝛼3 and 𝛼4 estimation (Scenario 2).

(a) (b)

(c) (d)

Fig. 22. 𝛼5, 𝛼6, 𝛼7 and 𝛼8 estimation (Scenario 2).
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Fig. 23. 3D position tracking result of the UAV.

(a) (b)

(c) (d)

Fig. 24. Sliding surfaces evolution along (𝑥, 𝑦, 𝑧) axis and yaw angle (𝜓) (Scenario 2).
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(a) (b)

(c) (d)

Fig. 25. Sliding surfaces evolution along𝜑, 𝜃, 𝑞1 and 𝑞2 angles (Scenario 2).

Table 5. Comparison of chattering mitiga-

tion between the CSMC and PT2ASMC with

𝑝 = 4500.

Controller Criterion 𝐽1 Criterion 𝐽2

CSMC 6.13 × 104 5.73 × 104

PT2ASMC 1.03 × 104 2.28 × 104

knowledge of themodel 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:

• Complexity: The disturbance observer-based adaptive

type-2 fuzzy fault tolerant control is more difficult than

other control systems due to its sophisticated algorithms

anddesign,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.

• Problems involving significant system uncertainties:

While the proposed control algorithm demonstrates

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 ComparisonWith 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 timemultiplied 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 systemperformances are betterwhenusing 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

Fig. 26. ISE, IAE and ITAE Histogram of the proposed control algorithm,

and the control strategies proposed in Refs. [45,46,55].

proposed PT2FASMC as compared to the proposed control

strategy in Refs. [45,46,55].

9. Conclusion

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

trol strategy based on a disturbance observer for MMUAV

targets various actuator defects, parametric uncertain-

ties and external disturbances while reducing the chat-

tering phenomenon. Separate processes are employed to

overcome actuator faults, parametric uncertainties and

external disturbances. Specifically, the suggested adaptive

control strategies are used to accommodate parametric

uncertainties andactuator faults,while thedevelopeddistur-

bance observer is employed to reduce external disturbances.

The discontinuous control strategy of sliding mode control

is greatly decreased by using type-2 fuzzy adaptive control

parameters in both continuous and discontinuous control

sections, preventing chattering phenomena in the control

signals. In addition, by combining the suggested disturbance

observer with the established adaptive type-2 fuzzy sliding

mode control, the discontinuous control gain of slidingmode

control is decreased even more. This effectively reduces the

chattering phenomena issue while still ensuring the accu-

rate tracking capability of theMMUAV. The control technique

described in this study has a much higher level of robust-

nesswhen compared to earlier research, particularly in deal-

ing with actuator defects, model uncertainties and external

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

controller with a conventional sliding mode controller. The

MMUAV is subjected to fluctuations in themasses (𝑚,𝑚1 and

𝑚2), varied levels of actuator failures, and unknown external

disturbances during these tests.
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Hurtado-Ramos and J. J. González-Barbosa, Backstepping control for

a UAV-manipulator tuned by Cuckoo Search algorithm, Robot. Auton.

Syst. 147 (2022) 103910.

[63] T. Madani and A. Benallegue, Sliding mode observer and backstep-

ping control for a quadrotor unmanned aerial vehicles, in Proc.

2007 American Control Conf., New York, 2007, pp. 5887–5892, doi:

10.1109/ACC.2007.4282548.

[64] F.Wang, Z. Ma, H. Gao and H. Changchun, Disturbance observer-based

nonsingular fast terminal sliding mode fault tolerant control of a

quadrotor UAV with external disturbances and actuator faults, Int. J.

Control Autom. Syst. 20 (2022) 1122–1130.

[65] B. Wang, Y. Zhang and W. Zhang, A composite adaptive fault-

tolerant attitude control for a quadrotor UAV with multiple uncer-

tainties, J. Syst. Sci. Complex. 35 (2022) 81–104, doi:10.1007/s11424-

022-1030-y.

[66] Q. Liang and J. M. Mendel, An introduction to type-2 TSK fuzzy logic

systems, in Proc. IEEE Int. Fuzzy Systems Conf., Seoul, Korea, 1999,

pp. 1534–1539.

[67] N. N. Karnik, J. M. Mendel and Q. Liang, Type-2 fuzzy logic systems,

IEEE Trans. Fuzzy Syst. 7(6) (1999) 643–658.

[68] W.-H. Chen, J. Yang, L. Guo and S. Li, Disturbance-observer-based

control and related methods–an overview, IEEE Trans. Ind. Electron.

63(2) (2016) 1083–1095.

[69] B. Xian, S. Z. Wang and S. Yang, Nonlinear adaptive control for an

unmanned aerial payload transportation system: Theory and experi-

mental validation, Nonlinear Dyn. 98(3) (2019) 1745–1760.

[70] A. Benaddy, M. Labbadi and M. Bouzi, Robust flight control for

a quadrotor under external disturbances based on generic sec-

ond order sliding mode control, IFAC-PapersOnLine 55(12) (2022)

270–275.



June 10, 2026 10:13 WSPC/284-US 2650023 ISSN: 2301-3850

886 S. Zeghlache et al.

Samir Zeghlache was born in Setif, Algeria, in 1984. He

received the Engineer degree in Electrical Engineering from

the University of M’Sila (Algeria) in June 2006 and the Mag-

ister degree in electrical engineering fromMilitary Polytech-

nic School of Algiers (Algeria) in January 2009. He received

the Ph.D. degree in Electronics from M’Sila University (Alge-

ria), in 2014. Since 2011, he has held a teaching and research

position in theDepartment of Electrical Engineering ofM’sila

University (Algeria), and he is still part of lecturing staff as

Associate Professor. His current research interests include

nonlinear system control.

Hilal Rahaliwas born inM’sila, Algeria, in 1983 received his

Engineer degree and Magister degree in Electrical engineer-

ing from National Polytechnic School in Algiers, Algeria, in

2008 and 2011, respectively, and he received his Ph.D degree

in Electrical Engineering from the University of M’sila, Alge-

ria in 2020. He is currently working as a professor Lecturer

and researcher in Electrical Engineering department, Fac-

ulty of Technology at University ofM’sila, Algeria. His current

research interests electrical machines and drives modeling

and analysis, nonlinear control, Fault tolerant control of elec-

trical machines.

Ali Djeriouiwas born inM’sila, Algeria, in 1986. He received

the Engineering degree in electrical engineering from the

University of Mohamed Boudiaf, M’sila, Algeria, in 2009, the

M.Sc. degree in electrical engineering from Polytechnic Mili-

tary Academy, Algiers, Algeria, in 2011, the doctorate degree

in electronic instrumentation systems from the University of

Science and Technology Houari Boumediene, Bab Ezzouar,

Algeria, in 2016, and the “HDR” degree in electrical engineer-

ing, in May 2018. He is currently an Assistant Professor with

the University of Mohamed Boudiaf. His current research

interests include power electronics, control, microgrids, and

power quality.

Loutfi Benyettou was born in M’sila, Algeriain 1979. He

received his Engineer degree in Electronics and Magister

degree in industrial control from M’sila University in 2002

and 2006 respectively. He received his Ph.D. in electrical

engineering from Bechar University (Algeria), in 2016. Cur-

rently, he is an Professor in the Department of Electrical

Engineering of M’sila University. His scientific interests are

power quality conditioning, DSP and digital control, control

and diagnostic. He is member of several research projects at

University of M’sila and Electrical Engineering Laboratory of

M’sila University.

Mohamed Fouad Benkhoris was born in Bou-sâada, Alge-
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