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Abstract: In this article, an observer-based adaptive non-singular fast-reaching terminal sliding
mode control strategy is proposed to tackle the problem of actuator faults and uncertain disturbance
in aerial robot systems. Firstly, a model of an aerial robot system is established through dynamic
analysis. Next, an adaptive observer, combined with a fast adaptive fault estimation (FAFE) algorithm,
is proposed to estimate system states and actuator failure and compensate for faults in a precise
and prompt manner. In addition, a non-singular fast terminal sliding surface is defined, taking into
account the fast convergence of the tracking errors in order to provide appropriate trajectory tracking
results. Since the upper bounds of the disturbances caused by the manipulator of the system in
practice are unknown, the control approach may benefit from the addition of an adaptive control
strategy that can suppress the influence of uncertain disturbances. The Lyapunov stability theory
demonstrates that tracking errors are able to converge stably and quickly. In the end, the contrast
experiment is conducted to exhibit the effectiveness of the proposed control strategy. The results
demonstrate quicker convergence and improved estimating accuracy.

Keywords: aerial robot; sliding mode control; adaptive estimation; finite time convergence

1. Introduction

With the further development of science and the continuous iteration of related tech-
nologies, countries and organizations around the world have successively carried out
research on multi-rotor aircraft, further promoting the development of drones. In addition
to military unmanned reconnaissance aircraft and unmanned target drones, multi-rotor
drones also have various civilian applications, including space surveillance, environmental
monitoring, surface crack detection, logistics transportation, and so on [1-4], while these
services are no longer able to completely satisfy people’s requirements. With the aim of im-
proving the ability to interact with the external environment, multi-rotor aircraft equipped
with multi-joint manipulators, which can help people complete more complex, dangerous,
and sophisticated activities, have attracted more and more attention and research [5,6] in
recent years. If an autonomous manipulator is combined with the mobile platform on the
ground and in the air as a new type of robot, it will have the flexible characteristics of the
robotic arm and the mobile platform at the same time, so that the robotic arm can move
autonomously and finally be able to grasp the workpiece in industrial production and
assist workers in carrying heavy objects [7,8].

This approach, which combines the powerful operation ability of the robotic arm
with the free-movement ability of the mobile robot platform to expand the application
range of robot technology, has set off a wave of technological development and has broad
application prospects. At present, a novel system consisting of a multi-rotor aircraft and a
robotic arm can replace people to complete tasks such as sample information collection,
instrument remote control, and industrial equipment maintenance [9]. The combination
of the robotic arm and the rotorcraft aims to realize the miniaturization and dexterity of
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the robotic arm and the multi-function and intelligence of the four-rotor aircraft, which
conforms to the current technological development trend [10,11].

While the aerial robot enhances its ability to interact with the environment, the drone
will also be internally disturbed by the action of the manipulator’s actuator [12]. For a
rotorcraft with a robotic arm, when the robotic arm moves, the center of gravity of the whole
system will also be affected. To solve this problem, a new adaptive backstepping sliding
mode controller was designed in [13]. In [14], after deriving the full dynamics of unmanned
aerial manipulation (UAM), the researchers used the low-dimensional simplified model
of the entire system and adaptive backstepping technology to deal with the predicament
that the unmanned aerial vehicle (UAV) is independent of the robot manipulator control.
Reference [15] provided a sliding mode control for the attitude control of the rotorcraft
aerial manipulator. In [16], a fuzzy sliding mode control method was developed to obtain
stable control performance and tracking performance. For a UAM under uncertainties
and external disturbances, an adaptive sliding mode observer-based control strategy was
proposed in [17] to achieve the desired steady-state and transient performance.

As a result of a diversity of environments and attitudes, the aircraft will face various
problems that cause system instability during the performance of tasks; thus, a high-
precision observer is particularly important for the timely observation of aerial robots. A
Velocity-based Disturbance Observer (VbDOB), which can not only increase the robustness
to external disturbances and uncertainties in the plant dynamics but also manage accurate
full-state estimations, was constructed in [18]. In [19], in order to provide information
on states and faults to the outer controller, with the compensations for faults, researchers
designed an adaptive observer based on a radial basis function neural network (RBFNN).
A reduced-order model of the system was used to build the adaptive observer design,
which lowered computational complexity and made parameter adjustments easier. In [20],
without accurate knowledge of the system dynamics, an adaptive neural network observer
was designed to estimate information on angular velocity and compensate for the distur-
bance of the four-rotor UAV to guarantee the stability of the system. Since the system state
measurement and state-dependent disturbances cannot be fed back, an adaptive approach
based on a fuzzy observer was provided in [21].

For a rotorcraft loaded with a robotic arm, how to maintain the stability of its flight is
one of the main directions of current research. Many improvements for the PID controller
have been proposed [22,23]. In order to reduce the possible causes of system instability,
various sliding mode control (SMC) strategies are widely used in flight control systems
due to their robustness and fast response speed. Reference [24] proposed an adaptive
sliding mode fault-tolerant control method, which can adaptively generate fault-tolerant
control strategies, while compensating for actuator faults and model uncertainties by
utilizing a radial basis function neural network. In [25], a novel adaptive sliding mode
control law was created in order to get over the singularity issue of the controller. In [26],
the fuzzy logic sliding mode control strategy and the online adaptive estimation scheme
were used to inhibit the influence of the actuator fault-tolerant control (FTC) without
knowing advanced fault detection and diagnosis. Paper [27] introduced a finite-time
extended disturbance observer-based adaptive neural sliding mode control approach,
which not only eliminates chattering but also improves the network’s learning speed. A self-
tuning sliding mode control strategy was proposed in [28], which proved that the tracking
error is able to converge faster compared to the adaptive method. In [29], a continuous
nonsingular terminal sliding mode control strategy was proposed to tackle the singularity
problem and alleviate the chattering phenomenon, which enhanced practicability. A fast
nonsingular terminal sliding mode, combined with an angular velocity planning controller,
was designed in [30] for fast convergence, which improved the response performance.

Summarizing the above existing work, the robot system to be studied in this article
is a complex and coupled system; researchers have conducted in-depth research on the
serious impact of uncertainty, failure, and interference in the system, but there are still
many problems that have not been completely solved. The characteristics of faults and
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disturbances are different, while faults may be regarded as lumped disturbances, although
this has limitations [31]. Meanwhile, the chattering phenomenon is inevitable in a sliding
mode control, but chattering reduction is not considered in some control strategies [32].
In addition, the upper bound of disturbance in the system is usually uncertain, and some
control methods are not applicable [33].

In order to overcome the above-mentioned disadvantages, an observer-based adaptive
non-singular fast-reaching terminal sliding mode fault-tolerant control strategy is proposed
in this article. The major contributions of this article are summarized as follows:

(1) Aiming at the predicament that the actuator of the aerial robot has faults and unknown
disturbances, the FAFE algorithm is adopted in the observer to obtain the system state
and fault estimation value quickly and reliably in the case that the upper bound of
the perturbation is unknown.

(2) Proposing an adaptive non-singular fast-reaching terminal sliding mode fault-tolerant
control (ANFISM-FTC) approach, where the surface can make the tracking error
converge quickly in a finite time. At the same time, the fast-reaching law can suppress
jitter and accelerate the convergence rate.

(38) Considering the influence of unknown external disturbance on the control method,
through using an adaptive control scheme, the requirement to know the upper bounds
of the uncertain disturbances is eliminated.

The remainder of this paper is structured as follows. Section 2 describes the models of
the aerial robot system. In Section 3, the design of an adaptive fault observer is introduced.
The ANFTSM controller is designed in Section 4. The simulation results are presented in
Section 5. Finally, some conclusions are drawn in Section 6.

2. System Problem Description

In order to make our research have more practical physical significance, we usually
establish the earth coordinate system O and the airframe coordinate system Oy, following
the righthand rule to describe the attitude of the aerial robot.

As is vividly shown in Figure 1, the robot mainly consists of a multi-rotor UAV and a
manipulator. The quadrotor aircraft has six degrees of freedom of motion, including three
linear motions moving in the direction of coordinate axes and angular motions rotating
in the direction of three coordinate axes. Each rotor will generate lift when it rotates. The
combination of various lift forces can make the quadrotor aircraft hover, lift, roll, pitch,
and yaw, and the robotic arm connected under the aircraft can move in space. This work
takes into account the perturbation effect of the robotic arm’s rotation on the stability of the
system during the process of establishing the model of the aerial robot.

o] ’ X
O\ v

X ¥

Figure 1. Model of the aerial robot.
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2.1. Model of Aerial Robot

Define the mass of an aerial robot as m; the center of gravity position of the aircraft
in the Earth coordinate system is P = (x, y,z); roll angle, pitch angle, and yaw angle are
defined as ¢, 0, i, respectively; and I represents the length from the center of the rotor to
the center-of-gravity position of the aircraft. In addition, I € R3*3 is defined as the inertia

I, 0 0
matrix of the body, where I = |0 I, 0]; Iy, I, I; represent the moment of inertia
0 0 I

around the body coordinate axes Xy, Yy, Zy.

Through the above model analysis and the kinematics principle of the quadrotor
aircraft, this paper establishes the control input of the aircraft; the control input can be
expressed as:

Up 1 1 1 1 Ly
ug | _ 0 —1/1 0 1/1, Lo 1)
Us =1/1 0 /1, 0 L
Ug —c/I, ¢/, —c/l, ¢/l Ly

where L;(i = 1,2,3,4) denotes the lift provided by each rotor and c is the conversion
coefficient between force and torque.

Considering the coordinate transformation between different coordinate systems [34],
through utilizing the Newton Euler method and the Euler-Lagrange equation, the dynamic
model equation of the aerial robot can be obtained as:

x = Zr—z(coscps.inGC'osv,b + S.incpsint,b)
y: ﬁ(cosgpsmesuu,b —sin¢ cos P)
z="0cos¢cost —g

6 = us + Er gy

L=y -
¥ =ug+ "0

When an aerial robot uses its robotic arm for aerial operations, the rotation of the
manipulator will inevitably affect the stability of the whole system, and this coupling
problem is usually viewed as an internal interference problem [35]. Considering the
perturbations caused by the rotation of the robotic arm, we can sum up:

%:%“r’ﬁ

y:l%+T2

ZZWS—g—i-Ty,.

b=+ Bty ®)
0= u5+—lzfylx¢l]1+T5

¢=u6+%<p9+16

where T7;(i = 1,- - - ,6) denote the perturbations on the rotation of the manipulator, and
u1, up, u3 are defined as the virtual input control of the system to make the design process
more concise:

17 = ug(cos ¢ sin 6 cos P + sin ¢ sin )

1y = ug(cos ¢ sinf sin P — sin ¢ cos ) 4)

Uz = g cos ¢ cos 0

2.2. Problem Formulation

During aerial operations, the aerial robot is extremely vulnerable to external distur-
bances, such as wind disturbances; at the same time, due to the reliability of the actuator,
actuator failure is inevitable. Therefore, in order to bring it closer to practical application,
actuator faults and external interference are undoubted considerations. In this article, we
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concentrate on the attitude of the aerial robot; the type of actuator fault is considered as
a decrease in the effectiveness of the control input. Thus, the model can be described

as follows:

X
y
b4
¢
6=

wtTtd
W+E+@
Ll3 g+T3+d3

1—p4)

(
(1— ps)us + L I"¢l/)+T5+d5
(1 —pé)ué + y¢9+T6 +d6

where p;(i = 4,5,6) are the efficiency loss factors of the actuator and p; € [0,1]. When
p; = 0, it represents that the actuators will perform precisely as directed by the controller.
When 0 < p; < 1, it indicates a failure of the actuator and a decrease in control input. If
p; = 1, it means the input of the appropriate control channel is zero, indicating that the
actuator has been totally damaged. d;(i = 1, - - ,6) denote external disturbances.

This paper aims to create a fault observer and a fault-tolerant controller for an aerial
robot system that can address the problem of actuator faults and uncertain disturbance
caused by the rotation of the robotic arm. In order to achieve this purpose, the following
assumption about perturbations is necessary:

Assumption 1. There exist unknown constants D;(i = 1, -,
conditions: |d; + 7;| < D;.

6), which hold the following

3. Design of the Observer

In this section, an adaptive observer is designed to estimate the actuator failure fault
value p; quickly and reliably in the event that the upper bound of the perturbation is un-
known. For the convenience of the theoretical proof in the following text, the assumptions
and lemmas that need to be considered are as follows:

Assumption 2 ([36]). |le(x1,t) — e(x2, t)|| < 7|[x1 — x2]|, where v > 0 is the Lipschitz constant
and g(x, t)satisfies the Lipschitz.

Assumption 3. The fault p; in the system is bounded and differentiable, and satisfies that |p;| < A,

‘ pl‘ < A, where A, A are positive constants.

Lemma 1 ([37]). ZKlTKz < %KlTKl + szTKz, where v > 0.

Based on Equation (5), ignoring the gyroscopic effect, considering actuator failure
and the interference of unknown disturbances, the attitude subsystem of the aerial robot is
transformed into a state equation, as follows:

{ x(t) = Ax(t) + B(E — p)u(t) +e(x, t) + Ld(t) ©)

y(#) = Cx(t)

_ | O3 B3 _ T . B S
where A = { Ors Osns },B [ O3x3 Bx3 |,C = Isxe x(t) = [ 6 ¢ ¢ 0 Y

is the state variable, E = I3x3, u(t) = [ us us ug }T is the control input, and
y(t) = { ¢ 0 ¥ q> 0 (p }T is the output. L = B is the disturbance matrix.
e(x,t) = [ 0143 OT(x,t) ]T is a known nonlinear function and
O(x,t) = [ nyxlzél;l) szle(i)l,?) Ix;zlyd)é }T, d(t) = [u+ds w+ds T6+d6]T denote
the disturbance; p = diag{ ps ps pe } are faults.
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Therefore, the adaptive observer is designed as follows:
2(t) = A%(t) + B(E — p)u(t) + e(%,t) + Ld(t) + H(y — 9) 7)
y(t) = Cx(t)

where § is the observed value of p, H is the gain matrix, d(t) is the observed value of
disturbance, and ‘d(t) ‘ < k. The upper bound of the derivative of the unknown disturbance
is a positive constant.

We can define system errors as follows, ex = x(t) — %(t), ey = y(t) —9(t),

eq = d(t) —d(t), p; = pi — pi, and set §; = p; — p;, K = k — k.
IfP=Pl>0,Q>00>0,x >0, then G can be derived from the following formula:

{ (A—HC)TP+ P(A—HC) + 1PP+0x?I = —Q ®

PB = (GC)T

For the actuator failure fault p;, an adaptive actuator fault estimation law is designed
as follows:

p; = —2agieyu; ©9)

where « is the learning rate; g; is the i-th row of G.
The adaptive law for disturbance can be expressed as:

cf(t) = wpsgn(ey) (10)

where ay is the adaptive parameter. In order to avoid chattering, set sgn(e;) =
A = 0.001.

ed
lea|+A7

Theorem 1. Focusing on the system shown in Equation (5), an adaptive observer in Equation (7)
is designed to estimate the value of the actuator failure fault p; in the case that the upper bound of
the perturbation is unknown. The designed actuator fault observer can guarantee the stability of
the system.

Proof of Theorem 1. The Lyapunov function is chosen as follows:

1, 1 1
Vi = el Pey + Ep? + Eeﬁ + %KZ (11)

Set K1 = PTey, Ky = e(x,t) — &(%,t); according to Lemma 1 and Assumption 1, it can
be concluded that,

1 1
2¢I'PK, < Be,{PPTex +0KIK; < Be,{PPTex +ox2elle, (12)
SetE = (A— HC)"P+ P(A — HC); taking the derivative of V; yields,
vV, = exuex 2eT PBGu; + 2eTP(e(x, ) — e(2,1)) + 15:0; + eqeq + L7k
< exuex 2eIPBpju; + el PPTe, + ox?ellex + 1p:(p; — 0;) + eqeq + Lxx

< elZey+ leIPPTe, + oXZeTIex p:(2eI PBpu; + 1p,)
+1p:0; 4+ (K —ap)leq| — Lk

(13)

In order to estimate the bound of the derivative of the perturbation, the adaptive law is
designed as & = ole;| and set oy = x + v, where v and ¢ are both positive constants. Thus,

1 _ _ 1., 1._.
Vi <elBe, + EeZPPTex + ox%el Iey — p; (2L PBp;u; + &pi) + =~ Pif; — vieg|  (14)
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Through Assumption 3, one obtains

3. z i\0itp;) _ 1 i—Pi i z+,
%Pipi __f Jrp(p p) _ 0 4 (i p)(;; —pitp;)
<_ P, +(‘P1‘+‘pz|)(|pzl+|f)l‘+|pz|) (15)
p, AQA+A)
S—;+7a

Substituting Equation (15) into Equation (14), one achieves

Vi = T(WelPPT—l-oxeTI)ex p’ —l—

TGyl Pex — f + 2

< - (16)
< -tV +§—V|3d|

/\min(Q)

where ¢ = min{l,m}, 7= w

. Therefore, we can know that e, (t) and ey (t)
converge to zero asymptotically [38], according to the Lyapunov stability theory.

Remark 1. According to the above proof, the designed adaptive law enables the fault observer to
accurately estimate fault information without knowing the upper bounds of the disturbances.

4. Design of the Controller

In this section, an adaptive nonsingular fast terminal sliding mode fault-tolerant
controller (ANFTSM-FTC) is designed for aerial robot systems with actuator faults and
disturbances caused by the rotation of the robotic arm, to solve the suggested issue. The
primary benefit of this control algorithm is that it can effectively reduce chattering and has
a quick convergence speed in the event of disturbances with an uncertain upper bound
and actuator failure issues.

Lemma 2 ([39]). If there exists a function V (x(t)) satisfying

(1) V(x(t))=0<x(t)=0,

Q) V(x(t)) < =21V (x(t)) — TV (x(t)), where £q > 0,2 > 0,0 < @ < 1, @ > 1.
then the system can converge to zero in finite time, and the convergence time satisfies:

1
Ts sy T S

The sliding surface of the nonsingular fast-reaching terminal is designed as:
— 5 h,’
si = €+ Aiei + pilei| " sgn(e;) (17)

where A;, p;, hi(i = 1,...,6) are all positive constants and e; are vector tracking errors
which are defined as:

e =X —Xg4
€2=Y—Yd
e3=2z—2y4
18
es=¢—¢q (19
65:9—9d
=¢—Ya

where [ x4 Ya za ¢a 61 Va | T is the desired value.
Derivation of the Equation (17) can be obtained as:

§i = &+ A + wihile; " e (19)
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Uus

Ug

up =

Uz = —
Uy = —

Us = —

In an attempt to improve response speed and quickly stabilize the system, the ap-
proaching law can be expressed as follows:

s5i=-Ti(1—e ™) (20)
where T;(i = 1,...,6) are positive constant parameters.
By combining Equations (18) and (19), we can get:

&+ Aieg + pililei]" e = —Ti(1— %) (21)

Substituting Equations (5) and (17) into Equation (20), and considering the estimations
of the actuator faults, yields:
L,% +1 +d — x5+ Aeg + ,’l/l1h1 |61 |hli1
%2 + T +dy — ])d + Arey + #2h2|€2‘h2_1€2
L:s -9+ 1 +d3 — id + Azes + ll3h3|€3| S

e = —1"1(1 —6;51)
= —rz(l _62_52)
= —F3(1 —63_ )

(1 —P4)M4+ Z91,L’+T4+d4 —¢d+/\4€4+}14h4|6’4| o 164 = —T4(l—e,™) @2)
(1—95)”5+IZ IX<P1P+T5+d5—9d+?t5€5+ﬂ5h5|€5| o €5 —T5(1—e5%)
(1 — pe)ue + 5 I y¢9+T6 +de — Py + Aeés + eheles|" Tes = —Ts(1 —e%)

Since the upper bounds of disturbances caused by the rotation of the robotic arm are
unknown in practice, an adaptive control scheme is considered, to be combined with the
controller. Therefore, the controller is designed as:

—m(/\lél + y1h1|el|h1’lé1 — %4+ T1(1—¢ ") + Dysgn(sy))
m(Azes + V2h2|ez| 271 éz — ¥, +T2(1—e;") + Dysgn(sy))
(/\363 + V3h3|€3| 3= 63 — Zd — g + I3(1— e3 53) + Dgsg n(s3))

4

T=ps) p4) (Aaéy + pahalea ey + 29#’ ¢g+Ta(1— e, ™) + Dysgn(sy)) (23)
5 ps) (Asés + pshs|es|"s™ l65 + L yI“ ¢ — 04 +T5(1— e %) + Dssgn(ss))
L2 .
— iy (Aeee -+ Heheles| " és + 2290 — §; + To(1 — ™) + Dsgn(se))

where D; are the estimated values of D;.
In order to estimate D; more accurately, the following adaptive errors are designed as:

D; = D;—D; (24)
Derivation of the Equation (32) can be obtained as
D; = D, (25)
where
Dy Logn(9oh) (a[s1 1 + s |12)
Dy = Lsgn (52) (1[5 + 1zas2|2)
Ds = Lsgn(32) gs11s3/ + alss ) 26
Dy = sgn($25) (a1 [s4|™ + nazs4|2)
Ds = sgn(22) (5515511 + a5/
Do = sgn(35e2) (61 56| -+ 761[s6|°)

With i1, Ni2 > Oand 0 < gil <1, §i2 > 1.

Theorem 2. Set the dynamic model of aerial robots as Equation (5); ANFTSM-FTC Equation (23)
is designed by combining the sliding mode surface Equation (17) and approaching law Equation (20).



Actuators 2024, 13, 98

9 of 17

Meanwhile, adaptive laws Equation (26) can estimate the disturbances caused by the rotation of the
manipulator more accurately. Accordingly, the designed ANFTSM control law can be used to obtain
the stabilization of the sliding surface and fast convergence of the controller within a finite time.

Proof of Theorem 2. Choose Lyapunov functions as follows:

V,'Z(t) = *Si(i’>(V1’ =1, ,6) (27)

Taking the derivative of Vi, (t) yields,

. Vip(t) 9s;(t) ou;(t) aD;(t
Vip(t) = asiz((t)> afli((t)) an((t)) at()

ds; (¢ a1+1 ds; (t n+1
< 1| o2 [l 2 Soith |lsif e 5 (28)
i+l s 1+1 Zip+l s Eintl
<=2l Ve (-2 el v

According to Lemma 2, the sliding surface can be stable in a finite time.
When s;(t) = 0, then,

e = —Aie; — pilei]"sgn(e;) (29)

Considering Lyapunov functions as follows:

Valt) = 5el) (i = 1,0+-,6) 30)

For the considered candidate Lyapunov, we get

ei(t)e;(t) -

—Aie? = pile"t (31)
)\i Ui hi+2

—5Vis(t) = 5Viz 2 (t)

Similarly, the tracking errors are able to converge rapidly in a finite time.

Vis(t)

IN N I

Remark 1. By designing a nonlinear term in the sliding surface and the approaching law, the
singular problem is overcome and the chattering phenomenon is suppressed. In comparison to
traditional SMC, through introducing an adaptive control procedure, the upper bounds of uncertain
disturbances caused by the robotic arm of the system no longer need to be known in advance. Using
the ANFTSM-FTC when designing a controller will obtain an excellent convergence speed.

5. Simulation

In this section, several simulations are carried out on the Quanser company’s semi-
physical simulation platform, as shown in Figures 2—4, to prove the effectiveness of the
proposed observer-based ANFTSM-FTC strategy. In order to obtain the position infor-
mation that meets the accuracy requirements during the indoor flight experiment, the
experimental platform adopts the Flex-3 motion capture camera and OptiTrackTools soft-
ware (version 2.0.1. Final) to solve the position and realize the high-precision positioning of
the indoor target. The ground workstation is composed of a computer, wireless router, and
remote control. The computer is mainly responsible for the control and calculation tasks of
the entire aircraft fault-tolerant control experimental platform system. It is equipped with a
QUARC real-time fault-tolerant control system plug-in developed based on Matlab simula-
tion software (version R2023b) and OptiTrackTools visual processing software (version 2.0.1.
Final). After obtaining the dynamic visual information of the flight process of the aircraft
from the cameras arranged in the room, the OptiTrackTools software (version 2.0.1. Final)
analyzes and processes the information to complete the monitoring of the flight state of
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the aircraft, so as to realize the control of the aircraft in a reciprocating manner. According
to the specific requirements of the experiment, the ground workstation can set fault and
other command parameters for Qdrone aircraft according to the specific requirements of
the experiment, simulate faults in the actual flight process of the aircraft, and realize the
verification of the fault-tolerant control algorithm. Comparisons with two other strategies
have been performed to show its superiority.

Figure 2. Aerial robot.

Figure 3. Spatial positioning system.

In the simulation experiment, in order to better simulate the actual situation, white
noise with an upper bound less than 0.015 exists at the beginning of the simulation. The
system-related parameters of the aerial robot are selected as shown in Table 1.
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Figure 4. Ground workstation.

Table 1. Parameters of the aerial robot.

Symbol Implication Numerical Value
m Quality of the aerial robot 1.121 kg
! Arm length of UAV 0.54 m
I Rotational inertia around x axis 0.010 kg/ m?
Iy Rotational inertia around y axis 0.008 kg / m?
I Rotational inertia around z axis 0.015 kg/ m?
g Acceleration of gravity 9.8 m/s?

5.1. Observer Simulation

The parameter design of the adaptive observer is as follows: & = 3, P = 15.07 x Igye,
Q=1Isx6,0=16,x=38,v=23,0 =30,

In this scenario, time-varying fault functions, as Equations (32) and (33), are introduced.
To reflect the superiority of the proposed observer, we further compared it with the observer
in reference [40].

0 0<t<5b
o4 =405 5<t<10,t>15 (32)
02 10<t<15
0 0<t<5
P6 = (33)
0.4+ 0.15c0s(0.37tt) t>5

As is vividly shown in Figures 5 and 6, both observers have the ability to estimate
failures, but the actuator faults can be estimated in a timely manner and accurately through
the observer designed in this article, compared with the adaptive algorithm proposed
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in [40]. The observer in [40] has a longer delay in observing the actual value. As a result,
the performance of the observer in this paper has a preeminent rapidity and accuracy.

T T T
True value of fault
08 [ climated value in this paper
h s Estimated value in the existing research

o 06k -
=
8 Y
ks
@« 04+ -
=
o
>
=] ‘
2 o2t - 4
o
]
o
£
= T

—02r- -

04 1 1 1

0 o 10 15 20

Time(s)

Figure 5. Estimated value comparison diagram in situation 1.

True value of fault
0s L [ ctimated value in this paper _
- Estimated value in the existing research

06 -

04+

0.2+

Tracking value of fault

—02 -

04 1 1 1
0 o 10 15 20

Time(s)

Figure 6. Estimated value comparison diagram in situation 2.

5.2. Controller Simulation

In this section, the fault-tolerant effect of the aerial robot system under actuator faults
and disturbances with unknown upper bounderies is studied. The controller parameters
are given in Table 2.

Table 2. Controller parameters.

Parameters Value
A(i=1,...,6) 10
uii=1,...,6) 50
hi(i=1,...,6) 14
ri(i=1,...,6) 0.6
mi=1,..., 0.5

6)
’7i2(i = 1,...,6) 0.5
Zn(i=1,...,6) 0.5
Enli=1,...,6)
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The initial condition of the aerial robot is set as [ xo yo z0 ¢o 60 Wo | =
[04 0 06 —01 —02 01 ], and the target condition is set as
| Xi Ya za ¢a 6a $a] =[—-01 05 03 0 0 0 ]. The goal of control is to
make the system reach the target position as soon as possible and steadily. At the 7th sec-
ond of the experiment, 15% of the actuator failure is injected into the attitude control
channel, and the robotic arm rotates between 17 and 21 s.

To determine whether the ANFTSMC approach in this paper has outstanding effects,
this paper conducts a comparative experiment with the method proposed in [41].

It can be observed from Figures 7-12 that the tracking value in this paper can reach
the target position in about 2 s when there exist faults, and curves in this paper restore
stability in about one second, which proves that the tracking errors are able to converge
in finite time. When a fault occurs and the robotic arm is running, the proposed method
and the sliding mode fault-tolerant control method in reference [41] can compensate for the
fault information to make the system stable, but the comparison diagrams show that the
trajectories in this article converge approximately 1 s faster than the trajectories in [41], and
the convergence time of the proposed approach is shorter, reflecting the effectiveness of the
fast convergence law. Meanwhile, the control method in this article can effectively weaken
the chattering of the system compared with the other method.

ey Tracking value in this paper i
Tracking value in the existing research

—0.1

Time/s

Figure 7. Tracking values of x.

Tracking value in this paper
Tracking value in the existing research

0.6 -

Time/s

Figure 8. Tracking values of y.
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Figure 10. Tracking values of ¢.
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Figure 11. Tracking values of 6.



Actuators 2024, 13, 98 150f 17

, Tracking value in this paper
0.2+

Tracking value in the existing research

01+ -

wlrad
|
%
{
|
|
}
i
.J.I
|

—0.1 .

—0.2 L .

Time/s

Figure 12. Tracking values of ¢.
Accordingly, the proposed FTC strategy has superior stability and a faster response speed.

6. Conclusions

This paper proposed an adaptive non-singular fast terminal sliding mode fault-tolerant
control method based on an adaptive observer for aerial robot systems. When actuator
faults occur in the system, the adaptive fault observer with anti-interference capability can
estimate the time-varying faults accurately and weaken the chattering phenomenon. After
defining the tracking error, a non-singular fast-reaching terminal sliding surface is designed.
Considering various uncertain disturbances, including those caused by the rotation of the
manipulator, several adaptive control laws are utilized to estimate the upper bounds of
uncertain disturbances. By comparison with some existing FTC methods, it is obvious that
the proposed approach has superior fault-tolerant performance. In future studies, we will
focus on the uncertainty part of modeling in aerial robot systems.
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