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Abstract: In this paper, an adaptive sliding mode fault-tolerant control scheme based on prescribed
performance control and neural networks is developed for an Unmanned Aerial Vehicle (UAV)
quadrotor carrying a load to deal with actuator faults. First, a nonsingular fast terminal sliding mode
(NFTSM) control strategy is presented. In virtue of the proposed strategy, fast convergence and
high robustness can be guaranteed without stimulating chattering. Secondly, to obtain correct fault
magnitudes and compensate the failures actively, a radial basis function neural network-based fault
estimation scheme is proposed. By combining the proposed fault estimation strategy and the NFTSM
controller, an active fault-tolerant control algorithm is established. Then, the uncertainties caused by
load variation are explicitly considered and compensated by the presented adaptive laws. Moreover,
by synthesizing the proposed sliding mode control and prescribed performance control (PPC), an
output error transformation is defined to deal with state constraints and provide better tracking
performance. From the Lyapunov stability analysis, the overall system is proven to be uniformly
asymptotically stable. Finally, numerical simulation based on a quadrotor helicopter is carried out to
validate the effectiveness and superiority of the proposed algorithm.

Keywords: quadrotor UAV; fault-tolerant control; sliding mode control; prescribed performance

1. Introduction

With the rapid development of onboard computer technology, communications and
microelectronics systems, multi-rotor unmanned aerial vehicles (MUAVs) are increasingly
popularized in the market [1]. UAVs can be widely used in military and civil fields by
loading robot arms, cameras or other equipment, such as agricultural pesticide spraying,
parcel delivery, and surface exploration [2].

Therefore, the control system of UAVs for load transportation is a topic of current
interest [3]. Since UAV systems are susceptible to interference, the complex flight envi-
ronment and long-term high-load operation may lead to faults. When faults occur, they
may influence the stability of the whole control system and even lead to a catastrophic
crash [4]. To save on costs and ensure safety, keeping the stability of UAV systems with the
occurrence of faults is becoming increasingly important [5].

In [6], a general survey was presented on fault-tolerant control (FTC), and the authors
categorized it into two types in a general framework: passive FTC (PFTC) and active FTC
(AFTC). PFTC is designed aiming at a class of presumed faults [7]. This can stabilize the sys-
tem by relying on robustness and does not need to adjust the structure of the controller [8].
Since PFTC would sacrifice nominal control performance, the research of AFTC has been
explored to meet the high-performance requirements [9]. In contrast to PFTC, AFTC was
designed based on online detection of faults and controller reconfiguration [10,11]. With
the help of the FDD module, an AFTC can deal with faults by adjusting the control law [12].
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In terms of fault diagnosis, a sliding mode observer was proposed in [13] for quadrotor
actuator faults estimation. Moreover, reference [14] further proved that the system using
the certain observer could be globally stable. In [15] a finite-time extended state observer
was presented to obtain the state information of spacecraft. With the advent of the big
data era, some data-driven diagnosis methods have been raised. In [16], by using an
RBFNN-based estimation observer, the parameters of the sliding mode can be adjusted
adaptively so that the tracking trajectory is more effective. A parallel bank of recurrent
neural networks with an extended Kalman filter was designed to improve the reliability
and accuracy of fault severity estimation in [17].

As for the control scheme, SMC has the advantage of strong robustness against uncer-
tainties and disturbances; therefore, it is widely used in fault-tolerant control for quadrotor
UAUVs [18]. By combining SMC and back-stepping method, the authors in [19] proposed a
fault-tolerant controller for a quadrotor. In [20], a scheme to deal with the sinusoidal wind
model was designed based on the integral adaptive sliding mode control method.

A comparative survey study was presented in [21], and the authors elaborated both
the advantages and disadvantages of each technique used for the controller to drive a
QUAV. According to the survey results, the terminal sliding mode was considered as the
most suitable method for quadrotor systems. In [22], a nonlinear terminal sliding mode
controller was proposed for the attitude loop of a quadrotor. The authors in [23] designed
a time-varying combinational terminal SMC method and expanded it to an adaptive fuzzy
time-varying fast terminal SMC scheme for a quadrotor flight control.

To ensure fast convergence of the whole process, the authors in [24] proposed a global
fast terminal sliding mode controller for second-order systems. Moreover, an adaptive
nonsingular fast terminal sliding-mode tracking control algorithm is presented in [25] for a
QUAYV with modeling uncertainties, and a switching function was introduced to reduce
the chattering.

From the model point of view, most of the existing studies for UAVs are based on
the assumption that the mass and inertia of the system is time-invariant. However, this
assumption ignores the effects of various loads. For example, some loads, such as robot
arms, may change their shapes during flight, which will lead to changes in the momentum
of inertia. The weight of the load is time-varying when quadrotors are applied for aerial
refueling and pesticide seeding, so that both the mass and inertia are unknown.

In [26], a nonlinear dynamic inversion method was proposed to deal with the problem
of a UAV with a suspended load. To deal with the influence of time-varying loads, an
adaptive correcting coefficient is designed to estimate the amount of load in [27]. The
researchers in [28] established a precise model for UAVs with time-varying load and
proposed a compensation control law.

In this paper, inspired by the aforementioned practical problems, an adaptive robust
flight fault-tolerant controller based on NFTSM control and prescribed performance func-
tion is developed for a quadrotor. The objective of this flight control algorithm is to stabilize
the system and to track the flight path in the presence of actuator loss of effectiveness fault
and effects of time-varying payloads. The main novelties and the critical features of this
work are summarized as follows:

(1) A new nonsingular fast terminal sliding mode is designed to deal with the quadrotor
trajectory tracking problem and load disturbances. Strong robustness and fixed-time
convergence are achieved by this algorithm.

(2) To compensate for the uncertainty of mass and inertia caused by the loads, adaptive
laws are designed to estimate the corresponding parameters online.

(3) An RBFNN-based fault estimation observer is designed, so that we can obtain an
accurate value of the actuator failure rate and disturbances.

(4) A prescribed performance function is proposed and incorporated into the position
control algorithm, which optimizes the dynamic performance to be more practical for
real applications.
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The remainder of this paper is organized as follows: the system model of the quadrotor
UAV is given in Section 2. Section 3 presents an RBFNN-based fault estimation algorithm.
In Section 4, the detailed design procedures of the proposed active NFSTM controller
are addressed. The corresponding experimental results are given in Section 5 to show
the effectiveness of the proposed control scheme. Finally, our general conclusions of this
subject are summarized in the last section.

2. The Model Description

As shown in Figure 1, the quadrotor UAV is an underactuated vehicle with two pairs
of propellers driven through four motors m;(i = 1,2,3,4). By adjusting the speed of
propellers, we can adjust the attitude angle and horizontal position of the UAV. In order to
analyze the dynamics and kinematics of the system, position, and attitude equations for
a quadrotor are described in two frameworks: the internal framework (B) located at the
center mass of quadrotor and external framework (E), which is fixed with respect to the
ground [29].

Figure 1. Model of the quadrotor UAV.

2.1. Quadrotor Kinematics

Euler angles are used to describe the quadrotor attitude dynamics: ® = [¢,6, ¥]”
represent the roll, pitch and yaw respectively. P = [x,y,z]T represents the relative position
in the inertia system. The angular velocity and linear velocity are described by Q = [p, q,7]T
and V = [u,v,w|T. m and g are the mass of UAV and the acceleration of gravity. The main
input is defined as:

Up = 1(f3 — fa)

u9:l(f1_f2) (1)
Uy =b(fr+fa—f3— fa)

U = fit fat+ f3+ fa

where [ is the distance from the center of mass of the aircraft to the propellers, f;(i =
1,2,3,4) is the thrust generated by the corresponding propeller. b is a constant coefficient
and 7;=b - f, presents the torque generated by propellers. Neglecting the shape and the
rotation of the Earth, then the kinematic and the dynamic equations can be established as:

dH _d(IQ) — M )
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where M, H, M?, and J stand for the linear momentum, angular momentum, torque, and
inertia. Due to the time-varying payload of UAVs, m and | are time-varying. Therefore, we
can obtain the following formulas by combining Newton’s second law [30]:

0
mV = F —mV=RE 0 — WV (3)
U, —mg

JO=M —jQ=Ug—K-JQ (4)
where Ug = [Uy, Up, Uy]T, K = [kpp? koq?, kyr?] T, kg, ke, ky are drag coefficients. R is
the translational matrix, which can be given as [31]:

RE = (kD)
cosfcosyp cosypsinfsiny —sinypcos¢ cosypsinbcosP + sin sin P

= | cosfsiny sinysinfsing +cosycos¢ sinysinfcos¢P — cosPsing
—sin6 sin ¢ cos 6 cos ¢ cos 0

©)

Remark 1. In this paper, iV and JQ) in Equation (3) are additional terms of time-varying loads,
which are merged with external disturbances. m and J;(i = x,y,z) are variables.

2.2. Problem Formulation

For the quadrotor system, the occurrence of actuator faults is inevitable. The faults
discussed in this paper are modeled as loss of control effectiveness. Then, the system
subject to actuator faults can be described as follows:

X11 = X12
(o = Loy +d
X12 = ;011 1
Xo1 = X2
try = Lon U d (6)
X2 = ;;02Us +dp
X31 = X32
. 1
X3p = EU’3U3 + d3
X41 = Xg
. 1 2., 0@
Xy = Tuxspxer — T-kpxan™ + THUp +d4
51 = X5

@)

X5y = T5Xxg0Xep — ikex522 + %’Ue +ds

Xe1 = Xe2
ter = Texaxsy — 1-kyXea® + Uy +de

where x;; = (x,v,2,¢,0,9)T, xp = (u,0,w,p,q,7)T. [Ty, T2, T3]T is used to represent
]yffz Jz—Jx ]xffy
[ Ik 7y o 2 ]
disturbance, which would be called by disturbance term in the following, U; is virtual

control quantity:

T for simplification, d; is the sum of external disturbance and load

Uy = (cos ¢sinf cos P + sin ¢ sin ) U,
Uy = (cos ¢ sinfsinp — sin ¢ cos ¢) U, 8)
Us = (cos ¢ cos 0)U,

0 < 0; < 1represents the actuator effectiveness of ith actuator. When o; = 1, it shows that
the ith actuator works properly. If 0 < ¢; < 1, it means that the ith actuator partially loses
its effectiveness but still works.

The purpose of this paper is to design an active fault-tolerant controller against
actuator faults and the variation of the payload so that the safety and stability of the system
can be guaranteed. To increase the trajectory tracking performance, the position state
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constraints are taken into consideration. In order to achieve the goal, certain lemmas and
assumptions are used in this paper:

Assumption 1. The disturbance term is bounded, and the upper bound is denoted by known
constants: |d;| < D, (i = 1,2,3,4,5,6), therefore, D(t) = [dy,d>,d3,dy,ds,ds]”, |D(t)| < D.

Lemma 1. Based on RBFNN technology, a nonlinear function f(x) : RP — R7 can be ap-
proximated in a compact set as [32]: f(x) = WT®(x) + e with any designated precision,
where W € R™*1 denotes the ideal weight matrix whose Euclidean norm is bounded. ®(x) =
[@1(x), ¢2(x), -+, pm(x)]T represents the basis function and m is the number of implicit layer. ¢
is the approximation error of network, which satisfies |e| < emax.

Lemma 2. Consider a ‘constrained’ system with the prescribed error performance:

—xu(t) <e(t) <&u(t) )

where k and & are positive constants and y(t) is a positive decreasing smooth function, which satis-
fies: imy oot () = poo > 0. If there is a smooth, strictly increasing function, S(n) satisfies [33]:
(1) —x<S(n) <& V€ Leo.
(2)  limy10S(n) = &,and limy, «S(17) = —k.
Define transformed error as = S ’1(§), where S~ 1 (37) is the inverse function of S(1). The
inequality holds when the transformed error is convergent.

3. Estimation Observer DESIGN

In this section, an RBFNN-based fault estimate observer is designed to obtain the
failure rate of actuators and the value of the disturbance term. First, Equations (6) and (7)
can be manipulated into a state-space form:

X (t) = Xa(t)
{ X;(t) = F(zXz) + BEU + D(t) (10)

where X (t) and X,(t) represent the state variables, U is the control input vector, and B
is the control effectiveness matrix, E = diag{cy, 07, ...,04} represents the failure rate of
actuators, D is the disturbance term.

According to Lemma 1, E can be approximated by E = WETCIDE(XQ) + &.. Therefore,
Equation (10) can be written as:

{ Xl (t) = XZ(t) (11)
Xo(t) = F(X2) + B(W, @, (X3) + &)U + D(t)

Then, a novel fault estimation observer is designed for the Equation (11) as follows:

A

Xo(t) = F(Xp) + BUWI®,(Xy) + &.) + D(t) + L(Xa(t) — Xa(t)) (12)

where X,(t), W and &, are the estimated values of X(t), W, and ¢, respectively. L is a
Hurwitz matrix. The adaptive updated laws are designed as:

—k1 @ (x) XIPBU — ky(W, — Weq), otherwise
Weu - k2(We - va‘a)
ée = —ks(BU)"PXy(t)

W — { 0,if ||We| = We and — ky @ (x) XT PBU — ky(W, — Weq) > 0
=
; (13)
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The compensation of disturbance term is designed as:

) { 0,if|[PXa]| =0

(14)

— ﬁ D, otherwise
2

where X, = X, — Xp, W, = W, — W, and & = & —e. ky,ky, k3, ky are positive constants
indicating gains; W, is the upper bound of the norm of W, and W,,. P is an unknown
positive definite matrix to be select. After simple calculation, the error dynamics equation
is given by:

X, (t) = F(Xa) — F(Xp) + BUW ®,(Xo) 4+ BUE, + LXy(t) + D(t) — D(t)  (15)

According to Equations (6) and (7), it is easy to obtain that there exist a positive
constant oy makes the following inequality hold:

IF(X2) — F(X)|| < 7] %2l (16)

Theorem 1. Considering a UAV system described by Equation (10), a RBFNN-based fault observer
is designed as Equation (11). If the positive definite matrix P satisfies LP + PL 4+ 2yP < 0 fora
given L, the value of faults and disturbance term can be obtained [34].

4. Fault Tolerant Controller Design

After fault diagnosis, the next problem is to construct fault-tolerant controllers for the
UAV system with actuator faults and parametric uncertainties. The control block model
and flowchart of the proposed control method are illustrated in Figures 2 and 3. In this
section, the overall UAV system is decoupled into the position subsystem and attitude
subsystem as shown in Figure 2.

With the fault magnitudes and disturbance value obtained in Section 3, an adaptive
NFTSMC scheme is presented for the corresponding subsystem to track the desired trajec-
tory. It can be seen in Figure 2 that the algorithm is composed of an inner loop and an outer
loop. The outer loop that gives the desired angles, and the total thrust is applied to perform
robust path tracking. The inner loop is used to maintain the UAV attitude stabilization.

With the desired angles, this loop generates the yawing, pitching, and rolling torques
to control the angular and the velocity of the attitude subsystem. The proposed scheme
is not only able to handle the faults and disturbance term but also able to guesstimate
the unknown mass and inertia caused by time-varying payloads. Additionally, for better
dynamic performance, an error transformation based on the PPF method is designed on
the position subsystem.

4.1. Position Subsystem

Considering Equation (6), the tracking error is defined as:
e1i = xjp — Xjg(i = 1,2,3) (17)
where x;; is the desired trajectory.

4.1.1. Prescribed Performance

To avoid collision and optimize the control performance, we designed Prescribed
Performance Functions (PPF) to ensure a maximum overshoot less than a prescribed value.
An error transformed system is derived from the original system so that the stability of the
transformed system can ensure that the tracking error of the original system is within the
prescribed bounds. The constraints of error variables are set as:

— Kl',‘ul'(i’) <e < Ri‘u,‘(t) (18)
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The prescribed performance functions y;(t) are set as 1;(t) = (Hig — Hico )€ it 4 Hicos
(i =1,2,3), where ujy, i, k; and &; are positive constants.

it - Attitude |[UnUply 4
Desired . Subsystem
Signals | “e¥els Position Buga Controller
Subsystemn UUa | Nonlinear - Actuator
Controller Decoupling |y, + 1 | Fauts
A A 2
. TJ 2
Adaptive R e A
Law = ™ Estimator |«
3.0, Y
A V.2
2l s dl" t
B Quadrotor
Figure 2. The general control scheme of the quadrotor.
Get attitude Get attitude I/'F L
/ N . > . finish )
{ Start ) |reference signals tracking errors M /
/ rFy

l - A ¢
.. } i Design atitude .
Get position Design adaptive control laws Design fault

reference signals laws estimator

M iTh

l 1 ——

. . . Design adaptive
Get position Design position laws
tracking errors control laws ¢
F 3
h 4 Get torture Get thrust
Set state Error trans input input
boundaries -formation A

Figure 3. The flowchart of the control system.

Remark 2. In (18), we can see that i;p;(t) and &;p;(t) define the upper bound and lower bound of
error variables separately. The decreasing rate h; represents the lower bound of convergence speed,
Uico CONfines the steady-state tracking error. Therefore, the transient performance can be designed
by turning corresponding parameters.

According to Lemma 2, we set the following transform to guarantee that the tracking
errors remain within the prescribed performance bounds:

ei(t) = ui(t)Si(n)
l _‘ulf(ie”i —ZKZ*WI' (19)
Sl‘(rll') - 671,'_;'_6*77,'

Since S;(7) is strictly monotonic increasing, we can obtain its inverse function:

ey _ L, pikite

= 20
Vi) 2 piki—e; (20)

i =S

4.1.2. Position Control Design

In this part, controllers based on NFTSMC are proposed for the output error trans-
formed system. The main advantage of this kind of algorithms is fast convergence and
strong robustness under the effect of model uncertainties and disturbance terms. Two
different controllers are discussed in this section. The first one is an NFTSMC algorithm
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m. . 2
uleq = *[xld —dy +

Uy = uleq + UlswzmlT1

= i1 — dy — pysign(Sy) — 181 — A 4 A
T = X149 — dq — p15ign(S1) — 4154 2+

developed for the position control subsystem without the uncertainty terms. Since the
time-varying loads are considered in this paper, the adaptive method is introduced aiming
at the uncertainty of mass, which can improve the control performance.

Without loss of generality, we take [xll,xlz]T as an example to show the detailed
design procedures. First, an NFTSM surface is introduced as follows:

S1 = 11 + kua | |“sign (1) + ka1 |Prsign (i) (21)

where k11 > 0, k12 > 0. To avoid singularity, 1 < 1 < 2and B < «3.
By setting S; = 0, the equivalent term in control signal is derived as:
e tejin ey m(+akilm M) ha(ep - €1ﬂ1)]
H p? h Brkolin [P i

To achieve strong robustness to deal with disturbance terms, the switching control
law is designed as:

(22)

Upgy = %[—plsign(sn — 0:151] (23)

Finally, the complete control law is defined as:

(%1 )
verjiv i (Ianky | 1Y) (e —ejn) (24)
" I Brkial i P11 M

€1

H

where p; and g; are positive constants, o and d; are obtained from the observer proposed
. . 1 1 1
in Section 3, i1 = 3 (7 74 + 3= )-

The stability of this controller is proved with following Lyapunov function:

_ 1o
Vi = 551 (25)
Vi =515
. 1, . Bi—17 /. e B —
= Sy + arkay |V + Bakaa i [P Vi (¢ — %) + Bika|in [P

11y (em% _ apntejh (26)
! 112 M1
= —Bikia|i P 1 (91512 + p1]Sa)

<0

— X4 +dy)]

+ Bikiz|

Therefore, according to the Lyapunov theory, the NFTSM surface would converge
to zero with respect to disturbance terms. Due to the time-varying load, the mass m is
unknown. Now, adaptive laws are designed to approximate the value of mass. The control
law can be modified as: A

my
U = —r 27
1=, (27)
where 111 is the estimate of m. By defining 71y = #1; — m, the corresponding adaptive law
is designed as:

iy = =81 S1Brkia|im P (28)

where 61 is a positive constant. Moreover, the controllers for [xp1, x25]" and [x31, x3,]T can
be designed in the same way.

Theorem 2. For system with time-varying load described in Equation (6) with controllers Uy, Uy,
Uz and adaptive laws 11y, i, fit3, we can conclude that the system states converge to the sliding
surface in a finite and the constraints will never be violated.



Actuators 2021, 10, 323 90f17
Proof of Theorem 2. A Lyapunov function for [x17, x12] T is defined as:
1., ™
Vir = 5o+ o, (29)
Combing Equations (6) and (26)—(28) ,the time derivative is given as:
; . Ty
V =
= 5151+ oy
. 1. . 17 /. e . _ m
= Su[ij1 + axkaa i | i+ Brkaa i [P (e — %) + Brkaa | [P (1 + Wl)ﬁ
) .. .. - A
. Bi-1, C1HT  eprterfin M1y
+ Brkra |1 [P i ( w2 om — %1 +d1)] + ity (30)
B — 1 B m
< —Bikua | P (91842 + paSa)) + Wl(ﬁlklﬂﬂl\ﬁl "hnS + 711)
= —Bikia | |P 11 (91812 + p1|Si))
<0

kgx?
Uy = U4eq + Ugsy = (]7174 + 2

According to the Lyapunov stability theory, subsystem [x11, x15]” is stable. By the same
principle, we can conclude that [xp1, x2]T and [x31, x3,]T are stable too. The NFSTM can
track the trajectory well, and the adaptive laws can accurately approximate the unknown
mass. Moreover, we can conclude that the tracking errors remain within the prescribed
performance bounds by combining Equations (23)—-(34) and Lemma 2. This completes
the proof. O

4.2. Attitude Subsystem

In this part, an NFSTM tracking control strategy is proposed for the attitude subsystem.
First, we propose a robust NFSTM controller under the assumption that the inertia of
UAV is exactly known. Then, adaptive laws are designed to compensate for the system
uncertainties. According to Equation (8) the desired trajectories x44 and x5; are derived
from the position subsystem. Considering Equation (7) the tracking error is defined as:

e1; = xj1 — xiq(i = 4,5,6) (31)
Similar to Equation (21) in Section 4.1.2, the sliding mode surfaces are proposed as:
Si = ei+ kinei| “sign(e;) + kiné;|Pisign(e;) (32)
wherei=1,2,3, kj; >0, kjp > 0. To avoid singularity, 1 < f; < 2 and §; < a;.
Without loss of generality, [x47, X42] T is taken as an example. First, a NFSTM algorithm

for attitude subsystem without the uncertainty terms is designed. By the same processes,
the control law Uy is given as:

e ®

Ty = —T4x52x62 + 5C'4d — dA4 — Bk (1 + 0‘4k41|€4|’x4*1)51‘g7’l(é4) — Q4S4 — p4Sig7’l(S4)

where py4 and g4 are positive constants.
The stability of this controller is proven with following Lyapunov function:

Vi= 557 (34)
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Vi = 5454
= Sylég + agkaq les|™ g + Bakanlés|P T Ty + Bakanléa| P (Tuxsoxen + dy — ag)]
= SyBakn|éa|P+ 1 [~q4Ss — pasign(Sy)] (35)

= —Bakao|éa| 1 (92842 + paSal)
<0

Therefore, according to the Lyapunov theory, the NFTSM surface would converge to
zero with respect to the disturbance terms.
To compensate the uncertainties of inertia, the control law can be modified as:

k
Uy = ]"T + ‘Pm (36)

. A 3|2 Pa —1y s . .
Ty = —T4X52x62 + %49 — ‘egiku (1+ agkar|eg] ™" )sign(és) — 94Ss — pasign(Sa)

where Ty and Jy are the estimated value of Ty and Jy. By defining Ty = Ty — Ty, Jx = Jx — Jx,
the corresponding adaptive laws are designed as:
]x — 84T4S4Paka e (37)
Ty = c4x5px62SaPakaéaPr ™!

where &4 and ¢4 are positive constants. Moreover, the controllers and adaptive laws for
[x51, ¥52]T and [x41, x62]T can be designed in the same way.

Theorem 3. For the system described in Equation (7) with controllers and adaptive laws designed
as Equations (36) and (37), respectively, we can conclude that the system states converge to the
sliding surface, and the constraints will never be violated.

Proof of Theorem 3. A Lyapunov function for [x4;, x4] is defined as:

7o T
25a)x | 24 (38)

1
Vg = =542
24 24+

Combing Equations (7) and (33)—(37), the time derivative is given as:

; : ]X]x TyTy
V =
CR (54]x C4
— . wg—1 s 1Ba—1 ]x
= Syléq + agkyr|es| ™ és + Bakao|és| (1+T)T4
X
; Bi— § T, T
+ ,B4k42|e4|ﬁ4 l(T4X52X62 + d4 — X4d)} ]x]x + f4'4
54]}( C4 (39)

= SyBaka|éa|Pr ! [~q4Ss — P4Si8”(54)]
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X

S*B4k42\€4|ﬁ4 (94S4® + paSa))

<0

According to the Lyapunov stability theory, subsystem [x41, x4]” is stable. By the same
principle, we can conclude that [xs1, x52]7 and [x51, x5;]" are stable too. This completes
the Proof. O

Remark 3. The control law of the NFTSM controller includes two parts: the equivalent term and
the switching term. The equivalent term is adopted to construct a reaching law, which ensures fast
convergence when the system states are not on the sliding surface. The other part Ujg,, makes the
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system more robust against the disturbance terms and uncertainties. This controller can make the
tracking error converge to zero when the system uncertainties are known. However, this assumption
is not satisfied due to the time-varying load. With the help of adaptive laws, the ANFTSMC scheme
can eliminate the effects of system uncertainty. Moreover, the ANFTSM controller still has the
advantage of high precision, strong robustness, and fast convergence.

5. Simulation

In this section, numerical simulations of the UAV control system are conducted to
show the efficiency of the designed control strategy using the RBFNN-based observer
and ANFTSMC technology with time-varying loads and actuator faults. Referring to
the relevant data of Qdrone quadrotor designed by the Canadian Quanser company, the
main parameters of UAV are chosen as: o = 0.04, J,0 = 0.04, J.0 = 0.08, my = 2kg, ¢ =
9.8m/s?, the air drag coefficient are given as k, = kg = ky = 6 x 1073

Considering the real situation, white noise with upper bound D; = 0.1 is given as the
external disturbances. The initial position and Euler angle are set as: ®(0) = [0,0,0]7,
P(0) = [-0.6,1.2,0]7, and the desired trajectory is set as: [x4, Y4, z4, P4]" = [0.8sin(0.27tt),
0.8 cos(0.27tt),0.2¢, 7 /3] 7.

Finally, considering the effects of time-varying loads, we simulate the scene where the
UAV is used for pesticide spraying. The mass variation of the load is set as:

[ 2kgt€0,5)

- { 2e 0415 ket € (5,25 (40)

Thus, the total mass of UAV and load is m = mg + p, and the total momentum of

inertia are given as [Jy, Jy, J2] T_ [Jxo, Jyo, J20] Ty [0.050,0.050, O.OZp]T. The variation of
the total mass is shown in Figure 4.

5~

m(kg)

Figure 4. The mass variation.

5.1. Fault Diagnosis

The efficiency of the fault observer is the first to be examined. Without loss of general-
ity, we set a time-varying fault in both the attitude subsystem and position subsystem. The
actuator control effectiveness fault scenario is given as:

” { 1,t€0,3)

27\ 0.340.1cos(0.47t),t € [3,25]

” _{ 1,t € [0,5) (41)
> 7\ 054 0.1sin(0.47t),t € [5,25]

o =03=04=0¢=1

The parameters of the observer are set as: v = 4.35, W, = 32.4,k; = 1,kp = 5,k3 =
0.5,ky = 3. In order to validate the superiority of the proposed schedule, a two-stage
extended Kalman filter (TSEKF) fault estimator [35] is utilized for the sake of comparative
study. The comparison curves of fault estimation between the proposed method and
TSEKF-based observer are shown in Figure 5.
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Figure 5. Fault estimation performance.

According to Figure 5, the proposed fault observer can accurately and instantaneously
recognize the fault severity. However, due to the model uncertainties caused by time-
varying loads, the TSEKF estimator has a minor fault estimation error. TSEKF is a model-
based method that relies on a detailed mathematical model and is sensitive to the changes
in certain model parameters. The RBFNN-based observer presented in this work could
tolerate influences of model uncertainties. Therefore, the proposed fault observer can
accurately approximate the control effectiveness in about 2 s when dealing with actuator
loss of effectiveness faults.

5.2. Trajectory Tracking in Presence of Actuator Fault

In this section, the performance of the proposed controller under the disturbance of
faults with loss of control effectiveness in the actuator is studied. In order to validate the
superiority of the ANFISMC algorithm, a conventional adaptive SMC similar to [36] is
introduced for comparison. To achieve better performance of the UAV system, the toolbox
of optimization in MATLAB software and an optimization method proposed in [37] are
utilized to obtain the gains of the controllers.

According to Equation (36), the parameters should make the control laws consistent
with the performance of the motors. The parameters of the proposed control law are chosen
as:w; =2,B; =1.67,kiy =0.1,kip =1,9; = 1.7, p; = 0.8, and the gains in the adaptive laws
are given as [61, 0y, 3,84, 05,06]7 = [0.3,0.3,0.5,0.6,0.6,0.7]T, [c4,c5,¢6]T = [1.2,1.2,1]T.

Considering the working environment and performance requirements of the aircraft,
the parameters of prescribed performance functions are givenas: x; = 1, & = 1, pjp =
0.71, pieo = 0.18, h; = 0.75. To demonstrate the robustness of the proposed method, a 40%
loss of control effectiveness fault occurs in the fourth actuator at 12s. The purpose of the
control schemes is to achieve trajectory tracking in a short time and overcome the influence
of time-varying load and actuator failure.

Figures 6-8 show the tracking errors of position variables(i.e., x, y, z respectively)
under the designed scheme and a conventional sliding mode controller in the presence
of time-varying load and actuator faults. Furthermore, the tracking errors of the attitude
angles and inputs are shown in Figures 9 and 10 separately. The simulation results show
that the proposed method can make the attitude tracking curves converge in about 1 s, and
the position tracking curves converge in about 1.7 s.

The position subsystem can deal with the disturbance of time-varying load in about
1.2 s, and the error tracking curves would converge to zero in 1.5 s. Moreover, these
disturbances can not make the curves out of the range of constraints. As for the attitude
subsystem, the algorithm can dispose of the disturbance caused by the changes of the mass
in1s, and the maximum oscillation amplitude of the curves is within 0.1. After the faults
occur, the curves can converge within 1.2 s and the maximum amplitude is within 0.2.
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Figure 7. Tracking error plot of position y.

As shown in Figures 6—8, when the mass of load changes at 5 s, the conventional
ASMC can hardly compensate for it. After 10 s, when the mass of the load tends to be
constant, the system gradually stabilized. As gravity acts directly on the vertical, the
variation of the load has a significant impact on the altitude of the UAV. From Figure 9,
we can see that under the effect of time-varying load, the attitude curves of the quadrotor
would fluctuate violently too.

It is difficult for the controller to deal with the problem of time-varying load only
by the robustness of sliding mode. Compared to the conventional ASMC, the proposed
method can effectively weaken the influence. With the help of RBFNN-based fault estimate
observer and the strong robustness of NFTSM controller, the external disturbance and the
influence caused by time-varying loads can be effectively disposed of. Benefiting from the
adaptive law, the uncertainty terms can be estimated immediately. The error curves of the
proposed scheme fluctuated only slightly.
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Figure 8. Tracking error plot of position z.
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Figure 9. Tracking error plot of attitude angles.

It can be concluded from Figures 6-9 that the curves fluctuated when the faults
occurred after 12 s. Both controllers can deal with the actuator failures and achieve the
convergence of system errors. With the information obtained by the proposed estimator
integrated into the fault-tolerant controller, the proposed active fault-tolerant algorithm is
more targeted. Therefore, once faults occur, the proposed active FTC scheme can instantly
reduce the impact of faults and maintain the system stability in contrast to the compared
ASMC without the FDD module.

Moreover, because the terminal sliding mode surface presented in this work is fast
convergence, compared with the scheme in [36], the system response is faster, and the tra-
jectory can be tracked more quickly and more accurately, which can be seen in Figures 6-9.
Moreover, it can be seen in Figure 10 and Equations (24), (27), (28), (36) and (37) the control
torques generated by the proposed algorithm meet the characteristics of UAV.

In addition, from Figures 6-8, it can be seen that the proposed active FTC method
has less overshoot than conventional SMC when tracking the position signal. Due to the
introduction of the prescribed performance function and the transformed system, it can be
guaranteed that all the variables in the position subsystem are bounded, and the prescribed
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performance constraints are not transgressed. Finally, by comparing the simulation results,
we can obtain that the proposed active fault-tolerant has better tracking performance and
higher steady precision than conventional ASMC.
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Figure 10. The inputs of UAV.

6. Conclusions and Future Works

In this paper, an active fault-tolerant control strategy based on NFTSM and RBFNN
was proposed for a quadrotor UAV to accommodate actuator faults and time-varying
payloads. With the help of the developed strategy, the fault value and the disturbance term
can be precisely estimated online to reconfigure the controller to deal with actuator faults.
First, the whole system was decoupled into the position and attitude subsystem.

By designing a prescribed performance function that characterizes the maximum over-
shoot, the position state of the UAV was limited within the prescribed performance bounds.
Then, an adaptive nonsingular fast terminal sliding mode control scheme that could make
system states converge within a finite time was presented to stabilize the system.

Moreover, a practical engineering problem about time-varying loads was considered,
and the effect of load variations was attenuated by suggesting corresponding adaptive laws.
Finally, simulation results validated the effectiveness of the control scheme proposed in
this paper by comparing it with a two-stage extended Kalman filter (TSEKF) fault estimator
and a conventional sliding mode controller.

The proposed method has the advantages of strong robustness. The estimator and
adaptive laws can precisely and reliably compensate for the actuator faults and mode
uncertainties. Furthermore, the overshoot can be effectively suppressed. However, the
proposed method also has some disadvantages. The PPFs were designed to constrain the
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states of UAV, which makes the initial values of the state variables constrained as well.
In future work, the constraints on the initial value will be removed, and the proposed
algorithm will be tested on a real UAV system.
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