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This study is concerned with a novel adaptive fault-tolerant control design for a flexible Timoshenko
arm considering the effects of actuator failures, backlash-like hysteresis, and external disturbances.
First, the actuator failures and backlash-like hysteresis are integrated together and resolved into
desired control signals and nonlinear errors. Second, these errors and external disturbances are
deemed as composite disturbance terms to be handled with adaptive techniques. Third, adaptive
fault-tolerant controllers with online updates are established to eliminate the shear deformation and
elastic oscillation, lay the arm in a desired angle, counteract the hybrid effects of actuator failures and
hysteresis, and deal with the uncertainty of composite disturbances. Then, based on the Lyapunov’s
stability theory, the proposed strategy guarantees the uniformly bounded stability in the controlled
system. Finally, numerical examples are presented to illustrate the efficacy of the suggested scheme.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Manipulators are extensively applied in aerospace, navigation,
agriculture, construction, manufacturing, healthcare and other
fields (Guo, Pan, Zheng, & Yu, 2020; He, Gao, Zhou, Yang, & Li,
2020). Flexible manipulators have a wide range of applications
than rigid ones depending on their advantages of lower energy
consumption, light weight, high efficiency, large operating space,
and high-speed operation (Goubej, Vyhlidal, & Schlegel, 2020;
Zhao, He, & Ahn, 2019). In harsh environments and working
conditions, vibration and deformation frequently appear in flex-
ible manipulators, which would produce adverse effects such as
system performance deterioration and limited production accu-
racy. Consequently, there is an urgent need to establish effi-
cient control methodologies for dampening vibrations in flexible
manipulators.

Over the past 10 years, many researchers have dedicated
themselves to seeking various control techniques, such as mode
order reduction method (MORM) (He et al., 2020) and boundary
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control (Zhao et al., 2019) to restrain vibrations and improve per-
formances in flexible manipulator systems. A finite-dimensional
system represented by ordinary differential equations (ODEs)
is extracted from an infinite-dimensional system described by
partial differential equations (PDEs) with the help of the MORM
method, and spillover instabilities from model truncation will
arise. Boundary control can circumvent the above problem and
is nonintrusively sensed and actuated, thus it is considered to
be an efficient and practical solution. Great strides have been
witnessed in boundary control of flexible manipulators in recent
years (Zhao et al, 2019). To simplify the system analysis, the
research mentioned above concentrated on the elastic oscillation
and angle position without considering the shear deformation in
the flexible link. Provided that the nonlinear coupling of angle
position, shear deformation, and elastic deflection is incorporated
into the system dynamics, significant challenges may be posed
to the design and analysis. Recently, boundary control for flex-
ible Timoshenko manipulators has been significantly developed
in Endo, Sasaki, Matsuno, and Jia (2017), He, He, and Sun (2017)
and Zhao and Ahn (2020). The literature of Endo et al. (2017)
resolved contact-force control issues and explored the exponen-
tial stabilization of controlled systems. In Zhao and Ahn (2020),
vibration suppression and saturation elimination in Timoshenko
manipulators were realized via an antisaturation scheme. The
authors in He et al. (2017) addressed the vibration attenuation
and constraint handling in uncertain Timoshenko manipulators
by constructing an adaptive barrier-based control.


https://doi.org/10.1016/j.automatica.2021.109690
http://www.elsevier.com/locate/automatica
http://www.elsevier.com/locate/automatica
http://crossmark.crossref.org/dialog/?doi=10.1016/j.automatica.2021.109690&domain=pdf
mailto:zhjzhaoscut@163.com
mailto:liuzhijie2012@gmail.com
mailto:hewei.ac@gmail.com
mailto:kshong@pusan.ac.k
mailto:mehxli@cityu.edu.hk
https://doi.org/10.1016/j.automatica.2021.109690

Z. Zhao, Z. Liu, W. He et al.

Hysteresis is a dynamic nonsmooth nonlinearity and generally
found in electronic, magnetic, electromagnetic, biophotoelectric,
and other types of system components (Zhang, Liu, Dai, & Wang,
2020). Nonsmooth hysteresis nonlinearity becomes the key lim-
ited factor in dynamic performance of control systems due to
itself non-differentiability. Neglecting the hysteresis nonlinear-
ity can result in unpredictable inaccuracies or oscillations and
even instability. To efficiently handle the hysteresis, several re-
searchers have focused on developing diverse control techniques
in recent years (Ibrir & Su, 2017; Su, Stepanenko, Svoboda, &
Leung, 2000; Yu, Li, Yu, & Li, 2018). In Yu et al. (2018), an
observer-based adaptive neural control was constructed to sta-
bilize stochastic nonlinear systems considering the effects of
unknown control directions and backlash-like hysteresis. The
authors in Ibrir and Su (2017) and Su et al. (2000) discussed
the adaptive robust control for nonlinear systems influenced
by several kinds of hysteresis inputs. However, note that the
aforesaid research results were limited to control design of finite-
dimensional ODE systems with hysteresis and these approaches
cannot be directly applied to infinite-dimensional PDE systems.

Actuator faults inevitably occur in various industrial control
processes due to widespread uncertainties and external complex
interferences (Boem, Riverso, Ferrari-Trecate, & Parisini, 2019;
Khalili, Zhang, Polycarpou, Parisini, & Cao, 2018; Liu, Han, Zhao,
& He, 2020; Yang et al.,, 2020). The existence of faults generally
gives rise to adverse reactions and shut-down of controlled sys-
tems results in technical component damages, and even leads
to production accidents (Dong, Tao, Wen, & Jiang, 2019; Khalili,
Zhang, Cao, Polycarpou, & Parisini, 2020; Wang, Liu, Zhao, & Liu,
2020). Consequently, fault-tolerant control (FTC) has become one
of key control objectives in the course of control design for safety
purpose. For the past few years, fruitful research achievements
on FTC have been achieved for engineering control PDE systems.
In Cao and Liu (2019), adaptive FTC strategies were put forward
to ensure the vibration damping control and eliminate actuator
failures in 3D manipulator systems. However, the FTC design
presented in Cao and Liu (2019) was only available for flexible
Euler manipulator systems, and the method cannot be directly
applied to flexible Timoshenko manipulators with shear defor-
mation. Moreover, the literature (Cao & Liu, 2019) was confined
to eliminating the oscillation and compensating actuator failures,
and the hybrid effects of actuator failures, hysteresis nonlinearity,
and external disturbances was not taken into account during the
design. To the best of our knowledge, although advances in the
study of FTC for flexible manipulators have been significantly
achieved, no research has been reported thus far on developing an
adaptive FTC control for stabilizing flexible Timoshenko manipu-
lators with actuator failures, hysteresis nonlinearity, and external
disturbances, which motivates this research.

Different from the existing results on adaptive control of 1-
dimensional PDEs without coupling (Koga & Krstic, 2020; Wang
& Krstic, 2020), in this paper, we are going to establish an
adaptive FTC for stabilizing and controlling a coupled flexible
Timoshenko arm influenced by actuator failures, backlash-like
hysteresis, and external disturbances. The main contributions
are listed as follows: (i) By incorporating actuator failures and
backlash-like hysteresis and disintegrating the resulting equa-
tions into desired control signals and nonlinear errors, composite
disturbance terms are generated from errors and external distur-
bances. (ii) Three novel adaptive fault-tolerant controllers with
unknown upper-bound updated online are developed to suppress
the shear deformation and elastic oscillation, achieve the joint
angle control, and compensate for the hybrid effects of actuator
failures, backlash-like hysteresis, and uncertainties of composite
disturbances. (iii) The established control schemes can achieve
the boundary-controlled system’s uniformly bounded stability
without simplifying or discretizing infinite-dimensional system
dynamics.
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Fig. 1. A flexible Timoshenko arm.

2. Problem statement

A vibrating flexible Timoshenko arm system is illustrated in
Fig. 1. Let t and p be independent time and spatial variables.
y(p, t) describes the elastic deflection of the arm with length s,
inertia per unit length I,, mass of unit length p, cross-sectional
area B, and bending stiffness EI. «(p, t), 6(t), and 6, represent the
rotation of the arm’s cross-section, the hub’s angle position, and
a desired angle position, respectively, with an angle error defined
as e(t) = 6O(t) — 6;. The displacement x(p, t) is formulated as
x(p, t) = po(t)+y(p, t). r3(t) denotes the control input torque on
the hub with inertia I,. t1(t) and 7,(t) represent the control input
and control torque acting on the tip payload with inertia /] and
mass M, respectively. d;(t), i = 1, 2, 3 are external disturbances.
We define notations as (x) = 3(x)/dp, () = 3(x)/dt, (x)' =
9%(x)/0p?, and (x) = 9%(x)/dt>.

2.1. System model
The dynamics of the Timoshenko arm system under consid-

eration in this study is given directly as (He, He, Qin, & Sun,
2018)

pX+Ka' —Ky”"=0,0<p<s, (1)

IL,d —K(y' —a)—Ele" =0,0 <p <, (2)

«(0,t) = y(0,t) =0, (3)

ME(s, £) — Ka(s, ) + Ky/'(s, t) — dy(£) — 74() = 0, (4)
Jai(s, t) + Ela'(s, t) — dy(t) — To(t) = 0, (5)

) +K1 [ adp = (5,01 = s(0) = m(0) = ®)

where K = cBR, R represents the shear modulus, and ¢ denotes a
positive constant concerning the cross-sectional shape.

Remark 1. Unlike the existing results (Endo et al., 2017; Morgul,
1991; Shi, Feng, , & Yan, 2001), in this paper, the modeling of
the Timoshenko arm is relatively complex and difficult given
the coupling of the elastic deformation, shear deformation, an-
gle position, and load dynamics, which is mainly based on the
rotational Timoshenko beam/arm theory. However, considering
the different actual situation, the system model may be slightly
different from the previous works (Endo et al., 2017; Morgul,
1991; Shi et al, 2001). In addition, the proposed approaches
validate the system model through subsequent analysis, proof,
and simulation.

2.2. Actuator Fault and Backlash-Like Hysteresis

In this study, we consider an actuator subject to partial failures
described by

7i(t) = givi(t), (7)
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Fig. 2. Backlash nonlinearity.

where 0 < ¢ < 1,i = 1,2,3 denote the failure extent of
actuators and v;(t),i = 1, 2, 3 describe ideal control inputs with
no failures.

As shown in Fig. 2, the analytical expression of the backlash
nonlinearity (Tao & Kokotovic, 1996; Zhou, Zhang, & Wen, 2007)

is given as

oty(t), ifi; > 0 and vi(t) = w(u;(t) — As),
vi(t) = { or if ti; < 0 and vi(t) = w(u;(t) — Aj) (8)
0, otherwise,

where w > 0 represents the slope, A,; and Aj; denote constant
scalars, u;(t) denotes the control laws to be designed in the
following, i.e., the backlash-like hysteresis input, and the motion
on any inner segment is characterized by i;(t) = 0.

According to (8), we consider the flexible Timoshenko arm
system subject to backlash-like hysteresis operator v;(u;(t)),i =
1, 2, 3 defined by

vi(ui(t)) =
o(ui(t) — An), if i > 0 and vi(t) = o(ui(t) — An)
o(ui(t) — Ag), if iy < 0and vi(t) = o(ui(t) — An) 9
vi(ui(t2)), otherwise,
where v;(u;(t_)) signifies that the backlash-like hysteresis output

v;(u;(t)) keeps its previous value when i;(t) = 0.
Invoking Tao and Kokotovic (1996) and Zhou et al. (2007), we
can formulate the hysteresis v;(u;(t)) as

vi(ui(t)) =nr(t)ow(ui(t) — An) + nu(t)w(ui(t) — Ay)

+ nsi(t)usi, (10)
where
wo-{ & s
wo={ & dies
MO=1{ 0 othermise (13

The generic constant ug in (10) satisfies the following inequal-
ity constraint:

w(ui(t) — Ar) < usi < w(ui(t) — Ay). (14)

It can be obtained from (11)-(13) that n,;(t)+n;(t)+n.(t) = 1
holds for all t. Combining (10) and (14), we can rewritten the
hysteresis v;(u;(t)) as

vi(ui(t)) = wui(t) + o (ui(t)), (15)
where o (u;(t)) is denoted as
o(u(t)) =
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—CL)An‘, lf il,' >0
—a)Al,', lf ilj <0 (16)
S(u(t), if 4 =0, —wAy < (ui(t)) < —wA;.

Remark 2. As stated in Su et al. (2000), o (u;(t)) has an explicit
solution and is bounded. It is evident that the bound of o (u;(t))
depends on Ay, Ay, and w.

Invoking (7) and (15
Ti(t) = Giowuj(t) + io (uj(t)). (17)
Applying (17) on (4)-(6) yields
MX(s, t) — Ka(s, t) + Ky'(s, t) — di(t) — crouy(t)
— cio(ui(t)) =0, (18)
0

) gives

Ja(s, t) + Ela/(s, t) — da(t) — crawus(t)
— c0o(ux(t)) =0, (19)
N
L) + KT / adp — (5, ] — ds(6) — s3wus(t)
0
— g3o(us(t)) = 0. (20)
2.3. Preliminaries
We first put forward the following lemmas and assumption:
Lemma 1 (Zhao et al.,, 2019). Let v(p, t), vi(p, t), va(p, t) € R with
(p, t) € [0, s] x [0, +00). The following inequalities are derived for

¥ > 0and v(0,t) = 0:

1
v2(p7 )< W‘)z(Pv Jvl(pv )’ (21)

f ’zdp/ 2dp<s/ v2dp. (22)

Lemma 2 (Polycarpou & loannou, 1996). For any v(s,t) € R, we
have the following inequality:

vi(p, t

0 < |u(s, t)] — v(s, t) tanh(v(s,
where a = 0.2785.

t) <a. (23)

Assumption 1. For dj(t), j = 1--- 3, we suppose that there exist
0j > 0,j = 1---3 such that | di(t) |< 01, | da(t) |< 02, and
| d3(t) |< @3, ¥t € [0, +00).

3. Control design

In this section, the extraneous disturbances and hysteresis
error are first identified as composite disturbances. Subsequently,
the adaptive FTCs and dynamically updating laws are developed
to stabilize the shear deformation and elastic oscillation, realize
the angle control, and eliminate the hybrid effects of actua-
tor failures, hysteresis, and unknown upper-bound of composite
disturbances. The control block diagram is depicted in Fig. 3.

3.1. Boundary control

First, we define

Q(t) = di(t) + o (ui(t)). (24)
Invoking (24), (18)-(20) can be rewritten as

MX(s, t) — Ka(s, t) + Ky'(s, t) — Qi(t) — crouy(t) = 0, (25)

Ja(s, £) + Ela'(s, t) — Qa(t) — 20un(t) = 0, (26)

1) + K / adp — (5, )] — Qs(t) — G3eu3(t) = O. (27)
0



Z. Zhao, Z. Liu, W. He et al.

External
disturbances
n(® Flexible
Actuator Timoshenko Output
failures manipulator 7,0 7(5,0)
system a(s,1)| als,0)
7'(s,0)] ¥'(5,0)
a'(s,t)| &'(s,1)
Auxiliary o) | 00
system ||
u(f)
(1) Designed kyky ky ko k,

u, (1) control law

Fig. 3. Control block diagram.

Considering 0 < ¢; < 1,i = 1,2,3, (16), Assumption 1,
and Remark 1, we can derive that there exist positive constants
Qim,i = 1,2,3 satisfying |Qi(t)] < Qm,i = 1,2,3. Then,
Qi(t),i= 1,2, 3 can be regarded as composite disturbance terms
to be handled with adaptive techniques. Let Qi (t) be the estimate
values of Qin(t) and the estimate errors are defined as Q;, =
Qim — Qm,i=1,2,3.

For ease of design, let q; = glll =1,2,3¢q,i=1,2,3 rep-
resent the estimate values of failure parameters and estimation
errors are defined as §; = §; — ¢;. Then, we construct the auxiliary
signals @w(t), @,(t), and ws(t) as

wi(t) = X(s, t) — als, )+ y'(s, t), (28)
@a(t) = &(s, t) + (s, ), w3(t) = e(t) + 6(t). (29)
Now, the following boundary adaptive fault-tolerant

controllers are presented as

ui(t) = qufi(t), ua(t) = Gafo(t), us(t) = gafs(t), (30)

where the auxiliary functions fi(t), f>(t), and f3(t) and adaptive
updating laws are designed as

file) %{—K[a(s, £) — y/(s, )] + Mla(s, £) — 7'(s, £)]
— kary(t) — tanh(@(£))Qim}, (31)

F(0) = [ —ky(t) + Bl (5, 0) ~ J&/(5, 1

— tanh(@(t))Qom}, (32)

(0) = [—kems(t) — kse(©) = (D)
— ka6(t) — tanh(ws(t))Qsm), (33)
i = —wiof, — ¢ i=1,2,3, (34)
é,-m = witanh(w;) — iOim, i = 1,2, 3, (35)

in which k, kq, k, k3, k4 > 0 and ¢;, ¢; > 0,i = 1, 2, 3 denote the
modification terms.

Remark 3. The signals in the proposed control laws (30)-(33)
are obtainable during execution. Laser displacement sensors can
be employed to measure y(s, t), and inclinometers can be used
to measure 6(t), y'(s, t), and «(s, t). Moreover, we can exploit
backward difference algorithms to acquire the signals y/(s, t),
y(s,t), a(s, t), &'(s, t), and (t) with the help of the measured
values. u(t) can be implemented by designing actuators acting on
a cart which connects to the tip payload (Canbolat, Dawson, Rahn,
& Nagarkatti, 1998), piezoelectric material (ionic polymer metal
composites) (Bandopadhya, Bhattacharya, & Dutta, 2007), the jet
actuator and so on. u,(t) can be realized by mounting a motor or
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a piezoelectric material at the free-end of the tip payload. us(t)
can be achieved by a servo motor to make this link track a desired
angle position.

Remark 4. Different from the backlash-inverse handling ap-
proaches mentioned in Giri, Radouane, Brouri, and Chaoui (2014)
and Giri, Rochdi, Radouane, Brouri, and Chaoui (2013), in this pa-
per, we first integrate the backlash-like hysteresis with actuator
failures and resolve it into desired control signals and nonlinear
errors. Subsequently, adaptive techniques are adopted to handle
composite disturbance terms composed with nonlinear errors
and external disturbances.

Set a Lyapunov candidate function as

G(t) = Gm(t) + Ga(t) + Gp(t) + Go(t), (36)
where
1 s 1 s
Gm(r)}p/ xdp + 71,3/ édp
2" Jo 27 Jo
1 : 2 1 : ’ 2
+ —El | o"dp+ =K | (y' —a)dp, (37)
2 Jo 2 Jo

1 1 1
Gn(1) =5Mw%(t) + ijf(t) + 5Ihzv?(r)

+ %(’Q + ka)e*(t), (38)

N
Gy(t) :6,0/ py/)'cdp—i-eIp/ po’adp
0 0

S
+ Kelp/ aadp, (39)
0
Gi ~2 1 ~2 .
Go(t) =§qi —i—EQ,-m,l: 1,2,3 (40)

with €,k > 0.

Lemma 3. The selected function in (36) is a positive definite
function as
0 <81[Gm(t) + Gn(t) + Go(t)] < G(t)

< 82[Gm(t) + Gn(t) + Go(t)], (41)

where 81, 6, > 0.
Proof. Applying Lemmas 1 to (39) generates

N
IGp(t)] <[el,s + (kel, + 14eps)s®] / o?dp
S 0 S
-+ 26,05/ (y’—a)zdp—i—eps/ *dp
0 0

N
+ (els + Kelp)/ &2dp < 1Gp(t), (42)
0

2emax(2ps, (s + )y, [I,s + (1, + 14ps)s?])
min(p, I,, EI, K) '
From the above equation, we have

—1Gp(t) < Gp(t) < 1Gp(1). (43)

where =

We properly choose parameters € and « to yield
0 < 11Gp(t) = G(t) + Gp(t) < 12G(1), (44)
where iy =1—1¢> 0,1, =1+ ¢ > 0. Then, we further obtain
0 <81[Gm(t) + Ga(t) + Go(t)] = G(t)
< 82[Gm(t) + Gu(t) + Go(t)], (45)

where §; = min(1,¢;) > 0,5, = max(1,)>0. W



Z. Zhao, Z. Liu, W. He et al.

Lemma 4. The derivative of (36) is upper bounded as

G(t) < =8G(t) + o, (46)

where §,0 > 0.

Proof. The differentiation of (36) is presented as
G(t) = Gunlt) + Ga(t) + Gy(t) + Go(t). (47)
Employing (1) and (2), Gm(t) is deduced as

Gm(t) =K
0
_ 5 o, 2 _ E 2
5 [a(s, t) = y'(s, t)] e (s, 1)
El . El
— Saz(s, t) + EZD-ZZ
Differentiating (38) and substituting (4)-(6) and AFT controllers
(30), we arrive at
Ga(t) =@ (DIK[a(s, £) = (s, )] + Qi(t) + G100 fi(t)
— M(a(s, t) — p'(s, £))] + @2(£)[Qx(t)
+ 20q2fa(t) — El/(s, £) +J&/'(s, )]

+ @ (Ole(t) — K / wdp — y(s, 0] + Qs(t)
0

O(t)adp — KO(t)y(s, t) — gkz(s, t)

(t)+ gwf(t). (48)

+ 53083f3(6)] + (ks + ka)e(t)e(t). (49)

Using Lemmas 1, G,(t) is inferred as

. El [* S .
AOER- f @?dp+ L5, 0+ epsna(0)
0

S S 5.
_ KeEI/ o?dp — (L — 2)/ dp
0 2 192 0

61 N S
— (=2 —Kélp)/ dzdp+el<szz93/ o%dp
2 0 0
€Ks n €Ks
U3 2
S N
+ K|k — 1]5%04 / o'%dp + keElsds / o?dp
0 0
keEl

eKle — 1] [ 5 2

—— | (¥ —a)dp+ ——a"(s,t)
¥y 0 s

ek [°

2 Jo

where ¥, ~ 95 > 0. .
Invoking (34) and (35), G,(t) is calculated as

+ ( Ny/(s, t) — als, ) + #dz(s, t)

, €Els
(v — a)dp + Ta ’(s, t), (50)

Go(t) = — m1510f1d1 — 101G1(q1 + 1) — D220
— 61$202(G2 + q2) — @3630f343 — 193G3(G3 + q3)
+ Qimwitanh(wy) — 1Qum(Qum + Qim)
+ Qumztanh(w3) — 92Qam(Qam + Qom)
+ Qsmestanh(@3) — ¢3Qam(Qsm + Qam)- (51)
Invoking (48)-(51) and using Lemmas 1 and 2 result in
60 < (k= o)~ (b — 5
— ke 3(6) = Y1, ) = Yae(s. 0 + 203,

— Yalals, t) — (s, O0F — Yae®(s, t) + %Qfm

Y 2(t) + %Qfm

§1¢l 2
2 @

S
Vs [ #dp— (ks — epso)i(0)+
0
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S S
- 1//6/ 2dp — wvf odpt P2 P
0 0

2 2 B3

’ "2 2 5101 -,
= Us | e —y'Vdp — (ks — K91)eX(t) — ==
0
262
+ 0.2785(Qim + Qom + Qam) — 22 2
S53¢P3 ., 01 = ¥ ~ 3 ~
-G S8 S G (52)

where ¥ > 0 and the intermediate parameters are selected such
that

K El
k—§>0,k1—5>0,k3—1<191>0, (53)
vy = K €ps > 0.y, = K €Ks €Ks - (54)
T2 2 TP Ty 2 T
vy = El  elys = 0.y = El  €Els  «keEl -0 (55)
T2 2 T T 2T 95
EpP  €pS el
1/f5=7—ﬁ—2>0,1/f6:7”—x61p>0, (56)
€El 5 )
w’] = 7 — eKs 193 _EI<|1 _K|S ‘04
+ k€El — ke€Elsds > 0, (57)
v eK  eK|1—«k| K 0.k 95 > 0 (58)
=——-——F——-——>0ki—¢ >0,
8 2 9 9 4 pPSU3
1 2 ©2 2
o = 0.2785(Qim + Qom + Qzm) + ?Q]m + ?ng
n @ng " S1¢1 @+ §2¢2q% n §3¢3q§ < 400, (59)
2 2 2 2
In addition, invoking Lemma 3 and (52)-(59), we derive
G(t) < —=83[Gm(t) + Ga(t) + Go(t)] < —3G(t) + o, (60)
where §; = min(%, % % % ek 2k1fE1, % Zk,gf,gﬁ],

O1, b2, 3, 01, 02, p3) and § = §3/5;. W

3.2. Stability analysis

Theorem 1. For the Timoshenko arm system subject to actuator
failures and backlash-like hysteresis described by (1)-(6), (7), and
(9), with the action of boundary adaptive FTCs (30) and updating
laws (34)-(35) proposed in this paper, provided that the constraints
specified in (53)-(59) hold and initial conditions are bounded, we
draw conclusions that the boundary-controlled system is uniformly
bounded.

Proof. We multiply (46) by €° and then calculate the integration
to obtain the following

G(t)e’ < — 8e”G(t) + oe’, (61)
G(t) < G(O)e‘“—i—%(l — e < G(0)e ™" + % (62)

The use of (41), (37), and Lemma 1, we deduce

K > K[ 5

— )< — ,t)d
451/(13 )_4/01/(17 )dp

2

K 5, 7K [
<X / y/(p. £) — alp. t)Pdp + f o(p, t)dp
0 0

7Ks? 7Ks? 7Ks? o
< t<—ct<—[(;0 ot —]. 63
=4 m()_Eh31 ()_Eh31 (0)e +5 (63)

(62) and (63) further leads to

28s3
y(p. t)] < \/ ?; G-+ 2] vp e 10,51, (64)
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Fig. 4. Without control.

(a) Deflection of the flexible (b) Rotation of the flexible
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)
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Fig. 5. With the proposed control (30).

Similarly, the following can be finally derived

2s o
—0 _
la(p, £)] < \/7E181 [G(O)e ‘+ ],Vp €[0,s] (65)

2 st @
le(t)] < \/(,<3+l<4)(31 [G(O)e ot 4 5]' (66)

4. Simulations

We carried out numerical simulations adopting finite differ-
ence approximation method to demonstrate the efficacy and
validity of the suggested controllers in this study. The system
parameters used for simulations were shown as follows: EI =
10 Nm?, s = 1.0 m, I, = 1.0 kgm, ] = 0.1 kgm?, M = 2.0 kg,
p = 10kg/m,K = 20N, I, = 1.0 kgm?, and 6; = 7/3 rad.
The system initial conditions were appropriately described as
y(,0) = a(p,0) = £, y(p,0) = &(p,0) = 0, and H(0) =
/34 0.1 rad.

The disturbances imposed on the system are provided as
di(t) = dy(t) = (sin(107rt) 4 cos(3xt))/4, d3(t) = cos(3rt).

Fig. 4 displays the spatiotemporal response of the considered
arm system in the free vibration, namely, t;(t) = 1o(t) = 13(t) =
0. When the presented adaptive FTC schemes are imposed on the
studied system with the setting of design parameters as: k = 30,
ki =55, k, = 150, k3 =300, ks = 1, i = ¢; = 0.001,i =1, 2, 3,
w = 1.5, Aﬂ = 0.5, Al] = AB = —0.3, Arz = 0.1, Alz = —O.],
A3 = 0.3, and actuator failures occur at 1 second with fault
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uty)

O

Control input [N]
Control torque [N]

tls]

(a) Input (7), (9) and u;

0.6

0.4

t[s]

(c) Input (7), (9) and us

Fig. 6. Control input in (30). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

parameters as ¢; = 0.2, ¢ = 0.5 and ¢3 = 0.3, Fig. 5 (a)
and (b) depict the 3D representation of the arm system. Fig. 5(c)
shows the time history of the angle position. The responses of
the presented control force and torques are portrayed in Fig. 6.
The black solid line, the red line and the blue line indicate the
actuator output, ideal control input and the designed control law,
respectively. From the black and blue lines in the each subfigure,
we can see that the actuators 7y, 7, and t3 respectively lose 80%,
50%, 70% of their effectiveness at 1 s.

To further validate the control performance, we also provide
the comparison with the existing approach proposed in He et al.
(2018) formulated as

71(t) = — kaoy (t) — K[a(s, t) — y'(s, t)]

+ M[a(s, t) — p'(s, t)] — sgn(@(t))er, (67)
T(t) = — ko (t) + Ela/(s, t) — J&/'(s, t)

— sgn(@»(t))o2, (68)
73(t) = — kas(t) — kse(t) — Ih6(t)

— ka(t) — sgn(ws(t))os, (69)

where k, ki, ka, k3, ks > 0. When the design parameters are
selected as k = 30, k; = 55, k, = 150, k3 = 300, and k4 = 1, the
responses of the arm system are depicted in Figs. 7-8.

The simulation results in Fig. 5 indicate that the suggested
adaptive FTC can effectively restrain the arm’s vibration and shear
deformation and ensure the angle control despite the existence
of actuator failures, hysteresis nonlinearity, and exogenous dis-
turbances, which acquires a better control performance than the
existing control in (67)-(69); and the hysteresis nonlinearity is
clearly reflected in the control inputs. In a word, we arrive at a
conclusion that the established control strategy can achieve the
oscillation and angle control as well as handle the hybrid effects
of actuator failures and hysteresis nonlinearity in the Timoshenko
arm system with an excellent performance.

5. Conclusion

The boundary stabilization of flexible Timoshenko arm sys-
tems subject to actuator failures, hysteresis nonlinearity, and
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Fig. 8. Control inputs.

exogenous disturbances has been addressed in this study. The
new adaptive fault-tolerant control with unknown upper-bound
dynamically updated online has been established for stabilizing
vibration, achieving angle positioning, and eliminating actuator
failures, backlash-like hysteresis and uncertainties of composite
disturbances. The direct Lyapunov approach has been exploited
to demonstrate the stability in the controlled system. In the end,
simulation studies based on finite difference approximation ap-
proach have been employed to illustrate the control performance
of the derived algorithm. Future interests lie in the experimental
validation for Timoshenko arm systems.
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