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ABSTRACT This paper presents a control framework of a vibrating flexible string system subject to input
saturation and output constraint. By integrating the backstepping technique and Lyapunov theory, a smooth
function, a Nussbaum function, a barrier function, and an auxiliary system are exploited to establish a
constrained boundary control for tacking the output and input constraints as well as stabilizing the system.
The derived control can assure the bounded stability in controlled systems depending on Lyapunov criteria.
The simulation study and analysis verify the effectiveness of the presented scheme.

INDEX TERMS Input saturation; Output constraint; Vibration control; Boundary control.

I. INTRODUCTION

BOundary control has many advantages such as the non-
intrusive sensing and actuation [1]–[4], the circumven-

tion of the spillover effect generated from reduced-order
approaches [5]–[8], and so on, thus it has always been viewed
as an effective and practical solution to control infinite di-
mensional systems [9]–[21]. In recent decades, significant
development of control of infinite dimensional flexible string
systems has been achieved [22]–[31]. To mention a few,
in [22], [23], boundary simultaneous controllers were de-
vised for stabilizing three-dimensional (3D) vibrations of
flexible string systems. In [24], the vibration of a stretched
string system was suppressed via an iterative learning control
scheme (ILCS). In [25], an output feedback controller was
designed to dampen the vibration of flexible belts in precision
manufacturing equipments. In [26], [27], the vibration of
marine installation and position mooring string systems was
restrained by applying the proposed boundary control. The
literature of [28] investigated anti-disturbance strategies for
guaranteeing the global stabilization of flexible cable string
systems. In [29], linear matrix inequalities were employed to
construct the distributed and boundary control for vibrating
flexible string systems. In [30], boundary adaptive robust

control for flexible string systems was developed to attenuate
vibration and handle uncertainty. In [31], simultaneous an-
tidisturbance controllers were developed to attenuate exter-
nal distributed and boundary disturbances in flexible risers.
However, the above research was only confined to vibration
suppression of flexible string systems, and these methods are
not applicable to string systems with constraints.

As we know, constraints commonly exist in industrial
control systems and reflect in the input and output of phys-
ical, biomedical, hydraulic, mechanical, and piezoelectric
systems [2], [32], [33]. If constraints are transgressed [34],
[35], system damages or even severe hazards will arise. As
a consequence, control design with consideration of con-
straints is greatly significant. To handle constraints, a lot
of scholars have proposed various approaches for flexible
string systems [36]–[44]. In [36], an ILCS was proposed
to stabilize a flexible string with restricted input and ensure
the closed-loop stability. In [37], a boundary adaptive neural
control was proposed for a string system possessing input
deadzone. The authors of [38]–[41] designed anti-saturation
strategies to stabilize and control flexible string structures.
In [42], the flexible string subject to input backlash was
stabilized and handled by constructing an adaptive scheme.
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FIGURE 1. Flexible string system.

In [43], the barrier Lyapunov function (BLF) was adopted to
design a boundary control for suppressing the cable vibration
and guaranteeing the tense restriction satisfaction. In [44],
a BLF-based control was constructed for a vibrating string
system to restrain the time-varying constraint transgression.
The research in [36]–[44] resolved flexible string systems
subject to output or input constraints, but these approaches
are invalid for string systems with simultaneous input and
output constraints. To tackle the output and input constraints
in flexible string systems, research progress was documented
in recent years [45]–[47]. The authors in [45] introduced a
BLF and an auxiliary system for solving the output constraint
and input saturation. In [46], a BLF-based adaptive neural
control was devised for flexible strings with output constraint
and input deadzone. In [47], the hyperbolic tangent function
(HTF) and BLF were utilized for string systems to develop
a boundary constrained control for eliminating input and
output constraints. In [45], discontinuous sign functions was
exploited to saturate the input, but more chattering would
arise in practice. Despite remarkable achievement having
been obtained in boundary control for addressing the input
saturation and output constraint in flexible strings, research
on the use of HTF and BLF in the course of backstepping
design to tackle the input saturation and output constraint is
rare, which motivates this research.

In this study, we are going to stabilize and control a
flexible string system subject to the input saturation and
output constraint. The main contributions are: (i) A con-
strained boundary control is established for tacking system
constraints as well as stabilizing the string by incorporating
the HTF, BLF and Nussbaum function. (ii) The presented
control can ensure that the boundary deflection never violates
the specified range. (iii) The control input is restricted in a
prescribed bound with no chattering.

II. PROBLEM STATEMENT
A. SYSTEM MODEL
A vibrating flexible string subject to input saturation and
output constraint can be depicted in Fig. 1, where XOY
represents the reference coordinate system with coordinate
origin O, t and z represent independent time and spatial
variables, p(z, t) represents the vibration offset of a string
with length s at time t for spatial position, B > 0 represents

boundary output constraint on p(s, t) satisfying p(s, t) <
B, u(t) represents the control input with saturation bound
uM > 0, and d(t) represents the external disturbance acting
on the payload with mass M . Moreover, we provide some
notations to simplify the paper: (·)(t) = (·), (·)′ = ∂(·)/∂z,
˙(·) = ∂(·)/∂t, ˙(·)

′
= ∂2(·)/∂z∂t, (·)′′ = ∂2(·)/∂z2, and

(̈·) = ∂2(·)/∂t2.
The flexible string system dynamics in this study is given

directly as [46]

mp̈+ cṗ− Tp′′ = 0, 0 < z < s (1)
p(0, t) = 0 (2)

Mp̈(s, t) + Tp′(s, t)− u− d = 0 (3)

where T , c, andm represent the tension, viscous damping co-
efficient, and mass per unit length of the string, respectively.

The saturation constraint on the string system is formu-
lated as [38]

u(t) = uo(ub(t)) = uM × tanh
(ub(t)
uM

)
(4)

with ub(t) denoting the control command to be designed.

B. PRELIMINARIES
The following lemmas and assumption are presented for the
convenience of controller design and stability analysis.
Lemma 1: Let ψ1(z, t), ψ2(z, t) ∈ R, ν > 0 with (z, t) ∈
[0, s]× [0,+∞), then [48]

ψ1ψ2 ≤
1

ν
ψ2
1 + νψ2

2 . (5)

Lemma 2: Let ψ(z, t) ∈ R be under the condition ψ(0, t) =
0, where (z, t) ∈ [0, s]× [0,+∞), then [48]

ψ2 ≤ s
∫ s

0

ψ′2dz. (6)

Assumption 1: We assume that there exists a positive constant
D such that | d(t) |≤ D, ∀t ∈ [0,+∞) [22], [25].

III. CONTROL DESIGN
In this study, our concerns lie in the construction of boundary
controller to restrain the string’s offset, deal with input con-
straint, and keep the boundary output p(s, t) in designated
zones satisfying p(s, t) < B.

First, the coordinate transformation is introduced as fol-
lows

v1 = y1 = p(s, t) (7)
v2 = y2 − γ1 = ṗ(s, t)− γ1 (8)
v3 = uo(ub(t))− γ2 (9)

with γ1 and γ2 being the virtual control.
Step 1. Consider a BLF as

Ha1 =
1

2
ln

B2

B2 − v21
(10)
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Differentiating (10) gives

Ḣa1 =
v1v̇1

B2 − v21
=

v1y2
B2 − v21

=
v1

B2 − v21
(v2 + γ1) (11)

We design the virtual control γ1 as

γ1 = −κ1v1 − (B2 − v21)p′(s, t) (12)

where κ1 > 0.
The substitution of (12) into (11) yields

Ḣa1 = − κ1v
2
1

B2 − v21
− v1p′(s, t) +

v1v2
B2 − v21

(13)

Step 2. Choose a Lyapunov function as

Ha2 = Ha1 +
1

2
Mv22 (14)

The derivative of (14) gives

Ḣa2 = Ḣa1 +Mv2v̇2

=− κ1v
2
1

B2 − v21
− v1p′(s, t) +

v1v2
B2 − v21

+ v2 (Mẏ2 −Mγ̇1)

=− κ1v
2
1

B2 − v21
− v1p′(s, t) +

v1v2
B2 − v21

+ v2(−Tp′(s, t)

+ v3 + γ2 −Mγ̇1 + d) (15)

We design the control law γ2 as

γ2 = −κ2v2 −
κ3v2

B2 − v21
− v1
B2 − v21

+ Tp′(s, t) +Mγ̇1

(16)

where κ2, κ3 > 0.
Substituting (16) in (15), we obtain

Ḣa2 = − κ1v
2
1

B2 − v21
− v1p′(s, t)− κ2v22 −

κ3v
2
2

B2 − v21
+ v2v3 + v2d (17)

An auxiliary system is then devised as

u̇b(t) = ε− κub(t) (18)

where ε denotes the control law to be developed and κ > 0
denotes the control gain.

Invoking (8), (9), (16) and (18) leads to

Mv̇3 =M
∂uo
∂ub(t)

(ε− κub(t))−Mγ̇2

=Mη(−κub(t) + ε)− µ− ∂γ2
∂y2

d (19)

where

µ =
∂γ2
∂y2

(uo(ub(t))− Tp′(s, t)) +M
∂γ2
∂y1

y2

+M
∂γ2

∂p′(s, t)
ṗ′(s, t) +M

∂γ2
∂ṗ′(s, t)

p̈′(s, t) (20)

η =
∂uo (ub(t))

∂ub(t)
=

4(
eub(t)/uM + e−ub(t)/uM

)2 > 0 (21)

It is relatively difficult to conduct the analysis and design
since η is varying. Fortunately, we can exploit Nussbaum

function N (x) [39] to develop a control law ε in (18) for
handling the varying η. Then, we propose the control law ε
as follows

ε =N (x) ε̄ (22)

ε̄ =ηκub +
1

M
µ− 1

M
κ4v3 −

1

M
v2 −

1

2M
(
∂γ2
∂y2

)2v3

(23)

where κ4 > 0 and the Nussbaum function N (x) is defined
as

N (x) =x2 cos (x) (24)
ẋ =ωxMv3ε̄ (25)

where ωx > 0 and the Nussbaum function satisfies the
following properties

lim
n→±∞

sup
1

n

∫ n

0

N (y) dy =∞

lim
n→±∞

inf
1

n

∫ n

0

N (y) dy = −∞

Step 3. Now, we choose a Lyapunov function candidate as

Ha = Ha2 +
1

2
Mv23 (26)

Differentiating (26) results in

Ḣa =Ḣa2 +Mv3v̇3

=− κ1v
2
1

B2 − v21
− v1p′(s, t)− κ2v22 −

κ3v
2
2

B2 − v21
+ v2d+ v2v3 + v3(Mv̇3 +Mε)−Mv3ε (27)

The substitution of (19) and (23) into (27) gives

Ḣa =− κ1v
2
1

B2 − v21
− v1p′(s, t)− κ2v22 −

κ3v
2
2

B2 − v21
+Mv3(ηε− ε)− κ4v23 + v2d

− 1

2
(
∂γ2
∂y2

)2v23 − (
∂γ2
∂y2

)v3d (28)

Substituting (22) into (28) yields

Ḣa =− κ1v
2
1

B2 − v21
− v1p′(s, t)− κ2v22 −

κ3v
2
2

B2 − v21
+Mv3ε̄(ηN (x)− 1)− κ4v23 + v2d

− 1

2
(
∂γ2
∂y2

)2v23 − (
∂γ2
∂y2

)v3d (29)

Substituting (25) into (29) and applying Lemma 1 lead to

Ḣa ≤−
κ1v

2
1

B2 − v21
− v1p′(s, t)− (κ2 −

1

2
)v22 −

κ3v
2
2

B2 − v21
+

1

ωx
(ηN (x)− 1)ẋ− κ4v23 + d2 (30)

Choose a Lyapunov function candidate as

H(t) = Ha(t) +Hb(t) +Hc(t) (31)
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where

Hb(t) =
ζm

2

∫ s

0

ṗ2dz +
ζT

2

∫ s

0

p′
2
dz

Hc(t) = βm

∫ s

0

pṗdz

where ζ, β > 0.
Lemma 3: The Lyapunov function candidate (31) is positive
with a upper bound as follows

H(t) ≤ H(0)e−σt +
%

σ
(32)

where σ, % > 0.
Proof: Invoking Lemmas 1 and 2, Hc(t) satisfies

|Hc(t)| ≤
βms

2

∫ s

0

p′
2
dz +

βm

2

∫ s

0

ṗ2dz

≤$Hb(t) (33)

where $ = βmmax(s,1)
ζmin(m,T ) .

From the above equation, we derive

−$Hb(t) ≤ Hc(t) ≤ $Hb(t) (34)

Selecting proper β and ζ satisfying 0 < β < ζmin(m,T )
mmax(s,1) ,

we can derive 0 < $ < 1, and

φ1Hb(t) ≤ Hb(t) +Hc(t) ≤ φ2Hb(t) (35)

where φ1 = 1−$ > 0 and φ2 = 1 +$ > 0.
Invoking (31) and (35), we further have

0 ≤ σ1 (Ha(t) +Hb(t)) ≤ H(t) ≤ σ2 (Ha(t) +Hb(t))
(36)

where σ1 = min (φ1, 1) > 0 and σ2 = max (φ2, 1) > 0.
Taking the derivative of Hb(t) and substituting (1), we

have

Ḣb(t) = ζTp′(s, t)ṗ(s, t)− cζ
∫ s

0

ṗ2dz (37)

Combining (8) and (12) yields

v2 = ṗ(s, t) + κ1v1 + (B2 − v21)p′(s, t) (38)

Then, we further derive

v22 =ṗ2(s, t) + κ21v
2
1 + (B2 − v21)2p′2(s, t) + 2κ1ṗ(s, t)v1

+ 2κ1(B2 − v21)v1p
′(s, t) + 2(B2 − v21)ṗ(s, t)p′(s, t)

(39)

Invoking (37) and (39) gives

Ḣb(t) =
ζTv22

2(B2 − v21)
− ζT ṗ2(s, t)

2(B2 − v21)
− ζTκ21v

2
1

2(B2 − v21)

− ζT

2
(B2 − v21)p′2(s, t)− ζTκ1ṗ(s, t)v1

B2 − v21

− κ1ζTv1p′(s, t)− cζ
∫ s

0

ṗ2dz (40)

Employing Lemma 1 on (40) results in

Ḣb(t) ≤
ζTv22

2(B2 − v21)
− ζT ṗ2(s, t)

2(B2 − v21)
− ζTκ21v

2
1

2(B2 − v21)

− ζT

2
(B2 − v21)p′2(s, t)− cζ

∫ s

0

ṗ2dz

+
ζTκ1ṗ

2(s, t)

2χ2(B2 − v21)
+

ζTκ1χ2v
2
1

2(B2 − v21)
+

κ1ζT

2χ1(B2 − z21)
z21

+
κ1ζTχ1(B2 − v21)

2
p′2(s, t) (41)

where χ1, χ2 > 0.
Differentiating Hc(t) and substituting (1) yield

Ḣc(t) ≤− (βT − αχ3cs)

∫ s

0

p′2dz + βTv1p
′(s, t)

+ (βm+
βc

χ3
)

∫ s

0

ṗ2dz (42)

where χ3 > 0.
Differentiating (31), combining (42), (41) and (43), and

employing Lemma 1, we have

Ḣ(t) ≤− (κ3 −
ζT

2
)

v22
B2 − v21

− (
ζT

2
− ζTκ1

2χ2
)
ṗ2(s, t)

B2 − v21

− (βT − βχ3cs)

∫ s

0

p′2dz − (κ2 −
1

2
)v22 − κ4v23

− (cζ − βm− βc

χ3
)

∫ s

0

ṗ2dz − (κ1 +
ζTκ21

2

− ζTκ1χ2

2
− κ1ζT

2χ1
− |βT − 1|

2χ4
)

v21
B2 − v21

− (
ζT

2
− κ1ζTχ1

2
− |βT − 1|χ4

2
)(B2 − v21)p′2(s, t)

+
1

ωx
(ηN (x)− 1)ẋ+ d2 (43)

where χ4 > 0, and the parameters ζ, β, κ, κi, for i =
1, 2, 3, 4, χj , for j = 1, 2, 3, 4, are chosen such that

κ3 −
ζT

2
≥ 0 (44)

ζT

2
− ζTκ1

2χ2
≥ 0 (45)

ζT

2
− κ1ζTχ1

2
− |βT − 1|χ4

2
≥ 0 (46)

τ1 = κ1 +
ζTκ21

2
− ζTκ1χ2

2
− κ1ζT

2χ1
− |βT − 1|

2χ4
> 0

(47)
τ2 = βT − βχ3cs > 0 (48)

τ3 = cζ − βm− βc

χ3
> 0 (49)

τ4 = κ2 −
1

2
> 0 (50)

%0 = max(d2) = D2 < +∞ (51)
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Invoking Lemma 2 in [49] and (44)-(51), we rewrite (43)
as

Ḣ(t) ≤ −τ1 ln
B2

B2 − z21
− τ2

∫ s

0

p′2dz − τ3
∫ s

0

ṗ2dz

+ %0 − τ4v22 − κ4v23 +
1

ωx
(ηN (x)− 1)ẋ (52)

Then, we further obtain

Ḣ(t) ≤ −σ3 [Ha(t) +Hb(t)]+
1

ωx
(ηN (x)−1)ẋ+%0 (53)

where σ3 = min
(

2τ1,
2τ4
M , 2κ4

M , 2τ2ζT ,
2τ3
ζm

)
.

Combining (36) and (53) gives

Ḣ(t) ≤ −σH(t) +
1

ωx
(ηN (x)− 1)ẋ+ %0 (54)

where σ = σ3/σ2 > 0.
Then, we multiply (54) by eσt, and integrate the resulting

equation to derive

H(t) ≤H(0)e−σt +
e−σt

ωx

∫ t

0

(ηN (x)− 1)ẋeστdτ

+
%0
σ

(1− e−σt) (55)

Using Lemma 3 in [50] further yields

H(t) ≤ H(0)e−σt +
%

σ
(56)

% = %0 + σ
ωx

∫ t
0
(ηN (x)− 1)ẋe−σ(t−τ)dτ .

Theorem 1: For a string system with input saturation and
output constraint (1)-(4), under the proposed control law (4),
(12), (16), (18) and (23), and bounded initial conditions with
the choice of design parameters ζ, β, κ, κi, for i = 1, 2, 3, 4,
χj , for j = 1, 2, 3, 4 satisfying the constraints (44)-(51), then
we draw the conclusions that the control input proposed is
bounded and the controlled system’s state p(z, t) is uniformly
bounded.

Proof: From Lemma 3, we can conclude that v1, v2, v3,
p(z, t), ṗ(z, t), p′(z, t) and p′′(z, t) are all bounded.

Moreover, we notice that

|uo (ub)| = uM

∣∣∣∣tanh

(
ub
uM

)∣∣∣∣ ≤ uM (57)∣∣∣∣∂uo (ub)

∂ub

∣∣∣∣ =

∣∣∣∣∣ 4(
eub/uM + e−ub/uM

)2
∣∣∣∣∣ ≤ 1 (58)

∣∣∣∣∂uo (ub)

∂uo
ub

∣∣∣∣ =

∣∣∣∣∣ 4ub(
eub/uM + e−ub/uM

)2
∣∣∣∣∣ ≤ uM

2
(59)

Invoking (23) and (57)-(59), we can derive that ε̄ is
bounded, further indicating that ub(t) and ε are also bounded.

Utilizing Hb(t), (36) and Lemma 2 yields

ζT

2s
p2(z, t) ≤ ζT

2

∫ s

0

p′2(z, t)dz ≤ Hb(t) ≤
1

σ1
H(t)

(60)

The substitution of (56) into (60) gives

| p(z, t) |≤
√

2s

ζσ1T
[H(0) +

%

σ
],∀(z, t) ∈ [0, s]× [0,+∞)

(61)

IV. SIMULATION
On the basis of the string system with input saturation and
output constraint, we employ the finite difference method
with step sizes for space and time as 4z = 0.05 and
4t = 0.0001 to approximate the systems’ dynamics by
selecting the following system parameters: s = 1.0 m, c =
0.5 Ns/m2, m = 0.1 kg/m, T = 5 N, and M = 2.0 kg. The
system’s initial conditions are presented as p(z, 0) = 0.1z,
and ṗ(z, 0) = 0. d(t) is expressed as d(t) = 0.1sin(2t).

Fig. 2 shows the spatiotemporal response of the vibrating
string system in the free case, that is, u(t) = 0. Fig. 3
depicts the 3D representation of the string system under the
developed control with the selection of design parameters as
κ = 8, κ1 = 3, κ2 = 1, κ3 = κ4 = 6.5, uM = 0.25,
and B = 0.12. Figs. 4 and 5 present the boundary deflection
p(s, t) under no control and the designed control. Figs. 6 and
7 reveal the responses of the designed control command and
saturated control input.

The simulation results Figs. 2-7 showed that the devised
control can effectively dampen the string’s vibration, the
boundary deflection p(s, t) under the presented control is
restricted in a specified range if the system’s initial value
p(s, 0) maintains in a given threshold, and the control input
u(t) is restrained in the prescribed saturation bound. In brief,
we draw conclusions that the obtained control can better sta-
bilize the vibration as well as handle the system constraints.

V. CONCLUSION
We have addressed the output and input constraint issue for
a vibrating flexible string system in this study. A barrier-
based control strategy has been constructed to resolve the
output and input constraints by incorporating the backstep-
ping technique, hyperbolic function, and barrier Lyapunov
theory into the control design. With a rigorous mathematical
analysis, the controlled system’s stability and state’s conver-
gence were guaranteed. Simulation examples demonstrated
control performances through appropriately choosing the de-
signed parameters. Future research directions lie in the use
of intelligent approaches [51]–[57] for controlling flexible
systems.

REFERENCES
[1] Z. J. Zhao, X. Y. He, Z. G. Ren, and G. L. Wen, “Boundary adaptive

robust control of a flexible riser system with input nonlinearities,” IEEE
Transactions on Systems, Man, and Cybernetics: Systems, vol. 49, no. 10,
pp. 1971–1980, 2019.

[2] Z. J. Zhao and C. K. Ahn, “Boundary antisaturation vibration control de-
sign for a flexible timoshenko robotic manipulator,” International Journal
of Robust and Nonlinear Control, vol. 30, no. 3, pp. 1098–1114, 2020.

[3] H.-N. Wu and J.-W. Wang, “Static output feedback control via PDE
boundary and ODE measurements in linear cascaded ODE-beam systems,”
Automatica, vol. 50, no. 11, pp. 2787–2798, 2014.

VOLUME 4, 2016 5



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2020.2983054, IEEE Access

FIGURE 2. Deflection of the string under no control

FIGURE 3. Deflection of the string under the designed control

FIGURE 4. Boundary deflection of the string under no control

FIGURE 5. Boundary deflection of the string under the designed control

FIGURE 6. Designed control command

FIGURE 7. Saturated control input

6 VOLUME 4, 2016



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2020.2983054, IEEE Access

[4] F. F. Jin and B. Z. Guo, “Lyapunov approach to output feedback stabi-
lization for the eulerbernoulli beam equation with boundary input distur-
bance,” Automatica, vol. 52, pp. 95–102, 2015.

[5] J. W. Wang, S.-H. Tsai, H.-X. Li, and H.-K. Lam, “Spatially piecewise
fuzzy control design for sampled-data exponential stabilization of semilin-
ear parabolic pde systems,” IEEE Transactions on Fuzzy Systems, vol. 26,
no. 5, pp. 2967–2980, 2018.

[6] Z.-P. Wang, H.-N. Wu, and H.-X. Li, “Sampled-data fuzzy control for
nonlinear coupled parabolic pde-ode systems,” IEEE Transactions on
Cybernetics, vol. 47, no. 9, pp. 2603–2615, 2017.

[7] W. He, Y. Ouyang, and J. Hong, “Vibration control of a flexible robotic
manipulator in the presence of input deadzone,” IEEE Transactions on
Industrial Informatics, vol. 13, no. 1, pp. 48–59, 2017.

[8] J. L. Wang, H. N. Wu, and T. W. Huang, “Passivity-based synchronization
of a class of complex dynamical networks with time-varying delay,”
Automatica, vol. 56, pp. 105–112, 2015.

[9] U. H. Shah and K.-S. Hong, “Active vibration control of a flexible rod
moving in water: Application to nuclear refueling machines,” Automatica,
vol. 93, pp. 231–243, 2018.

[10] W. He, T. T. Meng, X. Y. He, and C. Y. Sun, “Iterative learning control for
a flapping wing micro aerial vehicle under distributed disturbances,” IEEE
Transactions on Cybernetics, vol. 49, no. 4, pp. 1524–1535, 2019.

[11] W. He, T. T. Meng, D. Q. Huang, and X. F. Li, “Adaptive boundary iterative
learning control for an euler-bernoulli beam system with input constraint,”
IEEE Transactions on Neural Networks and Learning Systems, vol. 29,
no. 5, pp. 1524–1535, 2018.

[12] Z. J. Zhao, X. Y. He, and G. L. Wen, “Boundary robust adaptive anti-
saturation control of vibrating flexible riser systems,” Ocean Engineering,
vol. 179, pp. 298–306, 2019.

[13] X. Cai and M. Krstic, “Nonlinear stabilization through wave pde dynamics
with a moving uncontrolled boundary,” Automatica, vol. 68, pp. 27–38,
2016.

[14] J. M. Wang, J. J. Liu, B. B. Ren, and J. H. Chen, “Sliding mode control to
stabilization of cascaded heat pde-ode systems subject to boundary control
matched disturbance,” Automatica, vol. 52, pp. 23–34, 2015.

[15] L. Su, J. M. Wang, and M. Krstic, “Feedback stabilization of a class of
coupled hyperbolic equations with non-local terms,” IEEE Transactions
on Automatic Control, vol. 63, no. 8, pp. 2633–2640, 2018.

[16] A. Tavasoli, “Robust boundary stabilization of a vibrating rectangular plate
using disturbance adaptation,” International Journal of Adaptive Control
and Signal Processing, vol. 30, no. 11, pp. 1603–1626, 2016.

[17] Z. J. Liu, J. K. Liu, and W. He, “Dynamic modeling and vibration control
for a nonlinear 3-dimensional flexible manipulator,” International Journal
of Robust and Nonlinear Control, vol. 28, no. 13, pp. 3927–3945, 2018.

[18] K. D. Do, “Stochastic boundary control design for extensible marine risers
in three dimensional space,” Automatica, vol. 77, pp. 184–197, 2017.

[19] Z. J. Liu, J. K. Liu, and W. He, “Robust adaptive fault tolerant control for a
linear cascaded ode-beam systems,” Automatica, vol. 98, pp. 42–50, 2018.

[20] Z. J. Zhao, X. Y. He, and C. K. Ahn, “Boundary disturbance observer-
based control of a vibrating single-link flexible manipulator,” IEEE Trans-
actions on Systems, Man, and Cybernetics: Systems, in press, DOI:
10.1109/TSMC.2019.2912900, 2019.

[21] J.-W. Wang, Y. Q. Liu, and C. Y. Sun, “Adaptive neural boundary control
design for nonlinear flexible distributed parameter systems,” IEEE Trans-
actions on Control Systems Technology, vol. 27, no. 5, pp. 2085–2099,
2019.

[22] Z. J. Zhao, C. K. Ahn, and H.-X. Li, “Boundary antidisturbance control
of a spatially nonlinear flexible string system,” IEEE Transactions on
Industrial Electronics, vol. 67, no. 6, pp. 4846–4856, 2020.

[23] W. He, H. Qin, and J. K. Liu, “Modelling and vibration control for a
flexible string system in three-dimensional space,” IET Control Theory &
Applications, vol. 9, no. 16, pp. 2387–2394, 2015.

[24] Z. H. Qu, “An iterative learning algorithm for boundary control of a
stretched moving string,” Automatica, vol. 38, pp. 821–827, 2002.

[25] Z. J. Zhao, X. Y. He, Z. G. Ren, and G. L. Wen, “Output feedback sta-
bilization for an axially moving system,” IEEE Transactions on Systems,
Man, and Cybernetics: Systems, vol. 49, no. 12, pp. 2374–2383, 2019.

[26] W. He, S. S. Ge, and S. Zhang, “Adaptive boundary control of a flexible
marine installation system,” Automatica, vol. 47, no. 12, pp. 2728–2734,
2011.

[27] W. He, S. Zhang, and S. S. Ge, “Robust adaptive control of a thruster
assisted position mooring system,” Automatica, vol. 50, no. 7, pp. 1843–
1851, 2014.

[28] Y. Ren, M. Chen, and Q. X. Wu, “Disturbance observer-based boundary
control for a suspension cable system moving in the horizontal plane,”
Transactions of the Institute of Measurement and Control, vol. 41, no. 2,
pp. 340–349, 2019.

[29] Y. Y. Xing and J. K. Liu, “Lmi based boundary and distributed control
design for a flexible string subject to disturbance,” International Journal of
Control, vol. 92, no. 8, pp. 1959–1969, 2019.

[30] K.-J. Yang, K.-S. Hong, and F. Matsuno, “Robust adaptive boundary
control of an axially moving string under a spatiotemporally varying
tension,” Journal of Sound and Vibration, vol. 273, pp. 1007–1029, 2004.

[31] Z. J. Zhao, C. K. Ahn, and G. L. Wen, “Cooperative disturbance rejection
control of vibrating flexible riser systems,” Nonlinear Dynamics, vol. 98,
no. 3, pp. 1603–1613, 2019.

[32] Z. J. Zhao, S. M. Lin, D. C. Zhu, and G. L. Wen, “Vibration control of a
riser-vessel system subject to input backlash and extraneous disturbances,”
IEEE Transactions on Circuits and Systems II, vol. 67, no. 3, pp. 516–520,
2020.

[33] Z. J. Zhao and C. K. Ahn, “Boundary output constrained control for
a flexible beam system with prescribed performance,” IEEE Trans-
actions on Systems, Man, and Cybernetics: Systems, in press, DOI:
10.1109/TSMC.2019.2944900, 2019.

[34] X. Y. He, Z. J. Zhao, J. Y. Su, Q. M. Yang, and D. C. Zhu, “Adaptive inverse
control of a vibrating coupled vessel-riser system with input backlash,”
IEEE Transactions on Systems, Man, and Cybernetics: Systems, in press,
DOI: 10.1109/TSMC.2019.2944999, 2019.

[35] Z. J. Zhao, C. K. Ahn, and H.-X. Li, “Deadzone compensation
and adaptive vibration control of uncertain spatial flexible riser sys-
tems,” IEEE/ASME Transactions on Mechatronics, in press, DOI:
10.1109/TMECH.2020.2975567, 2020.

[36] W. He, T. T. Meng, X. Y. He, and S. Ge, “Unified iterative learning
control for flexible structures with input constraints,” Automatica, vol. 86,
pp. 326–336, 2018.

[37] Z. J. Zhao, X. G. Wang, C. L. Zhang, Z. J. Liu, and J. F. Yang, “Neural
network based boundary control of a vibrating string system with input
deadzone,” Neurocomputing, vol. 275, pp. 1021–1027, 2018.

[38] Z. J. Zhao, Z. G. Ren, and Y. H. Ma, “Boundary control for a flexible string
system with input saturation constraint,” Asian Journal of Control, vol. 22,
no. 2, pp. 934–943, 2020.

[39] Z. J. Liu, J. K. Liu, and W. He, “Modeling and vibration control of a
flexible aerial refueling hose with variable lengths and input constraint,”
Automatica, vol. 77, pp. 302–310, 2017.

[40] Y. Ren, M. Chen, and P. Shi, “Robust adaptive constrained boundary
control for a suspension cable system of a helicopter,” International Journal
of Adaptive Control and Signal Processing, vol. 32, pp. 50–68, 2018.

[41] M. Chen, Y. Ren, and J. Liu, “Anti-disturbance control for a suspension ca-
ble system of helicopter subject to input nonlinearities,” IEEE Transactions
on Systems, Man, and Cybernetics: Systems, vol. 48, no. 12, pp. 2292–
2304, 2018.

[42] S. Zhang, W. He, and D. Q. Huang, “Active vibration control for a flexible
string system with input backlash,” IET Control Theory & Applications,
vol. 10, no. 7, pp. 800–805, 2016.

[43] W. He and S. S. Ge, “Cooperative control of a nonuniform gantry crane
with constrained tension,” Automatica, vol. 66, no. 4, pp. 146–154, 2016.

[44] W. He, Z. Jing, X. Y. He, J. K. Liu, and C. Y. Sun, “Robust adaptive vibra-
tion control for a string with time-varying output constraint,” International
Journal of Robust and Nonlinear Control, vol. 28, no. 17, pp. 5213–5231,
2018.

[45] W. He and S. S. Ge, “Vibration control of a flexible string with both
boundary input and output constraints,” IEEE Transaction on Control
Systems Technology, vol. 23, no. 4, pp. 1245–1254, 2015.

[46] Z. J. Zhao, J. Shi, X. J. Lan, and X. W. Wang, “Adaptive neural network
control of a flexible string system with non-symmetric dead-zone and
output constraint,” Neurocomputing, vol. 283, pp. 1–8, 2018.

[47] Z. J. Liu, Z. J. Zhao, and C. K. Ahn, “Boundary constrained control of
flexible string systems subject to disturbances,” IEEE Transactions on
Circuits and Systems II, vol. 67, no. 1, pp. 112–116, 2020.

[48] C. D. Rahn, Mechatronic control of distributed noise and vibration. New
York, USA: Springer, 2001.

[49] B. Ren, S. Ge, K. Tee, and T. Lee, “Adaptive neural control for output
feedback nonlinear systems using a barrier lyapunov function,” IEEE
Transactions on Neural Networks, vol. 21, no. 8, pp. 1339–1345, 2010.

[50] Z. J. Zhao, Z. J. Liu, Z. F. Li, N. Wang, and J. F. Yang, “Control design for
a vibrating flexible marine riser system,” Journal of The Franklin Institute,
vol. 354, no. 18, pp. 8117–8133, 2017.

VOLUME 4, 2016 7



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2020.2983054, IEEE Access

[51] C. Yang, Y. Jiang, Z. Li, W. He, and C.-Y. Su, “Neural control of
bimanual robots with guaranteed global stability and motion precision,”
IEEE Transactions on Industrial Informatics, vol. 13, no. 3, pp. 1162–
1171, 2017.

[52] T. Zhang, C. P. Chen, L. Chen, X. Xu, and B. Hu, “Design of highly non-
linear substitution boxes based on i-ching operators,” IEEE Transactions
on Cybernetics, vol. 48, no. 12, pp. 3349–3358, 2018.

[53] C. X. Liu, G. L. Wen, Z. J. Zhao, and R. Sedaghati, “Neural network-based
sliding mode control of an uncertain robot using dynamic model approxi-
mated switching gain,” IEEE Transactions on Cybernetics, in press, DOI:
10.1109/TCYB.2020.2978003, 2020.

[54] H. Y. Li, S. Y. Zhao, W. He, and R. Q. Lu, “Adaptive finite-time tracking
control of full states constrained nonlinear systems with dead-zone,”
Automatica, vol. 100, pp. 99–107, 2019.

[55] S. L. Dai, S. D. He, M. Wang, and C. Z. Yuan, “Adaptive neural control of
underactuated surface vessels with prescribed performance guarantees,”
IEEE Transactions on Neural Networks and Learning Systems, vol. 30,
no. 12, pp. 3686–3698, 2019.

[56] C. X. Mu and Y. Zhang, “Learning-based robust tracking control of
quadrotor with time-varying and coupling uncertainties,” IEEE Transac-
tions on Neural Networks and Learning Systems, vol. 31, no. 1, pp. 259–
273, 2020.

[57] T. Zhang, G. Su, C. Qing, X. Xu, B. Cai, and X. Xing, “Hierarchical
lifelong learning by sharing representations and integrating hypothesis,”
IEEE Transactions on Systems, Man, and Cybernetics: Systems, 2019, in
press, DOI: 10.1109/TSMC.2018.2884996.

WEIJUN SUN received his degree of Master in
Computer Application in 2003 at Nanjing Uni-
versity of Aeronautics and Astronautics (NUAA),
China. He is currently pursuing the Ph.D. degree
in control science and engineering in Guangdong
University of Technology (GDUT), Guangzhou,
China. He is a member with the Institute of Intel-
ligent Information Processing, GDUT. His current
research interests include flexible systems, pattern
recognition and machine learning.

YIMING LIU is currently junior student in
Guangzhou University. His research interests in-
clude distributed parameter system control.

ZHIJIA ZHAO received his B. Eng. degree in
automatic control from North China University of
Water Resources and Electric Power, Zhengzhou,
China, in 2010, and his M.Eng. and Ph.D. degree
in automatic control from South China Univer-
sity of Technology, Guangzhou, China, in 2013
and 2017. He is currently an associate professor
in Guangzhou University. His research interests
include flexible systems, ocean cybernetics, and
robotics.

KAN XIE received the Ph.D. degree in con-
trol science and engineering from the Guangdong
University of Technology, Guangzhou, China, in
2017. Then, he joined the Institute of Intelligent
Information Processing, Guangdong University of
Technology, where he is currently an Associate
Professor. His research interests include machine
learning, non-negative signal processing, blind
signal processing, and smart grid.

SHENGLI XIE (M’01–SM’02–F’19) received the
M.S. degree in mathematics from the Central
China Normal University, Wuhan, China, in 1992,
and the Ph.D. degree in control theory and applica-
tions from the South China University of Technol-
ogy, Guangzhou, China, in 1997. He is currently
a Full Professor and the Head of the Institute
of Intelligent Information Processing, Guangdong
University of Technology, Guangzhou. He has au-
thored or coauthored two books and over 150 sci-

entific papers in journals and conference proceedings. His research interests
include wireless networks, automatic control, and blind signal processing.
He was a recipient of the Second Prize in China’s State Natural Science
Award in 2009 for his research on blind source separation and identification.

8 VOLUME 4, 2016


