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Abstract This paper presents a composite controller
for trajectory tracking of moving-base underwater flex-
ible manipulators (UFM). Firstly, a dynamics model of
the moving-base UFM is established, and the model
is decomposed into a slow-varying subsystem and a
fast-varying subsystem by using the singular perturba-
tion method. Then, an adaptive non-singular fixed-time
sliding mode controller based on a high-order slid-
ing mode observer is proposed for the slow-varying
subsystem. In this controller, the high-order sliding
mode (HOSM) observers are used to estimate and com-
pensate for lumped disturbances, and adaptive super-
twisting algorithm is used to reduce sliding mode chat-
tering, which overcomes the disadvantage that the tra-
ditional adaptive method is prone to overestimation.
To further suppress the system chattering, a HOSM
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observer is used to obtain the flexible mode derivatives
for the fast-varying subsystem to achieve the suppres-
sion of vibration modes. The main advantages of this
controller are its non-singularity, fast finite-time con-
vergence and good vibration suppression. Extensive
simulation results have validated the effectiveness of
the proposed control method.

Keywords Moving-base - Underwater manipulators -
Fixed-time - Super-twisting algorithm - Vibration
suppression

1 Introduction

Underwater docking and recovery is a frontier research
in ocean engineering [1]. The recovery and deploy-
ment of autonomous underwater vehicles (AUV) by
large-scale underwater manipulators is an important
approach for collaborative marine operations [2]. This
collaborative approach can expand the functions of
large submersibles, which has broad application pros
pects. The large submarine equipped with a manipu-
lator to recover the AUVs is shown in Fig. 1. Due to
the technical requirements of large-scale operation and
small-space storage of underwater manipulators, the
manipulators are usually made very slender and it is
easier to produce flexible deformation and vibration
under external hydrodynamic disturbance. If the flexi-
ble deformation is not taken into account, it may cause
collisions between manipulators and AUVs, which will
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Fig.1 The AUV recovery and docking system

eventually lead to the failure of recovery. Therefore, it
is of great significance to study the modeling and con-
trol of the underwater flexible manipulators.

At present, the research of underwater manipulators
mainly focuses on rigid manipulators. During the past
decades, scholars have done a lot of research on the
modeling of underwater manipulators. The modeling
methods mainly include Lagrange method and Newton
Euler method [3]. Methods to describe flexible defor-
mation mainly include finite element method(FEM)
and assumed mode method(AMM) [4]. Compared with
traditional underwater manipulators, underwater flexi-
ble manipulators have dual characteristics of fluid-solid
coupling and rigid-flexible coupling, and the dynamic
response is more complex. Al-Khafaji et al. established
the dynamic model of single-link UFM based on FEM
[5]. Xue et al. further studied the fluid-solid coupling
characteristics of the single-link underwater flexible
manipulator by using Euler equation [6]. Shang et al.
combined Morrison formula with the AMM to estab-
lish a dynamic model of a single-link UFM [7]. In the
modeling of multi-link flexible manipulators, Huang
et al. have taken into account the flexible deformation
and hydrodynamic disturbance comprehensively and
established a more accurate dynamics model of the
multi-link UFM [8,9], but the movement of the car-
rier was not considered. The movement of the carrier
will affect both the flow field and the flexible deforma-
tion. Therefore, the influence of the carrier should be
fully considered in the following research to improve
the accuracy of the model.

The control methods of underwater manipulators
mainly include PID control, sliding mode control,
fuzzy control, adaptive control and neural network con-
trol [10,11].
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PID control is often used in the control of under-
water vehicles and underwater manipulators because
they are simple in design and do not depend on prior
knowledge of system dynamic model. Londhe et al.
proposed a nonlinear PID controller for underwater
vehicle-manipulator systems(UVMS) control, which
enhances the overall closed-loop stability [12]. In gen-
eral, the control accuracy of PID control algorithms is
not as good as that of model-based control methods
[13].

Sliding mode control has the advantages of fast
response, insensitivity to parameter uncertainty and
external disturbances. M’Sirdi et al. applied sliding
mode control method to the control of underwater
manipulators, which obtained good trajectory track-
ing precision [14]. Esfahani et al. proposed a terminal
sliding mode control method to improve the trajectory
tracking accuracy under time-delay disturbance [15].
To improve the convergence speed, finite-time slid-
ing mode control has been studied. Wang et al. pro-
posed a non-singular terminal sliding mode controller
(NTSMC) for trajectory tracking control of underwa-
ter manipulators [16, 17]. This method could enable the
jointangles to converge to the desired trajectory in finite
time and overcome the singularity problem. Zhou et
al. further proposed an improved non-singular fast ter-
minal sliding mode controller(NFTSMC), which can
achieve higher tracking accuracy [18]. Although the
sliding mode control algorithm has fast response speed
and high control accuracy, it is prone to produce chat-
tering. Therefore, how to improve convergence speed
and suppress sliding mode chattering is the key point
in controlling underwater manipulators.

In recent years, some novel finite-time convergence
control methods have been developed to improve the
convergence performance. Cheng et al. studied finite-
time asynchronous output feedback control for wind
turbine system [19]. He et al. researched a model pre-
dictive finite-time control strategy for discrete-time
semi-Markov systems [20]. Zhang et al. proposed a
finite-time sliding mode control for PDE systems to
ensure finite-time convergence [21]. The sliding time of
these finite-time sliding mode control methods mostly
depends on the initial state and the model. To solve
the problem, Zhang et al. presented a novel fixed-time
sliding mode control for manipulators under lumped
disturbances [22]. Li et al. proposed fixed-time integral
sliding mode control for a mobile robot to achieve fast
trajectory tracking [23]. Kuang et al. developed a novel
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stabilization controller, wherein the actual convergence
time of the controller remains unaffected by the ini-
tial values of system states [24]. Liu et al. proposed
an adaptive fixed-time control method, which enables
the trajectory tracking errors of the manipulator sys-
tem to converge within a faster fixed time with actuator
saturation [25].To reduce the chattering, scholars have
studied STA, an HOSM method which can effectively
reduce the system chattering and does not require the
derivatives of the sliding mode surface. Shtessel et al.
proposed a novel adaptive-gain super-twisting sliding
mode controller [26]. Borlaug et al. used the adaptive-
gain super-twisting sliding mode for trajectory track-
ing of AUVs [27-29]. Zhou et al. applied STA to the
design of disturbance observer for underwater manipu-
lators [18]. Xiong et al. presented a backstepping super-
twisting control method for an underwater dual-arm
manipulator [30]. In summary, high-order sliding mode
method can well suppress sliding mode chattering.
Underwater manipulators are subject to the dis-
turbances of complex hydrodynamic and modeling
error, intelligent control methods, such as fuzzy con-
trol, adaptive control, neural network control, and deep
learning algorithms, are commonly used to deal with
the disturbances. Wang et al. proposed a hybrid con-
troller combining neural network and fuzzy algorithm
for underwater manipulators, which has higher tra-
jectory tracking accuracy and better real-time anti-
disturbance capability [31]. Salloom et al. used adap-
tive neural network method to estimate the hydrody-
namic disturbance, and used genetic algorithm to rec-
tify the gain parameters [32]. Zhong and Yang pro-
posed an improved adaptive fuzzy sliding mode con-
trol algorithm for underwater manipulators to reduce
system chattering and improve the control accuracy
[3]. Zhang et al. proposed an adaptive terminal slid-
ing mode control method for trajectory tracking by
using radial basis function neural network(RBFNN)
[33]. Han et al. proposed an adaptive waveform neu-
ral network controller with force estimation for under-
water manipulators under lumped disturbances [34].
Jiang et al. adopted deep learning algorithm to over-
come external disturbance to ensure stable grasping
performance of the manipulator in dynamic environ-
ment [35]. Zhou et al. proposed an adaptive robust
controller to estimate the unknown disturbance online
[36]. Furthermore, both the adaptive control method
and neural network method exhibit commendable com-
pensation capabilities for systems with motion con-

straints and input saturation constraints. Liu et al. pro-
posed an adaptive controller for hypersonic flight vehi-
cles (HFVs) with limited angle-of-attack, significantly
enhancing the transient characteristics of HFVs [37].
Sun et al. presented an adaptive neural network non-
singular terminal sliding mode controller for manipu-
lators subject to input saturation [38]. From the studies
mentioned above, intelligent control methods are too
dependent on prior knowledge and experience because
they are not based on an accurate mathematical model.
In addition, these methods are computationally inten-
sive and slow in convergence, which makes it difficult
to obtain steady control performance [39,40].

Compared with intelligent control algorithms, dis-
turbance observers have the advantages of simple
design, low computational complexity, and no reliance
on prior knowledge, which are also often used to
estimate and compensate for external disturbances
[41,42]. Santhakumar designed a robust controller
based on a proportional differential observer for tra-
jectory tracking control of underwater manipulators
[43]. Then, Santhakumar proposed a nonlinear distur-
bance observer to estimate the unknown perturbation
[44]. Vinoth et al. proposed a disturbance-observer-
based terminal sliding mode control scheme for under-
water manipulators [45]. Londhe et al. improved the
overall stability of UVMS with parameter uncertainty,
ocean current disturbances, and measurement noise by
using a disturbance observer [46]. Han et al. proposed
a sliding mode control method based on an extended-
state observer to achieve asymptotic stabilization of
the tracking error [47]. Although all the above studies
achieved good control results, most of them simplified
the hydrodynamics and did not consider the flexible
deformation.

In addition to improving the anti-disturbance ability,
to suppress the flexible vibration is another challenge.
The manipulator with flexible deformation is a typical
under-actuated system. In order to avoid the singularity
of inertia matrix inversion while reducing the compu-
tational difficulty of higher-order models, the singu-
lar perturbation method is commonly used to decom-
pose the system into a slow-varying subsystem and a
fast-varying subsystem [4]. Hisseine and Lohmann pro-
posed a dual-time-scale controller based on the singu-
lar perturbation method and verified the performance
of the proposed controller by experiments [48]. Salehi
and Vossoughi proposed a composite controller includ-
ing a sliding mode control law and a feedback control
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law to suppress the vibration [49]. Chen et al. pro-
posed a slow-varying subsystem controller with a non-
linear disturbance observer to compensate for external
disturbances [50]. The above studies did not consider
the disturbance of hydrodynamics. In a recent study
on underwater flexible manipulators, Xue and Huang
designed a feedforward control method and used dis-
continuous piecewise smoothing filter to reduce the
vibration [6]. Shang et al. studied the coupling char-
acteristics of a single-link underwater flexible manip-
ulator and designed a controller with neural network
compensation [7]. Huang designed an adaptive slid-
ing mode controller for multi-link underwater flexible
manipulators, which achieved higher trajectory track-
ing accuracy [9]. Among all the research on underwater
manipulators, flexible deformation and disturbance of
the moving carrier were barely considered. In addition,
the control system design of flexible manipulators is
based on the assumption that all states of the control
system can be obtained directly. In fact, the flexible
modal derivatives are difficult to be measured directly
by sensors.

In order to solve the motion disturbance of the mov-
ing carrier and the indirect measurement of the flex-
ible modal derivatives, and to improve convergence
speed, anti-disturbance ability and vibration suppres-
sion performance of the controller, a dynamics model
of moving-base UFM is established in this paper. This
model is decomposed into a slow-varying subsystem
and a fast-varying subsystem by using the singular per-
turbation method. An adaptive non-singular fixed-time
sliding mode controller with a HOSM observer is pro-
posed for the slow-varying subsystem. The sliding time
of the controller is independent of the model and the
initial state. To reduce the chattering and overestima-
tion, the adaptive STA is introduced. To further sup-
press the flexible vibration, the other HOSM observer
is used to obtain the flexible modal derivatives for the
fast-varying subsystem.

The main contributions of this paper are as follows:

(i) The dynamics model of the moving-base UFM is
firstly established and the motion of the base and
hydrodynamic disturbances are fully considered
in the dynamic modeling.

(i1) Anadaptive non-singular fixed-time sliding mode
controller is proposed. The sliding time of the con-
troller is independent of the model and the initial
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state. The adaptive STA is introduced to reduce
the chattering and overestimation.

(iii) HOSM observers are used to compensate for
lumped disturbances and to estimate flexible
modal derivatives.

(iv) The superiority of the proposed ANFSMC in
terms of fast finite-time convergence and vibration
suppression is verified by comparing with exist-
ing control methods [18,22,47] based on ADAMS
and MATLAB.

This paper is organized as follows. Section2 is the
materials and methods, in which the methods for
deriving dynamical equations and hydrodynamics of
moving-base UFM are introduced. Section3 is the
design of controller. In this section, an adaptive non-
singular fixed-time sliding mode controller with a
HOSM observer is proposed. Section4 is the stabil-
ity analysis. A new Lyapunov function is designed to
prove the stability of the controller. Section 5 is the sim-
ulation verification. The effectiveness of the proposed
controller is analyzed and discussed. Section6 is the
summary of the whole paper.

2 Materials and methods

In this section, some notions and lemmas and the mod-
eling methods of moving-base UFM are introduced.

2.1 Notation

For vector x = [x1,Xx2...,x,]17, xi € R" is a real
number. sigr(xi) and sigr(x) € R" are defined as

1™ sgn(x;) (1)
sigh(x) = [lxi|" - sgn(x), Ix2l" - sgn(xg) -+ -
el " - sen(x)]” ®))

where sgn(-) denotes the signum function and I" is a
positive real number.

The nonlinear function f(x;) and its first derivative
h(x;) are introduced in Sect. 4. The vector F(x) € R"
and the diagonal matrix H(x) € R"*" are defined as

F@) =[f0), f02), f )l 3)
H(x) = diag {[hr), b h@l™}) @)

sigh (xi) = |x;

where diag {-} denotes the diagonal matrix.
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The diagonal matrix D' (x) € R"*" is defined as

D) = diag [ 1l Ll )

2.2 Lemmas

Lemma 1 [51]

U and V are symmetric positive definite matrices. If
UV = VU, then, UV is a symmetric positive definite
matrix.

Lemma 2 [52,53]
For the following dynamical system

)'Cl = X2
S ©)
Xpo1=u+ fi

The disturbance f; meets Lipschitz continuity con-
dition, and there is a small positive constant dy, so that

| £1]| < S
A HOSM observer takes the following form

Xi=Rip Fesigm @D, i=1,2,- ,n—2
X N e

Xn—1 = Xp +u + @p15ign (X1);

Xn = @nsgn(x)

(7

and the differentiation error can be expressed as

Y= —gisign (F) +Xipr i =12, ,n—2;
Sat = —gno15ign (@) + By
n = —gusgn(@) + fi

®)

where ¢;(i = 1, --- , n) are the gains of the observer;
the observation error variable X; = x; — X;(i =
I,---,n — 1), and the variable X, = —X, + f1.

The HOSM observer has finite-time stability and
high observation accuracy under the bounded distur-
bance.

Fig. 2 The simplified coordinate frames of the moving-base
UFM

2.3 Dynamic models

The control object in this paper is a simplified moving-
base UFM system, which just considers its 2D plane
motion, as shown in Fig.2. In the moving-base UFM
system, link 1 is a rigid manipulator and link 2 is a
flexible manipulator. The coordinate system X OY is an
inertial reference frame. X OyYp and X O1Y] arelocal
coordinate systems which were respectively fixed to
the submarine and the rigid manipulator. X, O,Y> and
X3 OqY; are local coordinate systems were respectively
fixed to the joint and the end actuator of flexible manip-
ulators respectively. In this section, the dynamic model
of the UFM is established by combining the AMM and
Lagrange equation.

Supposing that £1, £3, £3 respectively represent the
unit vectors along the axis X1, X», Y», then £1, €3, £3
can be expressed as

&1 = [cos(a — 0)), sin(B; —a)]T 9)
£ = [cos(0] + 6, — ), sin(®; + 6 — )T (10)
03 = [—sin(®) + 62 — ), cos(d) + 6, — )]’ (11)

The position vector of the carrier can be expressed
as

0001 = lp[sin(a + B), cos(a + ,8)]T (12)
ro = [x0. yol" (13)

To simplify the calculation, 0901 is made perpendic-
ular to the carrier while 8 = 0. At this time, the vectors
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have the following geometric relationships
ry = ro + 0001 + x41 14)
ry = ro+ 0901 + 141 + x&2 + wi3 (15)

where /1 is the length of link 1, w is flexible displace-
ment of end-effector of flexible manipulator.

The kinetic energy and potential energy of the
manipulator system are expressed as [8,9]

1 h 1 b 1
LT . LT . LT .
T = —,01/ r rldx+—p2/ Fyrodx + —mry 12
0 27" Jo 2

2
(16)
b p h
U:/ —FElTw 2dx+/ ,olrngdx
0o 2 0
153
+ /0 porsTgdx +mroTg (17)

where g = [0, g]”, g is the gravitational acceleration
and m is the mass of the end load.

By using the AMM, the flexible displacement can
be expanded as

wlx, 1) =Y $i(x)gi(0) (18)

i=1

A generalized coordinate g; is defined as ;= [0,q].
By intercepting the first two modes of flexible displace-
ment and substituting them into the Lagrange equation,
the dynamic equation of underwater flexible manipu-
lators can be deduced as follows:

(o i) (8) (e, ) = () ()
Mg Mgq ) \ i Keq+Cy 0 Fy

19)

where 6 = [0, GZ]T; g = [a qz]T; K, =
[Kq1 K2 ]T is the stiffness matrix; C, and C y are the
nonlinear coupling terms of centrifugal forces, coriolis
forces, and gravity; T is input torque; Fy and Fj are
the generalized hydrodynamic force.

The inertia matrix and stiffness matrix of the
moving-base UFM are the same as those of the fixed-
base UFM [8,9]. Since the motion of the manipulator
is coupled with that of the carrier, the C;, and Cy of
moving-base UFM are more complex than those of the
fixed-base UFM. The non-linear force/torque vector C,
and Cy are shown in Appendix.
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2.4 Hydrodynamic force

The movement of the carrier will influence the flow
field of the manipulator. This paper deduces the hydro-
dynamic force of the moving-base UFM from the pre-
vious hydrodynamic research of the fixed-base UFM
[8,9]. The angular velocity of the moving base is
Owo = @. angular acceleration is *@wy = &. The velocity
and acceleration can be expressed as

%90 = [%0 + lo& cos @, yo — lpa sin al”

Ov'o = [Xo + lp& cosa — [y sin «, Vo

5 T
—lpa sina — Iy~ cos a] (20)

According to the velocity transfer formula between
links, the velocity and acceleration of two manipulators
in the local coordinate systems can be calculated [9].
By defining ¢; = cos0i, ¢ = cosbh, s; = sinby,
S» =sin6p, A| = xg+lpacosa, Ay = ).)0 + o sin
the velocity and acceleration at any position on the rigid
manipulator are

c1A1 + 5142 )
() = | —=s1A] +c1Ar + x(—a +6)) (21)
- 0 -
i CIA.I. + S1A; —x(—a —l—él)z ]
") = | —s1A1 4 c1Ar + x(—d +6)) (22)
L 0 i

The velocity of the joint of the flexible manipulator
is
24,

c1e2A1 + 516242 — 515241 + c15242 + 8201 (—& + 1)
= | —c182A1 — 81824 —sjcp Al +cicpAr + ol (—a +61)
0

(23)

The velocity at any position on the flexible manipulator
is

iv()C)i

|: €08 0y 202 (1) + sin @y 2v2(2) — cos W A3 + Sin @y x A3 :|

—sin amzvz(l) + cos a,,,2v2(2) + sinay,,wA3 4+ cosayx A3
0

(24)

where o, = %—l)‘c’, A3 = (—a + 91 + ég).
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The acceleration of the joint of the flexible manipu-
lator is

<0102A1 +s1c0Ar —sispA) + 0182A2>
+soli (=& + 101) — coly (=& + 61)?
21)2 = —C182A] —818pA) —s1cr Al +cicrAr
(+Czl1(—f>2+§1)+Szl1(—d+91)2 )
0

(25)

The acceleration at any position on the flexible manip-
ulator is

cos awzizz(l) + sin aw2ﬁ2(2)
4+ cos oy (—wA3 — xA32) + sin oy x A3

2i)(x)§ = —sin aw21?2(1) + cos aw2i)2(2) )
—sinoy (—wAsz — xA32) + cosayx Az
0

(26)
After deriving the velocity, acceleration and its normal
value of the two manipulators ‘v" (x);, ‘9" (x);, (i =
1, 2, 2), the water resistance and additional mass force
of each manipulator can be calculated by substituting

them into Morrison formula.
The water resistance of the flexible manipulator is

= Sorcon [ o frcon] o ()

27)

The additional mass force of the flexible manipulator
is

. 12~ a
*fus =prMAd/ g,/1+ dx (28)
0

The water resistance of the rigid manipulator is

"o = —prDD/ Mo (x), H v (X)IH dx;  (29)

The additional mass force of the rigid manipulator is

Iy
U = prCuAd / 1" () dx (30)
0

In addition, the buoyancy of manipulators can be
expressed as

f5=-2Lg 31
Pm

where p is the density of water, p,, is the density of
the manipulators and G is gravity.

3 Controller design

In this section, the moving-base UFM system is decom-
posed into a slow-varying subsystem and a fast-varying
subsystem. A composite controller is designed for these
two subsystems.

3.1 Singular perturbation decomposition

The singular perturbation method is a method for cal-
culating asymptotic solutions of differential equations,
which has been widely used for controller design of
flexible manipulators in recent years [4,48]. The sin-
gular perturbation method takes advantage of the dif-
ference in time scale between the joint angles and the
flexible modes to decompose the higher-order flexible
manipulator system into a slow-varying subsystem and
a fast-varying subsystem.

First, the steady-state solution of slow variables is
obtained by ignoring the fast variables of the system.
The specific approach is to introduce a small parameter
e (2= 1/ min (K4)ij), making If,l = 82Kq, 2k =gq.
The slow-varying subsystem is transformed into the
following form

X1 =x2
! — - _ - 2
{xz = Mope)) [Cr(xrx2) + 5+ Fo] O

where U is a matrix corresponding to (-) when ¢ = 0;

X1 = [9_1 9_2]T, Xy = [ _61 '_@]T; 7 is input torque of
slow subsystem.

Then, the boundary layer correction term is calcu-
lated based on a fast variable time scale, which can be
written as

E=—-K; Ngg (NgCr+NygyCy
—Nyot — NyoFy — Nyg F) (33)
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—1
where [Noo N0qi| _ [Moo M0q:| .
Ngo Ngq Mgo My,

The fast-varying state variable can be expressed as

G=E(—E 0 =¢k (34)

The fast-varying subsystem is expressed as

d
% A+ By (35)
dt,

0 Ly
_ T o TN\T _ e
where¢ = (81" &7 )", Ae = <_quKq 0 )’

0 . . . .

B, = ~ ,1e& = 1, Ipxa 1s unit matrix, s is
Nyo

input torque of fast-varying subsystem.

3.2 Controller design of the slow-varying subsystem

The design objectives of this controller are to improve
convergence speed, anti-disturbance ability and vibra-
tion suppression performance. In this section, an
adaptive non-singular fixed-time sliding mode control
method is proposed by combining the advantages of
adaptive control methods and sliding mode control. The
method introduces an adaptive super-twisting approach
law, which can reduce the chattering and overestima-
tion. A non-singular fixed-time sliding mode surface is
used to overcome the drawback of slow convergence
of ordinary sliding modes. Also, it does not introduce
additional time-varying gain matrixes in the case of
combining the terminal sliding mode method with the
STA. Since the lumped disturbances from model errors,
carrier motion, and hydrodynamic forces are difficult
to be obtained directly in practice, high-order sliding
mode observer is used to estimate and compensate for
lumped disturbances.

When the model error was taken into account, eq.
(32) can be rewritten as

X1 = Mpg(x1) ' [~Cr(x1,%2) + T + Fp + Fr] (36)

where Fy, is the lumped disturbance of the slow-varying
subsystem.

Fi = —AMpp¥1 + ACr(x1, x3) + AFy (37)
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By defining x4 and x4 as the desired position and
velocity of the joint angle, the tracking error and its
derivative can be expressed as e = x1 — X4, € =
X1 — X14, € = X1 — X1gq.

To design a sliding mode, a nonlinear function is
defined [22,54]

Kasigl (x) + KpoPilx; | |xi <o

sigh(x)  xl=o (38)

f(xi)={

where [T = 1>+ 1, [h=1—0,0 € (0,exp(—1)) is
a positive constant, and

K, = —1-Ino
{ K, = o7 (39)

In—olno

The first-order derivative of f(x) with respect to x is
expressed as

h(x;) = KaF1|Xi|F1—1 + Kp (|xj|Ino + 1)0.|xl~| il <o
I Dol |27 a) il =0

(40)

The non-singular fixed-time sliding mode term is writ-
ten as

s =¢é+ C1F(e) + Casig" (e) (41)
The derivative of s with respect to time is
§ =&+ C1H(e)e + C2D 7 (e)é 42)

To reduce the chattering of the system, the STA is

introduced into the controller. The form of the STA

is [26,55]
u=—Ksig*(s) +w (43)
w = —%Kzsgn(s)

where K1= diag(Ky;), K= diag(K>;) is gain.
The following adaptive law of the gain is adopted

[y . ; )

Kli _ ki .Tlsgn“stl — o), ifKii > Kp, (44)
ﬁaa llei S Km

K> =2k Ky; (45)

where ki, y1, oq, B and k are positive constants.

To further improve the control accuracy of the con-
troller, the HOSM extended state observer is used to



Adaptive non-singular fixed-time sliding mode control

4417

estimate and compensate for the lumped disturbance.
The HOSM extended state observer takes the following
form

¥ =2+ psig? )
X3 = X3+ Mgy (x1) " [—C(x1, x2) + T + Fy)
+oasig! (F1)
X3 = @3sgn(xy)
(46)

where the observer gain ¢;(i = 1,2, 3) is a positive
constant, X1 = x1 — ¥1 and X2 = x2 — X3. By defining
observation disturbance as F,, F; = Mgg(x1) "' Fr +
F,, x3 = F; — X3, the error model of the observer can
be obtained

X1 = —g1sig*>(¥1) + %3
X2 = —gsig'P(¥1) + 43 7
X3 = —g3sgn(x1) + Fy

Assumption 1 The disturbance F; meets Lipschitz
continuity condition, and “ F :; || 18 bounded.

According to Assumption 1 and Lemma 2, the obser-
vation error X;(i = 1,2,3) can converge to zero in
finite time, that is, X3 = F.

The joint control input based on adaptive STA and
HOSM extended state observer is designed as

T= "_-'eq_'i‘ Tre _ B

Teq = Cr(x1,x2) — Fp + Mpg(x1)(X14
—C1H(e)é — C2D " (e)ée — X3)
Tre = Mog(x1)(— K1sig'?(s) + @)

(48)

3.3 Controller design of the fast-varying subsystem

The fast-varying subsystem is a fully controllable linear
system, and the dynamic equation can be written as

d*g

= —NygKg2 + Nootp + f 49)
£

where f is the lumped disturbances of the fast-varying
system.

By defining ey = &1 — {14, the sliding surface is
designed as

dey (50)
S =
I =,

The derivative of the s ¢ is

de ef C def

= —NgqK
dre — dtg2 die aqKql2t

Nggt5+C30+f
(51

Since ¢, cannot be directly obtained, it is estimated
by using the other HOSM extended state observer. This
observer is designed as

d% =&+ oasig? (1)
d% = {3 — NggKy &2 + Nyots + ssig' P (§0)
dg—fg = gesen(&1)
(52)

where the observer gam @i(i = 4,5,6) is a diagonal
matrix, Cl =1 — ;1, 1;2 =0 — §2 By deﬁmng obser-

vation disturbance f,, f4 = f + fo. &3 = fa — &3,
and the error model of the observer can be obtained

% =& — gasig?P ()
it =& —ssig' @) (53)
2 = —gesgn@)) + fd

Assumption 2 The disturbance f; meets Lipschitz
continuity condition, and H fi H is bounded.

According to Assumption 2 and Lemma 2, the obser-
vation error f, (i = 1,2, 3) canconverge to zero in finite
time, that is, { = fz.

The control torque of the fast-varying subsystem is
designed as

vy = Npp ' (NggKab2 — €382 = Casen(sp)) - (54)

The diagram of the composite controller can be seen in
Fig.3.

4 Stability analysis
To prove the finite-time convergence of the controller,
a special Lyapunov function is chosen. The stability

of slow-varying subsystem and fast-varying subsystem
are discussed separately.
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Adaptive law

6.0,

Fig. 3 Diagram of composite controller

4.1 Stability analysis of the slow-varying subsystem

To prove finite time convergence in the approach phase,
a new state variable y is defined

.12
o xn | _ [ sige(s)
=[5]-1""]
The time derivative of x is
P [2]- [ e
X2 w
_[4D72(s)(—Kysig"(s) + @ + Ea)
o —%Kzsgn(s)
o A[Dp %) o0 7
__E[ 0 Dl/z(s)]
Ky —17[sig"()| [Ez
K, 0 w 0
_ eyt 0 ]
S22 0 (D~'2(s)) "
E,
(a-[))
L[ (D=12(s))”" o |
=—= A
2| 0 (D~"(s)) " X
1 -
= —32iAx (56)
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(D~"(s)) ! 0
where §21 0 (D_l/z(s))_

57} ()

K> 0
Assumption 3 Supposing that the disturbance E; is
bounded, E» can be expressed as

Ky —1
K, 0

Ey = n(x1,1)sig"?(s) = n(x1, Hxa (57)

where 0 < n(x1,1) < 6.

To prove the stability, the following Lyapunov func-
tion is taken

2

Z(Kll

i=1

1
V=W+t—

K
271 11

2
Z Ky — K2l

1
2 1

i=

(58)

where yi, y» are positive constants, Vo = x! Py, P
is a positive definite matrix.

|

Combining eq. (56), the time derivative of Vj can be
deduced as

(1 + 4 Lz
(=2K)I2x2

(—=2x)Izx2

:|,u>0,/<>0
63%)

(59)

Vo=x"Px+x"Px
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_ _% (X T (A)TﬂlPX +x T PQIAX> The matrix Q will be positive definite if
1 Y + 4K 4 218 :
=——xT((A) Q1P+P521A>x Ky > i (67)
2 8k
1 7 {/-\T ~
= 20l X (A) P+ PA|x It is easy to prove that 2 = Q21 = 21 Q, where

—%XT ((A)T92P+P92A>x
- _zniln"r <(A>TP+PA>X
—%XT ((A)TP+PA> 2:x

S [xT(Q1+ Qz)X]

2 xall
1
—sz (Q1+ Q2) 22x (60)
where
2Ky (1 + 4k2) — 4Kk * }
01 [(—u—4K2)12x2—K1K+K2 dchyyy] OV
2
QZZ_U[Z(M—HLK )12X2 *i| (62)
—2klpx2 0
-1
—1/2 1
(P7120) = e 0 y
2) = 0 (Dfl/z(s))
1
—mlzxz
(63)

According to Assumption 3, it can be deducted that

Vo = — 3 (X7 (Q1+ @2 x] = 5x7 (@1 + Q2) 2ax
< —amarX’ @ — 3x" Q2ix

(64)
where

0= 2K (u + 4,<2) —4Kak — 28 (u+4c*) Lz %
(—p —4x? +2x8) Lixz — 2K1k + K2 4k Dax2

(65)

By substituting K» = 2« Kj into eq. (65), it can be
obtained that

0- [21{1“ =28 (u+4k?) Iy *

(—p — 4K2 + 2k8) Irx2 4K12x2i| (00)

§21 is a symmetric positive definite matrix. According
to Lemma 1, when Q is a symmetric positive definite
matrix, £2 is also a positive definite symmetric matrix.
Thus, when (67) is satisfied, it can be deducted that

1

Vo <
2 1 xall
1 T
< - X Qx
2 xall
1 T
< =5 Amin (@)X X
2l xall
1 2
= Amin (@)1 x| (68)
20l
where Anin (@) is the minimum eigenvalue of Q.
Since |l = xtll + xal = lxtll and T <
Vl/z(x) . . de
lxl < x?/z - , it can be obtained that
Vo < 2
0= 2 ” T Amin (@)1 X
1
I)me(Q))\m/m( P) 1/2( )
T2 (P
= W'/’ (69)
where Amax (P) and Apin (P) is the maximum and min-
1 Amin( @)/ (P)
imum eigenvalue of P respectively, rj= 2T P

. . 1 1 2
V=V+—t[K—K* ]+—z [K—K* ]
0 2y1r(1 1) 2y2r(2 2")

1
< VPt —ur [(Kl - Kl*)z]
2y

2
12 _ _ki ‘ ka ‘
< |-V K| — K
_( rvo mz} li m; 2i
2
k1 ~
+ i<
ko 2 1 2
+— ’Kz + — K1; Ky
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(70)

Jf_
3
e

2
i 71
VDD ) )

where rp = min(ry, k1, k).
The adaptive gains K; and K7; are bounded [40],
thatis, Ky; < 0, Kp; < 0, then

[\S]

11‘ FZ‘Kzz

i=l1

2
le .11+_ZK21K21

Fled (k- )

k2
— K K —_— 72
Z ‘ 2i ( 2i — m) ( )
The time derivative of V is
V=Vi+V,<—-rV7Z4y, (73)

The V, is discussed in the following three situations.
Casel.when [s;| > a,(i = 1,2)and K{; > K,,, the

adaptive gain takes K]l = kh/ 4 and Kzl = 2KK1,

_ Kk /n _
By setting k = TIRVATE then, V;, =0and

V=V, <-nVv/ (74)

The K;; will increase in accordance with K i =
ki,/ % until (67) and (74) is satisfied. The sliding sur-
face will reach a very small range |s;| < o, in finite
time.

@ Springer

Case2. When |sj| < aq(j = lorj = 2), the adap-
tive gain takes the following form

. _ P4 .
K= { kl\/;’ ifKij > Kn (75)
,Bavlf[(lj < Kpn

and
o) -
Vo = |Km+77t_K1]|<___/kle),

llel < K,
(76)

When K;; < K, K1; will increase linearly with
speed B, until K1; > Ky, If K1; > Ky, it is easy to
determine that V, > 0. According to eq. (72), the sign
of Lyapunov function may change, and then |s j| may
be greater than «,. Once Isj| > o, the condition of
casel is met, the sliding surface s; will reach a small
range |s j| < «, again in finite time. Finally, the sliding
mode variable will converge in a neighborhood |s j| <
oy (> otg) in finite time.

Case3. When |s;| < o (i = 1,2)

—Z ‘Kll

( jli) ifKy; > K,

Vb = * ﬂa k]
_i; |Km +7’]t — Kli | (ﬁ — _T)/l> ,
ifKy; < Ky,
(77

the sliding mode variable will converge in a neighbor-
hood |sj| < oy (0 > o) in finite time as case2.

In sliding phase, the tracking errors converge to a
small designed domain § within a fixed-time 7§, when
the nonsingular fixed-time sliding eq. (41) is adopted
[22]. Ty < 01(22—1"1) + 02(133_1), where c1, ¢; is respec-
tively the minimum component of Cq, Cs.

According to the above cases, the finite time stability
of the slow-varying subsystem has been proved.

4.2 Stability analysis of the fast-varying subsystem

The following Lyapunov function is chosen

V= tg Ty (78)
F= 5508y
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By combining eq. (51), the derivative of Vy with
respect to fast-varying time can be written as
dVy rdsy
—_— s —

dt, 4 dt,
=57 (—NgqKq&2 + Nyots + C382 + f2)
=s;" (fa — Casen(sy))
<0 (79)

The stability of the fast-varying subsystem has been
proved.

5 Simulation studies

In this section, to illustrate the effectiveness of the pro-
posed controller, the simulations are conducted to show
the performance improvement compared with the exist-
ing finite-time convergence controllers. The numerical
simulations are carried out by combining ADAMS and
MATLAB. A computer with 6 cores and 12 threads
CPU is used for simulation calculation. The discrete
method is used to simplify the hydrodynamic force.
Specifically, each manipulator is divided into 10 units,
and the water resistance and additional mass force are
loaded at the midpoint of each unit. The velocity and
acceleration of the midpoint of the unit are taken as the
velocity and acceleration of the whole unit, as seen in
Fig.4a.

The size of the manipulators and the submarine
are reduced proportionally to the actual object. The
length of the manipulators are set as [y = 0.975m,
I>» = 1m; the distance between the manipulator base
and the rotation axis of the submarine is [y = 2.0m;
the bending stiffness of the flexible manipulator is
EI = 5.3125 x 10*N - m?; the density of the manip-
ulators are p1 = 13.507kg/m, p» = 12.363kg/m;
the hydrodynamic coefficients are p y = 1025.9kg/ m3,
Cp=11,Cy =1

The desired trajectory of the manipulator end-
effector is a circle trajectory (Fig.4b), which is given
as

{xd = —1.77540.2 x cos(wr+2 x t) (80)

va =0.6+0.2 x sin(m+2 x t)

The motion parameters of the submarine are X =
—0.1 x1,Y = 0.0l xt,a0 = 0.02 % ¢t. The lumped
disturbances contain model errors and the external
disturbances. The model uncertainty comes from two

aspects: (a) The AMM is used to model the flexible
body and the high-order mode is ignored, which pro-
duces certain modeling error compared with the flexi-
ble body established by ADAMS. (b) The geometry of
physical model is irregular, and the end load is regarded
as a particle, which has geometric modeling errors. The
external disturbance is Y-direction disturbance of the
submarine, which is set as Y; = 0.02 x sin(¢). In addi-
tion, we also take into account the measurement error
of the joints and the maximum measurement error is
0.006rad. The initial positions of the two joints are
0o = [/12,/12].

5.1 Results

Case study 1

To verify the fast finite-time stability of the ANF-
SMC, the simulation comparisons are performed with
the NFTSMC [18] and integral fast terminal sliding
mode controller(IFTSMC) [47]. In order to facilitate
comparison, the same HOSM observer and adaptive
super-twisting approach law are adopted.

The sliding surface of NFTSMC is given as

s = e+ Cssigl*(e) + Cgsig!5(e) (81)

where I's = p1/p2, p1 and p; are positive odd num-
bers,1 < I5 <2and Iy > I5.
The derivative of sliding mode surface is

§=é+ uCsD™ Ye)e + IsCeD5 (&) (82)

The control input is given as
7 = Cr(x1,x2) + Mg (x1) (xig + (—I2x2
—IyCsD"*1(e)) - (I5Ce) ™
sig?13(€) — ¥3) + Mg (x1)(— Kisig'*(s)
+w) — Fy (83)
The sliding surface of IFTSMC is given as

t t
s —z4Cy / sig"(2) + C / sigh@ (84
0 0

where z = e + Coe is an auxiliary term, Iy > 1 and
0 < I'7 < 1 are positive constants.
The derivative of sliding mode surface is

§ =74 Crsiglo(z) + Cgsig! (2) (85)
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Fig. 4 a Hydrodynamic load of manipulator, b desired trajectory of end actuator

Table 1 The parameter values of the controllers

Controller Parameter values

ANFSMC

Cy = diag(7,5), C; = diag(5,7), C3 = diag(0.01,0.01), C4 = diag(0.01,0.01), ¢; = 40,

0= 120,03= 80, @4 = diag(1000, 1000),¢5s = diag(800,200), s = diag(100, 100),0c = 0.2,
Iy =18, D= 08,1 = 1.2, ki, /% =200,k = 10, K,y = 0.5, ¢y = 0.05, Bz = 0.5

NFTSMC [18]

C3 = diag(0.01,0.01), C4 = diag(0.01,0.01),Cs = diag(1100,900), C¢ = diag(3,4), I'4
2, Is=5/3, o1 = 40, o= 120, 3= 80, ¢4 = diag(1000, 1000), @5 = diag(800, 200), ¢¢

diag(100, 100), k1,/ % =200, = 10, K,, = 0.5, &y = 0.05, B, = 0.5

IFTSMC [47]

C3 = diag(0.01,0.01), Cs = diag(0.01,0.01), C; = diag(0.01,0.01),Cs = diag(0.01,0.01),

Co = diag(15,15), Iy = 2, I'= 0.6, ¢ = 40,0r= 120, 3= 80,05 = diag(1000, 1000), g5 =
diag(800,200), gs = diag(100, 100), k; /4 = 200, x = 10, K, = 0.5.a = 0.05, B, = 0.5

NFSMC [22]

C1 = diag(1,5), C; = diag(5,7), C3 = diag(0.01,0.01),Cs = diag(0.01,0.01), Cy9 =

diag(80, 80), C11 = diag(60,60),I = 1.8, b= 0.8, I’s = 1.2,T% = 2, [y = 0.6, ¢; = 40,9,= 120,
@3= 80,04 = diag(1000, 1000), @5 = diag(800, 200), s = diag(100, 100)

The control input is given as
T = Cr(x1,%2) + Mpg(x1)(xiq — Coz
—Cy /O t sig*(z) — Cg /O l sigh(z) — ¥3)
+Myg(x1)( — Kysig'?(s) + w) — Fy  (86)

The control parameters of Case study 1 should
ensure that the first-order vibration modes and control
torques of the flexible manipulator under three differ-
ent controllers are in a relatively similar range. The
control parameters of Case study 1 and Case study 2
are selected by numerous tests until an optimal perfor-
mance is obtained, which is listed in Table 1.

The tracking trajectory of the three controllers are
shown in Figs.5, 6, 7, 89, where Figs.5, 6 show the
tracking trajectory of two joint angles, and Figs.7, 8
and 9 show the tracking trajectory of the end-effector.
According to Figs.5 and 6, the trajectories of joint
angles under three control strategies reach a small
neighborhood, which is close to the desired value after
t=0.3s. The convergence speed of the two joints under
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ANFSMC is faster than the other two controllers. In
the initial stage, joint trajectories under ANFSMC
have less chattering than the joint trajectories under
NFTSMC and IFTSMC. In addition, it can be seen that
the trajectory of joint 2 under NFTSMC and IFTSMC
have an overshoot. After reaching steady state, the
ANFSMC has a smaller tracking error than NFTSMC
and IFTSMC. According to Figs.7, 8 and 9, in the ini-
tial stage, although the NFTSMC has a faster response
speed, the trajectory of the end-effector has obvious
chattering in the X direction and has large overshoot
in the Y direction. The chattering and overshoot under
IFTSMC are smaller than those of NFTSMC. The ini-
tial convergence accuracy of IFTSMC is less than that
of the other two controllers. After reaching steady state,
the ANFSMC has a smaller tracking error and less chat-
tering in the X and Y directions than NFTSMC and
IFTSMC.

The tracking error of the manipulator is shown in
Figs. 10, 11, 12 and 13. From Figs.10 and 11, the
NFTSMC and IFTSMC have more chattering than
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Fig. 7 X-direction tracking trajectory of end actuator

ANFSMC in the steady state. Although the steady error
of three controllers is less than 0.005 rad, the steady
error of ANFSMC is smaller than that of the other two
controllers. According to Fig. 11, the maximum over-
shoot of NFTSMC and IFTSMC reaches 0.4 rad and 0.1
rad respectively. Figures 12 and 13 show the end posi-
tion tracking error of the flexible manipulator. From

126055 - ‘ ‘ ‘ ol Desired |
KNy - = = NFTSMC[18]
1r 05 "'~-'2:\ IFTSMC[47] A
% .
g0 ]
Z04h ]
o v L
> 02 076 o 1
074 zes="
0 Lz ]
072 F
021 ‘ ‘ 38 4 42 ]
0 1 2 3 4 5 6 7
t(s)

Fig. 8 Y-direction tracking trajectory of end actuator

12+ ﬁesired 4

= = = NFTSMC[18]

1r IFTSMC[47] A
————— ANFSMC

-1.5
X /m
Fig. 9 Tracking trajectory of end actuator
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b= . “ IFTSMCI47]
= ooy ANFSMC
P R AX 0.01
\ |
502801 N b
szl T -
E o “\\\h_ 0L s
ZOlt 0 02 04 1
&
— F4 -0.01
= 2 25 3 35
.5 0 . 4
-
-0.1 I I I I I I
0 1 2 3 4 5 6 7

t(s)

Fig. 10 Tracking error of joint 1

Figs. 12 and 13, the ANFSMC converges faster than
the other two controllers. In the first 0.1s, although the
response speed of NFTSMC is the fastest, its conver-
gence time is longer than the other two controllers due
to the chattering and overshoot.

Figure 14 shows the first-order mode of the flexible
manipulator, which reflects the vibration of the flexible
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Fig. 12 X-direction tracking error of end actuator
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Fig. 13 Y-direction tracking error of end actuator

manipulator. From Fig. 14, it can be seen that the first-
order vibration mode under ANFSMC and IFTSMC are
close at the initial stage, and the first-order mode under
IFTSMC are slightly larger than that of ANFSMC. The
first-order vibration mode under IFTSMC is maximal,
reaching 0.003m. After reaching steady state, the first-
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Fig. 15 Input torque of joint 1

order mode under NFTSMC fluctuates more greatly
than that of IFTSMC and ANFSMC.

Figures 15 and 16 shows the input torques of the
joints. In the initial state, the input torques of NFTSMC
are much greater than those of IFTSMC and ANFSMC.
After reaching steady state, the input torques of the
three controllers is limited to a relatively close range,
and the control input torques of AFTSMC is slightly
smaller than those of the other two controllers.

Figures 17 and 18 show the observed values of the
HOSM observer for the slow-varying and fast-varying
subsystems respectively. As can be seen from Figs. 17
and 18, both of the two extended state observers have
high observation accuracy, and the estimation errors
of joint variables and fast-varying state variables can
converge to a smaller error range within a relatively
short time.

To further compare the control performance of the
three control strategies, the root mean square error
(RMSE) of the tracking trajectory, and average flexi-
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Fig. 16 Input torque of joint 2

ble displacement (AFD) of end-effector are introduced,
which are defined as:

1 N1
Ep= | — 2(i
A N _ZeA (i) (87)
\ i=1
1 Nt2
wa = | — ) w() (88)
Nz =

where N, is the number of simulation steps, A denotes
the position of joint angle and end-effector, A €
{or. 00, %, v, vXT 72},

The steady-state error is calculated in the time inter-
val t=[0.3,2*pi]s. The statistical values of the RMSE
and the AFD under three controllers are shown in
Table 2.

From Table 2, it can be seen that the steady-state
tracking error and flexible vibration under the ANF-
SMC are less than those under the NFTSMC and
IFTSMC. Compared with the NFTSMC, ANFSMC
can reduce the errors of the two joints by 41.18%
and 36.11% respectively, the end-effector by 34.29%,
and the flexible vibration by 61.79%. Compared with
the IFTSMC, ANFSMC can reduce the errors of the
two joints by 48.72% and 17.86% respectively, the
end-effector by 41.03%, and the flexible vibration by
22.89%.

Case study 2

To verify the vibration suppression effect of the
ANFSMC, the simulation comparisons are performed
with the NFSMC. The ANFSMC and NFSMC adopt
the same equivalent control law 7., and the control
parameters are listed in Table 1.
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Fig. 17 a Estimated position of joint 1, b estimated position of
joint 2, ¢ estimated velocity of joint 1, d estimated velocity of
joint 2

The control law of NFSMC [22] is given as

T =T + 70
{ 79 = —Ciosigli(s) — C11sig’®(s) ®9)
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Fig. 18 a Estimated value of ¢, b estimated value of ¢j2, ¢
estimated value of ¢, d estimated value of ¢2;

where C g and C; are constant matrix.
Figures 19 and 20 show the trajectory tracking
results of the manipulator under ANFSMC and NFSMC.
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Fig. 19 Tracking trajectory of joint 1

According to Figs. 19 and 20, compared with NFSMC,
ANFSMC has smaller overshoot, faster convergence
speed and higher control accuracy. Figure 21 shows the
first-order mode of the flexible manipulator. Figures 22
and 23 shows the control torques of the two joints.
According to Figs.22 and 23, the first-order mode and
control input torques of the transient and steady-state
under ANFSMC are much smaller than those under
NFSMC.

From Table 2, it can be seen that the steady-state
tracking error and flexible vibration under the NFSMC
are much larger than those under the ANFSMC. Com-
pared with the NFSMC, ANFSMC can reduce the
errors of the two joints by 44.44% and 8% respectively,
the end-effector by 45.88%, and the flexible vibration
by 57.34%.

Figures 24 and 25 show the nephogram of the flex-
ible manipulator at t=0.1s and t=2.4s respectively. It
can be seen from the figures that the strain value of the
flexible manipulator under ANFSMC is much smaller
than that under NFSMC, which further confirms the
good vibration suppression effect of ANFSMC.

5.2 Discussion

The simulation of Case study 1 has verified the effec-
tiveness of the proposed extended state observers,
which can accurately identify the lumped disturbance
and derivatives of flexible modes. The trajectory track-
ing results show that the proposed ANFSMC has a
faster convergence speed than NFTSMC and IFTSMC,
because the sliding time of the ANFSMC is inde-
pendent of the initial states and models, which can
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Table 2 The tracking errors and flexible displacement comparison

Controller Ey, (rad) Ey, (rad) Ex(m) Ey(m) Em(m) wa (10~%m)
NFTSMC 0.0034 0.0036 0.0025 0.0065 0.0070 6.4960
IFTSMC 0.0039 0.0028 0.0021 0.0075 0.0078 3.2186
ANFSMC 0.0020 0.0023 0.0014 0.0044 0.0046 2.4819
NFESMC 0.0036 0.0025 0.0017 0.0083 0.0085 5.8176
' 4000
02 02, Desired —— NFSMC[22]
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Fig. 21 The first-order mode of flexible manipulator

be calculated in advance. Furthermore, some param-
eters of the NFTSMC and IFTSMC needs to satisfy
the conditions of odd integers, therefore, the ANF-
SMC has more freedom in parameter selection, which
makes it easier to obtain parameters with fast conver-
gence performance. Compared with IFTSMC, joint 1
under NFTSMC converges faster, while joint 2 under
NFTSMC converges slower. This is because the conver-
gence speed of IFTSMC and NFTSMC is related to the
initial state. NFTSMC has a faster response in the initial

Fig. 23 Input torque of joint 2

stage, and joint 1 can quickly converge to the desired
trajectory. Joint 2 is the joint of the flexible manipulator.
Under the large input torque, the flexible manipulator
will produce significant deformation, thus delaying the
convergence of joint 2. Compared with the other two
controllers, the ANFSMC has less vibration and track-
ing error, which is due to the chosen continuous non-
linear function. The application of this function makes
the input torque smoother, which effectively reduces
sliding mode chattering and overshoot, and suppresses

@ Springer



4428

H. Huang et al.

flexible vibration caused by high-frequency excitation
forces.

Simulation in Case study 2 shows that ANFSMC can
significantly suppress the chattering and flexible vibra-
tion, and has better control accuracy than NFSMC.
This is because adaptive STA hides the discontinuous
switching term in the differential part of the control
input to reduce chattering, and retains the dynamic
characteristics of the first-order sliding modes. The
application of the adaptive law can enhance the con-
vergence speed of the STA and ensure the smoothness
of the control without knowing the upper bound of the
lumped disturbance in advance.

The proposed control method combines the advan-
tages of fast convergence of fixed time SMC and small
chattering of adaptive STA, and used a high-order slid-
ing mode state observer to compensate lumped distur-
bance, which effectively improve the control accuracy
and suppression of vibration.

6 Conclusion and future work

In this paper, the dynamic equation of moving-based
UFM is established for the first time. Based on
the dynamic equation, the trajectory tracking control
and vibration suppression of moving-base UFM are
studied, and an ANFSMC is proposed. Two HOSM
observers are used to estimate the lumped disturbance
of the slow-varying subsystem and the first two mode
derivatives of the fast-varying subsystem respectively.
This control method combines the advantages of fixed
-time sliding mode controller and STA. The simula-
tion results indicate that, ANFSMC can converge to
the stable state faster than NFTSMC and IFTSMC.
In addition, ANFSMC can reduce excessive compen-
sation through adaptive gain adjustment, and at the
same time, STA can effectively avoid the oscillation
caused by unsaturated function, so as to improve the
trajectory tracking performance of moving-base UFM,
which is of great significance for the underwater col-
laborative application of large submersible vehicles
and AUVs. Although this paper presents the deriva-
tion of the hydrodynamic and dynamic model for a
moving-base underwater flexible manipulator, its high
computational complexity limits practical applications
of multi-link underwater flexible manipulators. Future
research may focus on developing simplified computa-
tional methods for the dynamic model. Furthermore,

@ Springer

this paper only addresses hydrodynamic forces and
control algorithms in two-dimensional motion; how-
ever, investigating the more complex dynamic model
and coupling response of flexible manipulators in three-
dimensional motion is essential for future studies.
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Fig. 24 a The strain of flexible manipulator under NFSMC at t = 0.1s, b the strain of flexible manipulator under ANFSMC at t = 0.1s
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