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Abstract: Underwater manipulation is one of the most significant functions of the deep-sea crawling
and swimming robot (DCSR), which relies on the high-accuracy control of the body posture. As
the actuator of body posture control, the position control performance of the underwater mechan-
ical leg (UWML) thus determines the performance of the underwater manipulation. An adaptive
super-twisting sliding mode control method based on the extended state observer (ASTSMC-ESO)
is proposed to enhance the position control performance of the UWML by taking into account the
system’s inherent nonlinear dynamics, uncertainties, and the external disturbances from hydrodynam-
ics, dynamic seal resistance, and compensation oil viscous resistance. This newly designed controller
incorporates sliding mode (SMC) feedback control with feedforward compensation of the system
uncertainties estimated by the ESO, and the external disturbances of the hydrodynamics by fitting
the parameters, the dynamic seal resistance, and the compensation oil viscous resistance to the tested
results. Additionally, an adaptive super-twisting algorithm (AST) with integral action is introduced to
eliminate the SMC’s chattering phenomenon and reduce the system’s steady-state error. The stability
of the proposed controller is proved via the Lyapunov method, and the effectiveness is verified via
simulation and comparative experimental studies with SMC and the adaptive fuzzy sliding mode
control method (AFSMC).
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1. Introduction

With the increasingly continuous consumption of land resources, the pace of human

Academic Editor: foan Doroftei exploration and the development of ocean resources is accelerating and gradually moving

Received: 3 September 2023 from shallow waters to the deep seas. Recently, with the development of robot technology;,
Revised: 22 September 2023 numerous robots have been increasingly applied in marine engineering. Therefore, deep-
Accepted: 25 September 2023 sea robots have attracted more and more attention to research. Compared with wheeled
Published: 27 September 2023 robots and tracked robots, legged robots have excellent motion flexibility, strong obstacle

avoidance ability, and excellent terrain adaptation [1], making them a hot research topic
in recent years [2—4]. As a special type of legged robots, the DCSR combines swimming,
- walking, and underwater manipulating functions, therefore being an important equipment

for marine engineering.

Since the robot body is the base of the manipulator equipped on the robot, high-
accuracy position control of the UWML is of great significance to improve the robot’s
posture control performance, thus enhancing the manipulating performance. Currently,
model-based control is the primary method of the high-performance control of dynamic
systems, but an accurate model of the control object is required. However, as an inher-
ent nonlinear and strongly coupled dynamic system, the UWML not only has complex
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nonlinear characteristics but is also influenced by system uncertainties (i.e., parametric un-
certainties and unmodeled uncertainties) and external disturbances caused by the deep-sea
environment (i.e., hydrodynamic, dynamic seal resistance, and compensation oil viscous
resistance). The combined effect of these factors makes it difficult to establish an accurate
dynamic model of the UWML, thus exacerbating the difficulty of control.

To overcome nonlinearity and the uncertainties of manipulators, many elegant control
techniques [5-11] were proposed. Among them, the SMC-based methods are the most
widely used due to their simple design and robustness against uncertainties and distur-
bances [12]. However, these methods require an infinite switching control action to handle
system uncertainties, which would aggravate the undesired chattering phenomenon. More-
over, the upper bounds of the external disturbances and the system uncertainties must
be well known to obtain a stable closed-loop control law. Another issue in SMC-based
methods is that of asymptotic convergence, which may not meet the high-performance
control of the robotic systems [13].

To restrain chattering, some momentous methods, such as the boundary layer method,
the modified switching signal with saturation, etc., have been introduced; however, the
presence of the finite steady-state error may cause degradation of the tracking ability [14].
Therefore, high-order sliding mode control (HOSMC) approaches, which provide effective
solutions to the chattering problem without sacrificing the control performance, were
developed to improve the performance of the classical SMC [15]. In particular, the super-
twisting control (STC) has been a widely applied HOSMC since its inception [16].

As a prototype of the HOSMC, STC can effectively suppress the chattering phe-
nomenon since the discontinuous signum function is concealed in the time derivative of
the sliding variable [15,17]. However, if the states are far from the sliding surface, the
bounded correction terms will result in a very slow convergence of the sliding variable [18].
Moreover, although STC yields a smooth control signal, chattering is still possible. For
example, in situations where the upper bound of system uncertainties is difficult to obtain
accurately, the largest possible parameters are often selected to ensure the finite-time sta-
bility condition, which may result in system oscillation [19]. Therefore, various new STC
algorithms have been proposed to enhance the performance of traditional STC. A modi-
fied STC was proposed to improve the convergence speed and robustness, in which two
linear correction terms were added to the traditional STC to form a double-closed-loop
feedback structure [18]. An adaptive STC (ASTC) was synthesized to avoid the problem of
difficulty in determining the upper bound of system uncertainties in practical applications,
where a double-layer gain-adaptation function was introduced into the traditional STC to
determine the two control parameters [20].

In addition, many researchers also conducted a series of observer-based control meth-
ods to deal with the uncertainties and disturbances of the dynamic systems, in which
observers were applied to estimate the total system uncertainties and disturbances to
synthesize a feedforward compensation. Such observers include the disturbance observer
(DOB) [21], the sliding mode disturbance observer (SMDO) [22,23], the extended state
observer (ESO) [24-27], etc. An adaptive fuzzy sliding mode control method based on
a disturbance observer was proposed to control a manipulator, in which a fuzzy system was
adopted to approximate the modeling uncertainties while the disturbances were estimated
via a DOB online, respectively, and both were then compensated in SMC [21]. Due to the
advantages of estimating the system’s states and uncertainties simultaneously with little
model information and a simple design process, ESO was widely applied in the control
of manipulators. An adaptive extended state observer (ESO) is developed to estimate the
unmeasured states and eliminate the impact of the unknown disturbances and parameter
uncertainties for the control of an aircraft skin inspection robot [26]. To deal with the time-
varying output constraints and external disturbances of a manipulator, an ESO was applied
to estimate the unmeasurable states and total disturbances, which were then incorporated
into the controller design [25].
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Based on the above analysis and the UWML's system characteristics, by borrowing
ideas from ESO and AST and integrating them via an SMC control action, a novel adap-
tive super-twisting sliding mode control method based on the extended state observer
(ASTSMC-ESO) is proposed for the high-accuracy position control of the UWML. The intro-
duction of AST can effectively suppress the chattering effect and enhance the steady-state
control accuracy while ensuring the robustness of the feedback controller SMC. The inte-
gration of ESO and the experimentally tested data can make a feedforward compensation
for the system uncertainties, and the external disturbances of the hydrodynamic force,
dynamic seal resistance, and compensation oil viscous resistance.

The rest of this paper is organized as follows. Section 2 establishes the models of the
UWML and gives the problem formulation. Section 3 presents the ESO design procedure,
while Section 4 carries out the ASTSMC-ESO design procedure. Sections 5 and 6 describe
the simulation and experimental verification results, respectively, and some conclusions
are made in Section 7.

2. Models and Problem Formulation
2.1. Kinematic Model

The UWML is a 3-DOF serial mechanism shown in Figure 1. The D-H coordinate
systems and the corresponding parameters used to develop the kinematic model of the
UWML are shown in Figure 2 and Table 1, respectively.
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Figure 1. The structure of the UWML.
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Figure 2. D-H coordinate systems of the UWML.

Table 1. D-H parameters of the UWML.

# q d a «
0-1 q 0 Ly (Om) 90°
1-2 q2 0 Ly (0.66 m) 0°
2-3 q3 0 L3 (0.85m) 0°




Actuators 2023, 12,373 4 of 21

The coordinates of the foot tip of the UWML with respect to the base frame {0} can be
determined as:

X _Sl(Ll + Lycr + L3523)
O3 = |y| = | c1(L1+ Laca + Lasas) 1)
z Lysy — L3cos

Then, the joint angles can be derived using the inverse kinematics, as follows:

g1 = arctan2(—x, y)

-z
= arccos| ———= | —
72 (\/M2 i N2> v @)
[ AP+22-13-13
g3 = arcsin L1,
where ¥, y, and z are the coordinates of the foot tip,s; = sin(q;),c; = cos(q;),s;; = sin(q; + q;),

Ci]’ = COS(Qi+Qj),A = y/C1—L1, M = L2+L353 = psin(qo),N = L3C3 = pCOS((p),
and ¢ = arctan2(M, N).

2.2. Dynamic Model

When taking into account the external disturbances of hydrodynamics 7, dynamic
seal resistance Tf, compensation oil viscous resistance 7;, and the system uncertainty d, the
dynamic model of the UWML is:

T:Mé'FCQ'FG-l-Tf-l-Ts—Tw‘Fd 3)

where g and g are the joint velocity and acceleration, respectively. M, C, and G are the
inertia matrix, the coriolis/centrifugal matrix, and the gravity vector, respectively.

In general, due to parameter perturbation, testing errors, and unmodeled dynamics,
the model (3) differs from the actual model of the UWML, and the differences become un-
certainties of the system. When considering the impact of system uncertainties, the system
parameters M, C, and G and the external disturbances 7, 1, and T; can be represented as:

M = M, +AM

C =C,+AC
G = G, +AG

_ (4)
T = Tfn+ATf

Ts = Ten + ATs

Tw = Twn + ATy

where M, C, and G, are the nominal values of the inertia matrix, the coriolis/centrifugal
matrix, and the gravity vector of the UWML, respectively, which can be found in the
author’s published article [28]. AM, AC, and AG are the modeling uncertainties. 7y,
and T;, are the tested results of the dynamic seal resistance and compensation oil viscous
resistance, respectively, which are shown in Figures 3 and 4; 1, is the hydrodynamics
calculated with the fitted parameters, of which the detailed analysis can be found in the
author’s recently published article [29]. ATf, AT, and A1y, represent the uncertainties
caused by the testing errors.
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Figure 3. Compensation oil viscous resistance with different rotation speed and pressure.
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Figure 4. Dynamic seal resistance with respect to rotation speeds and pressure.
Substituting (4) into (3) yields the nonlinear dynamic model of the UWML:
T:Mnij—i—CM—l—Gn—i-Tfn—i—Tsn—Twn—i—A (5)

where A = AMqg + ACq + AG + Aty + AT — ATy + d represents the total dynamic uncer-
tainties caused by the parameter uncertainties, testing errors, and unmodeled dynamics.
According to the robotic theory, the inertia matrix M, is a bounded symmetric positive
definite matrix, and M, — 2Cj, is a skew-symmetric matrix, satisfying xT(Mn —2Cy)x =0
for any vector x.

To simplify the design and analysis, define the state variable of the UWML as

x = [x1, x2] T — 49, 9] T then the dynamic model (5) can be rewritten in a state-space form:

X1 X2
: 6
{ Xy = M;lr—M;l (CnX2+Gn+Tfn+Tsn_Twn) _Mr?lA ©)

2.3. Control Objective

The control objective is to design a high-performance controller for the UWML with
strong nonlinearities (i.e., structure nonlinearity, friction resistance, and oil resistance
nonlinearity) and uncertainties (i.e., parameter uncertainties, unmodeled dynamics)

to ensure the actual foot trajectory y(f) tracking the planned trajectory y,(f) as close
as possible.

3. Observer Design

To reduce the impact of uncertainties on the UWML’s control performance, the total
uncertainties of the dynamic system (6) have to be compensated in the controller, which
can be extended to a new state variable and estimated via an ESO. Based on this idea, the
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uncertainties —M,, ' A is extended to a state variable x3, and its time derivative is set to be
h(t). Thus, the extended dynamic model of the UWML can be expressed as:

5(?1 = X2
Xy = M;1T—M;1(Cnxz+Gn+Tfn + Ton _Twn> + x3 ?)
x3 = h(t)

Assumption 1. h(t) is bounded, and there exists a constant hg > 0 such that ||h(t)| < hy.

Based on the extended system model (7), the ESO can be designed as:

21 = %+ hawo(x — %)
22 = Myt — MY (Cuxy + Gu + Tpy + Ton — Tun) + 23+ b (x1 —£1)  (8)
3 = Lwd(x —£1)

where £ = [%1, %, 3?3]T is the estimated state, L = [I, Ip, l3]T is the observer gain, and

wq > 0 is the observer bandwidth.
To ensure the stability of ESO, the observer gain is designed to satisfy the follow-
ing polynomial:
p(s) = S+h?+hs+l; = (s+1)° ©)
Let¥ = x—% = [%1, Xy, JZ3]T denote the observation error, then the dynamic of the
observation error can be obtained from (7) and (8):

T = X —hwot
Xy = X3 — lzw%fl (10)

X3 = h(t) — lgwgfl

Define the proportional observation error ¢; = £;/ w(i)_l, i = 1,2, 3. Then, the
dynamic of the proportional observation error can be obtained according to (10):

) h(t
e = woAle+ B(—Z) (11)
Wo
—3hx3 I3x3 0O3x3 03
wheree = [81, €o, 83}T, A = —313><3 O3><3 I3><3 , B = 03 ;O3><3 and I3><3 are the
—I3x3  O3x3 O3x3 I3

3x3 zero matrix and the identity matrix, respectively; and 03 and I3 are the 3-dimensional
zero vector and the unit vector, respectively.

Theorem 1 [27,30]. Under Assumption 1, according to the dynamic Equation (6), when designing
an ESO (8), there exist constants gij >0,¢c >0, and finite time Ty > 0, such that the state
estimation error X;; is bounded, and its value of the state estimation error can be adjusted by
changing the bandwidth wy:

’fz’j‘ <0ij, 0ijj = O(JC); i=j=123VvVt>Ty (12)
0
4. Controller Design
4.1. Design of SMC-ESO Controller

Since the UWML is subject to strong external disturbances and uncertainties
when working in a complex underwater environment, an SMC-ESO control method,
possessing strong robustness, is adopted to deal with the trajectory tracking problem
of the UWML intuitively.
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The tracking errors of the joint position and velocity of the UWML are defined as ¢;
and ey, respectively:
e = Xig— X (13)

e = X14— X (14)

where x1; and x4 are the joint position and velocity command obtained from the reference
foot trajectory via inverse kinematics (6).
Then, the sliding mode surface function s can be defined as:

s = er + Aeg (15)

where A1 € R¥*3 is a positive definite diagonal parameter matrix.
Based on Equations (7) and (13)—(15), the time derivative of s can be expressed as:

S = ep+ Aqeq

. 1
= Xig+ Mey — Myt + M;; ! (Cnxg +Gn+ Ty + Ton — Twn) — X3 (16)

From (16), the SMC-ESO with an exponential convergence rate can be designed as:

T = Teq + Tsw (17)
Teq = Mi’l (xld + )\162) - Mn.‘)es + Cnx2 + Gn + Tfn + Tsn — Twn (18)
Tsw = My(A1s + Aysign(s)) 19)

where —M,, %3 is the estimated value of the system uncertainties A, which can be calculated
from the extended state of the ESO; A; and A, € R3*3 are positive definite diagonal
parameter matrices; and sign(s) is the signum function vector.

Although the above SMC-ESQO can ensure the stability of the closed-loop system, it has
inherent defects of conventional SMC. On the one hand, the sliding mode switching control
action Ts contains a discontinuous signum function sign(s) leading to the “chattering”
phenomenon. On the other hand, the gain A, of 75, must be selected based on the upper
bound of the system uncertainties, which are usually unknown. If the value is too conser-
vative to be large, it will exacerbate the system chattering. However, if a smaller value is
selected, it may cause the system to be unstable. To avoid sacrificing the control accuracy
or robustness by using traditional methods such as the boundary layer method and the
modified switching signal with saturation to suppress chattering, this paper introduces
the AST into the above SMC-ESO to eliminate the chattering and improve the control
performance of the system.

4.2. Design of ASTSMC-ESO Controller
To eliminate the chattering effect of the conventional SMC, an ASTSMC-ESO is pro-

posed, in which a super-twisting control action [16,31] is applied to replace the discontinu-
ous sliding mode control law Ts;:

{ T = My[a(t)]s|2sign(s) + ki (£)s — & + (s, L(1))] 0)

¢ = —B(t)sign(s) — ka(t)s

where ¢ is an intermediate variable; L(f) is the parameter adaptive function to be de-
signed later; and a(t), B(f), ki(t), and ky(t) are positive definite parameter matrices;
9(s, L(t)) = —L()s/L(t).

In the above super-twisting algorithm, the values of a(t) and B(t) should be deter-
mined based on the upper bound of system uncertainties and its rate of change. For the
UWML, since the system uncertainties have been estimated via the expanded state observer,
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«(t) and B(t) should be determined based on the upper bound of the estimation error and
its rate of change. Since these two values are both difficult to determine, the adaptive laws
are designed for the parameters of (20), which are shown in (21):

a(t) = /L(tag
B(t) = L(t)Bo 1)
ki(t) = L(t)kio
ka(f) = L2(£)ka

where g, Bo, k19, and kyg are the constants, and L(t) are adaptive functions that will be
designed using a double-layer gain-adaptation algorithm in Section 4.4.
Substituting (17)—(20) into (16) yields:

t
= — %3 — afs|? sign(s) — kys — / (Bsign(s) + kys)dt — (s, L) 22)
JO
Definez = f (Bsign(s) + kps)dt — %3, f(t) = —X3, then (22) can be rewritten as:
s = —tx|s|%sign(s) —kis+z—¢(s, L) (23)
z = —PBsign(s) —kas + f ()

According to Theorem 1 and Equation (10), it can be seen that f (

t —%3 = —h(t)+
l3w3%; is bounded. Let its upper bound be denoted as oy, thus ||f(#)

)
|

| <o

4.3. Controller Stability Analysis

The stability proof of the ASTSMC-ESO is relatively complex. Here, only the following
stability theorem is presented. The detailed proof process can be found in Appendix A.

Theorem 2. Based on Assumption 1, Lemma 1, and Theorem 1, the ASTSMC-ESO controller (17),
(18), (20), and the parameter adaptive function (21) are designed for the dynamic system (7) of the
UWML. When L;i(t) > oo; > |fi(t)|, and the appropriate parameters ao;, Boi, k1o; and koo, are
selected to make the matrix P;, B;, and Q; (which was expressed as (24)—(26)) positive definite, then
the closed-loop system of the UWML is stable, and the joint position error e1; will converge to the
origin in finite time, wherei = 1, 2, 3.

4Boi + a3, apikior —p;
p = 5 aoikioi  2kooi + K3y —kioi (24)
—ap —kqoi 2
Boi + 2a5; 0 0
B; = kioi 0 kaoi + K2, —kuoi (25)
0 —k1oi 1
Qi = A —(C; (26)
N 2Bo; + a3, 0 —o;
Ai = % 0 2k201‘+5k%0i _3k10i (27)
= —3k10i 1
1
—ug;i0; —§k10i19i 0
C; = (28)

1
—5k0it; 0 0
o 0 0
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fi(t)sign(si)
R @9)
Compared to the conventional ASTSMC-ESO algorithm applied in other fields [32], The
main improvement of the method proposed in this paper is to increase the convergence speed
of the system states. It can be seen from the proof results (A16) of the ASTSMC-ESO in this
paper, when the Lyapunov function V is relatively close to the equilibrium, the nonlinear
term A Vl.l/ 2 is much bigger than the linear term A1V}, so the nonlinear term A, Vil/ 2 mainly
determines the convergence speed. When the Lyapunov function V is far from the equilibrium,
the linear term A1 V; is much bigger than the nonlinear term A, Vil/ 2 so the linear term MV
mainly determines the convergence speed. Nevertheless, for conventional ASTSMC-ESO, no
matter where the Lyapunov function is, the convergence speed is determined only by the
nonlinear term A, Vil/ 2, 50 when the Lyapunov function V is far from the equilibrium, slow
convergence speed will present [20]. The above analysis shows that by adding linear terms to
the conventional AST, the ASTSMC-ESO designed in this paper improves the convergence
characteristics. From the viewpoint of the controller, the newly designed ASTSMC-ESO
is equivalent to adding a proportional and integral sliding mode control action than the
conventional one. Therefore, the convergence speed and control accuracy are improved.

4.4. Design of the Adaptive Function L;(t)

As mentioned in the previous design process, the parameters «;(t), B;(t), k1;(t), and
ko;(t) of (20) must be adjusted via the adaptive function L;(t). To ensure stability, L;(¢)
should satisfy the condition L;(t) > |fi(t)|, where a dual-layer adaption algorithm is
adopted to design L;(t).

According to the concept of “equivalent control”, the system (23) enters the sliding
mode surface whens; = s; = 0Oand z; = z; = 0. To maintain the system trajectory on
the sliding surface, the equivalent effect of the discontinuous switching term f;sign(s;),
denoted as u,,;, can be used to compensate for f;(t):

Uegi = ,BiSign(Si)‘eq = fi(t) (30)

In practical applications, u,,; can be estimated from f;sign(s;) online via a low-pass filter:

i‘eqi = %(,BiSign(si) - ueqi) (31)

where T is the time constant of the filter.
From (30) and (31), an online estimation of f;(t) can be achieved by filtering the
discontinuous switch term. This estimation value can be used to design L;(#):

Li(t) = loi +1i(t) (32)

where ly; is a small positive design parameter, /;() is a time-varying parameter whose rate
of change is defined as the first-layer adaptive algorithm:

Li(t) = —(poi + pi(t))sign(d;) (33)

where py; is a constant positive parameter, p;(f) is a time-varying parameter, and its rate of
change is defined as the second-layer adaptive algorithm:

p;(t) = 7ildil (34)

where 7; is a positive design parameter.
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The variable §; in the above two-layer adaptive rate is:

1
o = Li(t) — m’”eqi’ — € (35)
1 1

where 0 < a; < 1/Bp; < 1, and €; is a small positive parameter.
Using the above dual-layer adaption algorithm, the condition L;(t) > |f;(t)| can be
guaranteed within a finite time, which can be described as the following theorem.

Theorem 3 [20]. Consider the system in (23) is subject to uncertainty f(t), which satisfies the

two constraints |f;(t)] < oo; and | f;(t)| < 01, where the positive scalars ag and ay are finite
but unknown. Then, the dual-layer adaption algorithm in (32)—(34) ensures L;(t) > |fi(t)| in
finite time.

Theorem 3 is a supplement to Theorem 2, which resolves the parameter selecting-
problem of the ASTSMC-ESO. In practical applications, in order to reduce the influence of
noise and disturbances, p;(t) can be obtained with a dead zone Jjy:

b(t) = {%‘|5i|, if |6;] > dip (36)

0, otherwise

From Equations (17), (18), (20), and (21), it can be seen that the ASTSMC-ESO mainly
consists of two parts: T, is the model compensation term, which enables the system output
to quickly track the desired trajectory, while Ty, is the stabilizing feedback term, which
ensures that the tracking error of the system is stable. Further analysis of the composition

1
of Ty reveals that, in addition to the conventional approaching term |s|2sign(s) and the
exponential approaching term ks, it also includes an integral term of the signum function
of the sliding mode variable | 6 Bsign(s)dt and an integral term of the sliding mode variable

itself [ gkzsdt. The former compensates for the estimation error of the system uncertainties,
while the latter reduces the steady-state error of the system, thereby improving both the
dynamic convergence speed and the steady-state control accuracy of the system. In addition,
an adaptive function L;(t) is designed to adjust the parameters a;(t), B;(t), k1;(t), and ko; (¢)
of the controller, which effectively eliminates the chattering phenomenon of the SMC. The
principle of the ASTSMC-ESO control system for the UWML is shown in Figure 5.

o, B, ki, ks T —= Eso [T
r
| \/
E 2 k-
\ J \

Py Ty,

}.?oot | ?nverse. Sliding s - . > =1, + To »  UWML 1,%2
trajectory kinematic surface
A

Figure 5. The principle of the ASTSMC-ESO controller for the UWML.

5. Simulation Results

To verify the effectiveness of the proposed ASTSMC-ESO, the trajectory tracking
performance of the UWML is studied via simulation.
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5.1. Simulation Model

The simulation model of the UWML is shown in Figure 6, which is built using
Simulink/Simscape. The parameters of the UWML are listed in Table 2. To simulate
the effects of the dynamic seal resistance 5, compensation oil viscous resistance 7, and the
hydrodynamic 1, a tabular form of 7; and 7, from the tested results in Figures 3 and 4,
which are added to the dynamic model of the UWML, while 7, is added according to the
calculation formulas with the fitted hydrodynamic parameters. The initial values of the
system states are x; = [0.294, 0.158, —0.105]", and x, = [0, 0, 0]"; the initial values of
the states of ESO are £; = [0, 0, O]T, % = [0, 0, O]T, and 3 = [0, 0, O]T, while the band-
width is wy = 60. The controller parameters are presented in Table 3. For convenience,
a cycloidal foot trajectory [28] is planned for the UWML, which is shown in (37), with the
step length Sp = 0.4 m, step height Hy = 0.2 m, step period T = 8 s, translational phase
period T, = 4 s, and initial height of the foot tip zyp = —0.61.

25—7(;(2{” sm(zm)) — %, (0<t<Ty)
B So — 2570{ (27” sin(zT—Zf)) — 52—0,(Tm <t<T)
y = Ly (0<t<Ty)
ZHO(T 4lnsm<T )>+zo,(0<t<Tm/2)
z = —2H0(T sm(Ti)) " 2Hy + 20, (Tw/2 < t < Ty)
20, (T <t < T)

(37)

flx)=0

e — ’ >
T y >
2 »
q1 »
Hydrodynamic+Resistance cTce
REF q2 »
P —
i
i
i UWML
L, .
|
D -/
)
B=.7,<F RG] = == =r=imrmrmrmm B
'4 : fnf———DPp——p
Transform1 Ground SCP Fn

Figure 6. Simulation model of the UWML.

Table 2. Parameters of the UWML.

Link Mass (kg) Center of Mass (m) Inertia Matrix (kg-m?)
10.758 [0,0.001, —0.017]" diag{0.044, 0.039, 0.032}
2 19.261 [-0.154, 0, —0.014]T diag{0.135, 1.455, 1.375}

3 10.375 [-0.391, 0, —0.045]T diag{0.138, 2.437, 2.327}
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Table 3. Parameters of the simulation controller.

Controller Parameters

Ay = diag{400, 800, 800}, ko = diag{12, 20, 4}, kyy = diag{200, 200, 200},

ASTSMC- gy = diag{6.32, 6.32, 8.94}, By = diag{5, 5, 10}, T = diag{0.01, 0.01, 0.01},
ESO a = diag{0.86, 0.86, 0.86}, [y = diag{0.5, 0.5, 0.5}, py = diag{0.5, 0.5, 0.5},
v = diag{0.002, 0.002, 0.002}, 5y = diag{50, 50, 50}, ¢ = diag{0.1, 0.1, 0.1}

5.2. Simulation Study

Three working conditions were studied with the ASTSMC-ESO. Condition 1 is the
basic condition, where no disturbances are added to the UWML, and the action time is
0s <t <20s,40s <t <60s,and 80s < t < 100 s, respectively. Condition 2 is the
condition where the modeling uncertainty disturbances are added, of which the parameters
M, C, and G of the UWML are set with an amplitude of 50% variation during the time
period of 20 s < t < 40 s, and the changing law is shown in Equation (38). Condition 3 is
the condition where the external disturbances are added, of which the system uncertainty d
in the dynamic equation of the UWML has a fluctuation of 50 Nm during the time period
of 60s <t < 80s, and the variation law is shown in Equation (39). The simulation results
are shown in Figures 7-10.

M = M,[1+ 05sin(0.257t)](20 < t < 40)
C = Cu[1+0.5sin(0.257¢)](20 < t < 40) (38)
G = Gp[1+0.5sin(0.257#)](20 < t < 40)

d = 50sin(0.257t)(60 < t < 80) (39)

From the foot trajectory tracking results in Figure 7, it can be seen that the ASTSMC-
ESO can accurately control the UWML to move along the planned trajectory under all
the three working conditions with tracking errors within 1072 mm in all three directions
of the workspace, which illustrates the effectiveness of the ASTSMC-ESO. In addition,
from Figure 7, we can also see that the foot trajectory tracking errors under two external
disturbances are not significantly different from those without disturbances, indicating that
the ASTSMC-ESO has excellent robustness. Further analysis of the joint position control
results in Figure 8 shows that the actual joint position almost coincides with the reference
joint position. Even under the time-varying modeling uncertainties with an amplitude
up to 50% of the nominal value of the system parameters in working condition 2 and the
external disturbances with an amplitude up to 50 Nm in working condition 3, the position
tracking error of each joint can still be maintained within 10~° rad and is hardly affected by
external disturbances.

The estimated uncertainties in Figure 9 show that no matter which working conditions,
the ESO can accurately estimate the system uncertainties. This indicates that the ESO has
good estimation ability for the system uncertainties. As can be seen, with the help of the
ESO, the uncertainties of different working conditions can be effectively compensated
via ASTSMC-ESQO, so that the joint control torque can respond quickly and accurately to
reduce the impact of these uncertainties on the system performance. In addition, it can be
seen from Figure 10 that the parameter’s adaptive function L;(¢) has good convergence
performance and can be adjusted online periodically according to the motion of UWML,
thereby eliminating the chattering of SMC.
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Figure 7. Foot trajectory tracking results. (a) Foot trajectory; (b) Foot trajectory tracking error.
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6. Comparative Experimental Results

To further test the performance of the ASTSMC-ESO, experimental research was
conducted with the UWML, of which the test platform is presented in Figure 11, and its
main components are listed in Table 4. To illustrate the control performance, comparative
studies were carried out on the ASTSMC-ESO, SMC [33], and AFSMC [34].

Platform

UWML

Figure 11. The experimental platform of the UWML.

Table 4. The main components of the experimental platform of the UWML.

Name Specification Name Specification
Motor for joint 1/2/3 Kollmorgen TBMS-7646-A Velocity sensor of joint 2 Tamagawa S2620N271E14
Reducer for joint 1/2/3 Benrun BHS32-160 Position sensor of joint 3 Tamagawa S2640N321E64
Motor driver for joint 1/2/3 Elmo G-SOLTWI15/100ER1 Velocity sensor of joint 3 Tamagawa S2620N271E14
Position sensor of joint 1 Tamagawa TS2660N31E148 Motion controller Beckhoff CX5140 PLC
Velocity sensor of joint 1 Tamagawa TS2620N271E14 Main power DC48V
Position sensor of joint 2 Tamagawa TS2620N271E14 Control power DC24V
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6.1. Comparison Controllers

(1) SMC: This is the traditional sliding mode controller with the compensation of
external disturbances of Tf, Ts, and T:

T = Mn (X1d + /\162) + Cnxz + Gn + Tf}'l + Tsn — Twn + )\25 + )\rSign(S) (40)

where A1, Ay, and A, are positive definite diagonal parameter matrices. In order to sup-
press the chattering phenomenon caused by the signum function sign(), the saturation
function sat() with a boundary layer thickness of § is used instead of the sign() function in
the application.

(2) AFSMC: This is the adaptive fuzzy sliding mode controller with the compensation
of disturbances of Tf, Ts, and Ty:

T = My (X140 + Mez) + Cuxo + G + Tfp + Ton — Toom + A2s + Ay (41)
Avi = 07 wi(si) (42)
0i = —Tsipi(s;) (43)

where Ay, Ay, and I are positive definite diagonal parameter matrices. The elements A,;
in A, are approximated by an adaptive fuzzy logic system (AFLS), as shown in (42), with

a weight adaptive rate ; given by (43). The fuzzy rules are shown in Table 5, and the
Gaussian functions (44) are chosen as the membership functions, wherei = 1, 2, 3 and
j=12234/>5.

[s1+ /12— (j— 1) /24]?

yils1) = eXP(‘ : 3n/is >
[sy+ /12— (j —1)7/24]?

Pi(s2) = exp <‘_ : 20n§]48 ] ) 49
[s3+ /12 — (j— 1) /24]?

Yjss) = exp (‘_ : 37/48 _

Table 5. Fuzzy rules of A,;.

Condition Conclusion

IF s; is NB THEN A,; is NB
IFs; is NS THEN A, is NS
IF s; is ZE THEN A,; is ZE
IF s; is PS THEN A,; is PS
IF s, is PB THEN A,; is PB

6.2. Experimental Study

The controller parameters of the experimental study are shown in Table 6. For fairness
of comparison, some parameters of ASTSMC-ESO and AFSMC are inherited from the
SMC. To evaluate the performance of the three control algorithms, the maximum error
M., average error ji,, and standard deviation error o, of the foot trajectory were used as
indicators [35]. The results are shown in Figures 12-14, and the performance evaluation
results are listed in Table 7.
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Table 6. Controller parameters of the experimental study.

Controller Parameters

SMC A = diag{400, 600, 600}, k; = diag{10, 20, 8},
ky = diag{150, 180, 100}, § = diag{0.1, 0.1, 0.1}
AFSMC A = diag{400, 600, 600}, k; = diag{10, 20, 8}, T = diag{1500, 1500, 1500}
A = diag{400, 600, 600}, kg = diag{10, 20, 8}, kyy = diag{100, 100, 100},
ASTSMC-  ay = diag{6.32, 6.32, 894}, By = diag{5, 5, 10}, T = diag{0.01, 0.01, 0.01},
ESO a = diag{0.19, 0.19, 0.38}, Iy = diag{05, 0.5, 0.5}, py = diag{0.5, 0.5, 0.5},
v = diag{0.005, 0.005, 0.005}, 5y = diag{80, 80, 80}, ¢ = diag{0.1, 0.1, 0.1}

¢, (mm)

z(m)
e, (mm)

Time (s)
SMC AFSMC ASTSMC — ESO

(@ (b)

Figure 12. Foot trajectory tracking results with different controllers. (a) Foot trajectory; (b) Foot

trajectory tracking error.
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Figure 13. Joint position tracking results with different controllers. (a) Joint position; (b) Joint position
tracking error.
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Figure 14. System uncertainty estimation and joint control torque with different controllers. (a) Un-
certainty estimation; (b) Joint control torque.

Table 7. Evaluation results of the trajectory tracking performance with different controllers.

Controller M, (mm) pe (mm) e (mm)
SMC [17.90, 22.76, 21.15] [6.42, 6.52, 6.17] [4.25, 6.05, 5.78]
AFSMC [8.94, 14.67,13.73] [2.79, 4.32, 3.44] [2.01, 3.91, 3.04]
ASTSMC-ESO [5.92, 8.28, 6.26] [1.42,1.96, 1.54] [0.91, 1.49, 1.28]

The desired foot trajectory and corresponding tracking performance under the three
controllers are shown in Figure 12. As seen, the proposed ASTSMC-ESO controller performs
better than the other two controllers throughout the movement. From the performance
evaluation results in Table 7, it can be seen that all the performance indicators of ASTSMC-
ESO are better than SMC and AFSMC. Comparing the joint positions in Figure 13, it can
be seen that through uncertainty compensation, the joint position control accuracy can be
effectively improved. Further comparing of the joint position errors of ASTSMC-ESO and
AFSMC indicates that the former has better robustness than the latter, which is mainly due
to the better control mechanism of ASTSMC-ESO than AFSMC.

From Figure 14, we can conclude that the differences in the trajectory tracking perfor-
mance are mainly due to the differences in the joint control torques of each control method,
even though they seem minor. Furthermore, we can see that the torque differences of joint
2 are more significant than those of the other two joints, which are mainly caused by the
accuracy of uncertainty compensation, as shown in Figure 14a. AFSMC and ASTSMC-ESO
estimate and compensate for the system uncertainties with different methods, so their out-
put control torques can effectively improve the trajectory tracking performance compared
with SMC. However, due to the difference in estimation performance, ASTSMC-ESO can
compensate for the system uncertainties more precisely than AFSMC, thus further improv-
ing the system performance. In addition, it can be seen that the chattering phenomenon
of the joint control torques of AFSMC and ASTSMC-ESO is effectively eliminated, which
indicates that the AFLS and AST can effectively suppress the chattering effect of SMC while
ensuring the control performance of the system.
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7. Conclusions

In this paper, a novel adaptive super-twisting sliding mode control method with
an extended state observer is proposed for the high-accuracy position control of the UWML
in the presence of both uncertainties and external disturbances, which considers the system
uncertainties and the external disturbances from the underwater working environment. On
the one hand, an accurate model compensation is made with SMC feedback control based
on the model information of the UWML to ensure a quick response performance. On the
other hand, a feedforward compensation of the system uncertainties is achieved with the
estimated uncertainties by ESO to reduce their impact on the control performance. Finally,
the AST is introduced to eliminate the chattering phenomenon and further improve the
steady-state control accuracy. Simulation and comparative experimental studies were con-
ducted to illustrate the effectiveness of this proposed control scheme, which shows that the
proposed controller can effectively compensate for system uncertainties and disturbances
and significantly enhance system control accuracy and robustness without the steady-state
chattering effect.
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Appendix A. Proof of Theorem 2

Before the proof of Theorem 2, the following finite-time convergence lemma is introduced:

Lemme A1 [36]. For nonlinear system:
x(t) = f(x(t), f(0) = 0, xeD (A1)

if there exists a continuously differentiable positive definite function V (x) and parameters A1 > 0,
A2 > 0,0 < 0 <1, such that the following inequality holds:

V(x) < —MV(x) = AV0(x) (A2)

then the state of the system (A1) will converge to the origin in finite time t,, which satisfies:

1-6
< 1 In Ay + A VE78(0)
A(1—6) Ao
To simplify the proof, system (20) is decomposed into three subsystems, where the ith
subsystem is:

t (A3)

{ s = —ai|si|1/zsign(si) —kyisi+zi + (Pi(si/ Li) (Ad)
zi = —Pisign(si) —kaisi + fi(t)
Define the following Lyapunov function for the subsystem (A4):
1 1
Vilsi, zi, Li) = 2Bilsil +koisf + 527 + 507 (A5)

1/2

where {; = w;|s;| " “sign(s;) + k1;s; — z;.
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The time derivative of V;(s;, z;, L;) is:

av;. dV;. V. : .
Si+a—zi+ =L = Va+Vp (A6)

Vi(si, zi, Li) = PR T

where Vﬂ and Viz are given below:

. V. 9V, .
Vin =58t 8721 = Pisgn(si)sio + 2kaisisio
i
o . . .
+2ziz; (“i|5i\ "Zsign(s;) + kiis; — Zi) (Wsio + kaisio — zi) (A7)
i

+2Bisgn(s;)¢i + 2koisipi + <“i Jsil/?sign(s;) + kyjsi — Zi) (—17 2 |1/2 ¢i + ki)

Vi Z‘L/I L; = 2L;Boisgn(s;)s; + 2L;Likog;s?
+(afsi|sign(sy) + kuis; — )(2 7 Lisnlsisign(si) + Liktos) (A8)
= —2Bisgn(s;)Pi — 2kisip; — (“i|5i|1/251gn(5i) + kyisi — Zi)( s |1/2 ¢i + ki)
where s;p = —acl-|s,-|l/2sign(si) — kyjsi + z;.

Substituting (A7) and (A8) into (A6) yields:
Vi(si, zi, Li) =Via+Vp
= 2B;sgn(s;)si0 + 2kaisisio + zizi + (a]si] *sign(s;) (A9)
+kyisi — z;) (Wéio + kyisio — zi)

Applying sy = —zxi|si\1/zsign(si) —kyjsi +z;and z; = —pB;sign(s;) — kois; + fi(t) to
(A9), we can obtain:

Vils =, L) = |QZ &7 (A — C)Ei — LieT Bid (A10)
l
where ¢; = {\/L»i|si|1/zsign(si)fi, L;si, zl} , A;, B; and C; are shown in (25), (27), and (28),

respectively.
From (A10) we can see that by selecting the appropriate parameters ay;, Bo;, k10i, and

kop; such that the matrices Q; = A; — C; and B, are positive definite, then V;(s;, z;, L;) can
be transformed into:

Vi< —M@Amm@i)nanz — L (B)IIEP (A11)
i

From the definition of Vj(s;, z;, L;) and &;, V;(s;, z;, L;), it can also be expressed as:
V(Sl/ Zi, ) - gz Pérl (A12)

Therefore, by selecting appropriate parameters ag;, Boi, k1p; and kyg; such that the
matrix P; is positive definite, then V;(s;, z;, L;) can be transformed into:

Vilsi, zi, Li) < Amax(P)IIGi]|? (A13)
From (A13), we can obtain:

v,

12 <
||Cl|| —_ /\max(Pl)

(A14)
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1/2

V.
si'2 = |éal < &l < A (A15)
1 1 1 )\}n/aZX(Pl)

Substituting (A14) and (A15) into (A11), we can obtain:

: Li/\min(Qi))‘l/'z(Pi> 1/2 Amin(Bi) 1/2
V. < — min yie [TV — AV — ALV Al6
1= )\max(Pi) i l/\max(Pi) 1 1Vi 2 i ( )
where A = Lidmin(Bi)/Amax(P), A2 = Lidmin(Q)AMA(P)/Amax(P).
According to the conclusions in [31,37], when L; (t) > 0g; > |fi(t)], |0i] = ‘%ﬁ?(m‘ <1

and the selecting parameters are wg;, Boi, k10;, and kpg; to satisfy the following conditions in
(A17), it can be guaranteed that B;, P;, and Q; are positive definite matrices.

8Kkfo;Boi + 22k3y; + 9ag;kL;
4(Boi — 1)
when B;, P;, and Q; are positive definite matrices, then A; > 0 and A; > 0. According to

Lemma 1, the result of (A16) shows that the state of subsystem (A4) can converge to the
origin within a finite time ¢,, which completes the proof of Theorem 2.

wg; > 5°%, Boi > 1, kygi > 0, kagi > (A17)
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