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Abstract The complexity of the sea environment, external
disturbances and uncertainties in the system, as well as
the failure and saturation of the actuators, are effective
factors in the control of underwater vehicles. In this note,
to deal with the mentioned problems, a robust and
adaptive controller is proposed by combining the fast
terminal dynamic sliding mode controller and the radial
basis neural network. In the proposed approach, the
problem of actuator saturation is considered and its
stability is proved using Lyapunov theory. Fix-time
convergence, estimation and dealing with external
disturbances and uncertainties, active dealing with
actuator fault, elimination of chattering phenomenon, and
non-saturation of the actuator are the advantages of the
proposed controller. The designed controller is applied
on an autonomous underwater vehicle and the controller
parameters are optimized to achieve the least error in
tracking the reference trajectories as well as the shortest
convergence time. To evaluate the performance of the
proposed controller, it has been compared with a passive
fault control method and PID controller, which has shown
the superiority of the proposed control method in tracking
the desired trajectories, the amount of control effort,
dealing with actuators faults and external disturbances,
as well as convergence in less time.

Keywords Autonomous underwater vehicle, Adaptive
dynamic fast terminal sliding mode controller, neural
network, Fault tolerant control, Actuator saturation.

1. Introduction

The complexity of the sea environment, external
disturbances, system uncertainties, and actuator failures or
saturation pose significant challenges for the control of
autonomous underwater vehicles (AUVs) [1]. To address
these issues, this study proposes a robust and adaptive
controller that combines a fast terminal dynamic sliding
mode controller with a radial basis neural network. The

proposed approach considers actuator saturation and
proves stability using Lyapunov theory. It offers several
advantages, including fixed-time convergence, estimation
and handling of external disturbances and uncertainties,
active handling of actuator faults, elimination of chattering
phenomenon, and prevention of actuator saturation. The
controller is applied to an AUV, with optimized
parameters to minimize tracking error of reference
trajectories and achieve the shortest convergence time.
Performance evaluation against a passive fault control
method and PID controller demonstrates the superiority of
the proposed controller in accurately tracking desired
trajectories, reducing control effort, handling actuator
faults and external disturbances, and achieving faster
convergence. Overall, the proposed robust adaptive
controller effectively addresses key challenges faced in
AUV control by synergistically combining sliding mode
and neural network techniques.

2. Dynamic model of AUV

The dynamic model of the AUV in the earth-fixed frame
is helpful for reasons such as remaining the buoyancy and
gravitational vectors constant and presenting the trajectory
in the inertia frame. An inertial representation of the AUV
dynamics can be written as:

M@m)ij+ Cv,mn +Dv,mn+GMm) + 74 ()
= P’[77 +7,
Where  M(n) =] TM]? Cvim) =JT(Cv) -

M) ,Dvm =]""DMJ™  and G(n) =
J"Tg(m),t; =] T1q while J is the Jacobean matrix, and
Megxe, C(V)exs» D(V)exs and g(1)ex1 represent mass matrix
which consists of the rigid body and added mass terms, the
Coriolis and centrifugal matrix, the hydrodynamic
damping matrix, and the restoring forces and moments due
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to buoyancy and gravity, respectively. In addition, 7, is
the generalized forces/moment vector in the global-fixed
frame, P represents the effectiveness matrix of T, and 7,
is the unexpected bias faults.

In this study, each thruster has rotational capability, so it
corresponds  to  two  thrusters. Since f =
B[F,, Fy, F,, My, My, M, | where Fy, Fy, F;, My, My, and M,
represent the forces and moments along the surge, sway,
heave, roll, pitch, and yaw directions, respectively while f
denotes the thruster forces. If one thruster experiences a
physical failure, it becomes non-operational, and its
vertical and horizontal force components are reduced to
zero. To address this situation, the elimination of the
column method is used, where the motion control
equations are separated into horizontal and vertical modes.
The projection matrix '[B]' is divided into two parts: the
Horizontal Thrust Dynamics Matrix (HTDM) and the
Vertical Thrust Dynamics Matrix (VTDM).

3.Controller design

This section is dedicated to the design of the controller. To
design the fixed-time sliding mode-based neural network
controller, a base sliding surface (BSS) is defined as
follows:

s=¢é+ ae+ Ble|'sgn(e) 2)
€=1Mq—T"

Where , B, and y are positive constants. To enhance the
performance of the closed-loop system and establish a
hierarchical sliding surface, a dynamic sliding surface is
incorporated by introducing an additional dynamic
variable. This not only helps mitigate chattering associated
with conventional Sliding Mode Control (SMC) but also
enhances tracking precision. Specifically, the dynamic
second-order sliding surface (DSOSS) is defined as:

t

19=s+k2fs(r)dr 3)
0

Here, k, > 0. Next, the developed control law can be
expressed as:

T, = COWV)v+DW)v+gn) — F(Z) + Mg,
+ Aae
—M((yﬁ|e|7‘1~+ A+ a)é + AplelVsgn(e))

o (. p

k o k
- % oT? VoTo - %0‘0T0' 4)
e
b ”0'”(1 - -Qmax(/l))
T=T,+T1,
F(2)=WTE(2Z) + ¢
p=F-F

To guard against actuator faults, external disturbances,
and model uncertainties the following adaptation law
using radial-basis neural network is designed:

w=Qlloll — PW") (6))

Where Q and P are positive coefficients.
Lemma I: For any bounded initial state x(0), if there exists
a continuous and positive-definite Lyapunov function
V(x) , satisfying V(x) < —(aV<(x)+pVI(x))“ +n where
a, B, ¢, q and k are positive constants, ck < 1 and gk > 1,
then, the equilibrium point of the system x,(t) =

f(x,t),x(0) = x, is fixed-time stable. The convergence
1 1

akyk(1-ck) = B*x*(qk-1) where

time are expressed as T <

O<y<l1.

Theorem. Considering the dynamic model of the AUV (1),
the proposed control law in (4) and (5), fixed-time
trajectory tracking can be guaranteed by choosing
appropriate parameters and the convergence time is

derived as:
1 1

@(1—1)+5%(2—1) ©)

2M \2

T< Tmax =

Where 0 < = < 1, ky, and k,, are positive and constance.

Proof: To show the stability of the closed-loop system, the
following Lyapunov function can be defined:

V—1 TM+1~2 7
—20 I 2QW (7)

Differentiating eq. (7) with respect to time yields,

.7 1 —COv—=DW)v—-yg)
V=oMM (+(‘ra +1,)(1— A) + F(Z))
—Gy+(ypBlel” P+ A+ a)é + Aae ®)

+ABlel|Ysgn(e)) + %W\fv

Thus, through mathematical simplification and using

Lemma 1, we can conclude that the fixed convergence
time is as stated in the (6).
Remark 1: It is important to acknowledge that while the
maximum settling time of a system controlled by fixed-
time SMC is not affected by the initial states, establishing
a direct relationship between the settling time and system
parameters can be difficult. In certain situations, it may not
be possible to reduce the settling time below a certain fixed
constant, even by adjusting the system parameters.

4.Numerical Results and Discussions

To validate the effectiveness of the proposed control
framework, two experimental cases are conducted on an
underwater vehicle and compared against two controllers
from previous literature [2]. A 20% model inaccuracy is
introduced to account for uncertainties in the AUV
dynamics. The simulation results, showcased in Fig. 1 for
one state of the AUV system, clearly demonstrate that the
proposed controller outperforms the other methods in
mitigating the effects of actuator faults, external
disturbances, and model uncertainties. The proposed
approach exhibits superior compensation capabilities,
enabling more accurate and robust trajectory tracking
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performance under faulty actuator conditions and in the
presence of disturbances and uncertainties in the vehicle

model.
2.5

DeSired
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_____ Controller of Ref.[2]
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Figure 1. Trajectory tracking of x position

To comprehensively evaluate the robustness and control
effectiveness of the proposed algorithm under varying
uncertainty conditions, a bar chart is presented depicting
the root-mean-square (RMS) of the tracking error. This bar
chart provides a clear visual overview comparing the
tracking performance of the proposed controller across
different percentages of system uncertainty.
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Figure 2. RMS evaluation for designed controllers

5. Conclusion

This paper proposes a novel fixed-time fault tolerant
control strategy for autonomous underwater vehicles
(AUVs) by integrating radial basis function neural
networks and dynamic sliding mode control. The approach
provides reliability and robustness against actuator
failures, external disturbances, and uncertainties.
Simulation results demonstrate the proposed controller's
effectiveness in ensuring stable trajectory tracking
performance despite system faults and disturbances.
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