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a b s t r a c t

The motion modeling and thruster fault reconstruction for autonomous underwater vehicle (AUV)
system are addressed in this paper. Considering the modeling uncertainty of the AUV motion model
given by dynamics analysis method, we present an AUV motion modeling method based on RBF neural
networks. Since there is asymptotic convergence problem in the process of using traditional sliding
mode observer to estimate the state signal, which cannot be measured directly by sensor, the fault signal
cannot be reconstructed timely. Therefore, a Terminal sliding mode observer is presented to ensure each
estimated state signal converge in a finite time. According to the output of Terminal sliding mode
observer, the equivalent output injection method is used to reconstruct thruster fault. Finally, the
feasibility and effectiveness of the proposed approach is demonstrated with pool experiments of the
experimental prototype.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

AUV works in high-pressure and poor-visibility marine envir-
onment. Once an accident happens, not only the underwater task
could not be achieved, but also the AUV sometimes could not be
reclaimed, which would cause economic loss. As the basic and key
technology of AUV, fault diagnosis has great significance to the
safe operation of AUV (Takai and Ura, 1999; Xu and Xiao, 2007).

In the research of AUV thruster fault diagnosis, the state
estimation method has been widely used, which reflects the
inconsistencies between the expected behavior of the system
and the actual operation mode by using residual signal structured
by AUV motion modeling and the observed input and output, and
does fault diagnosis through the analysis of the residual signal
(Venkatasubramanian et al., 2003). The existing state estimation
methods include the Kalman filter (Alessangri et al., 1999a; Loebis
et al., 2004), sliding mode observer (Alessandri et al., 1999b; Wang
et al., 2005), etc. However, it is known that the state estimation
method requires an exact mathematical analytical model (Xiao et
al., 2010). Due to the complexity of the marine environment, as
well as the the strong nonlinearity and intercoupling character-
istics of the AUV 6-DOF motion, the AUV motion model based on

dynamics analysis method has great uncertainty (Ahmad and Jalal,
2009). If fault diagnosis is done based on this model, the
misdiagnosis and missed diagnosis of the fault will be caused
easily due to the lack of the prior knowledge of the system
uncertainty in practice. As the neural networks has arbitrary
nonlinear approximation ability, many scholars have used neural
networks to study AUV motion modeling and state estimation for
the residual signal according to the established neural networks
model. Wang et al. (2006) has monitored the AUV thruster fault
based on fuzzy neural networks. Wang and Ding (2007) has
established AUV motion model based on wavelet neural networks
and then analyzed thruster fault diagnosis. However, the internal
knowledge representation of neural networks is like a black-box,
which make it difficult to explicitly reflect the relationship
between input and output and bring difficulties for the thruster
fault reconstruction.

Sliding mode observer is a nonlinear observer, which over-
comes the uncertainty and nonlinearity of the system model by its
robustness and obtains fault information through the introduction
of the equivalent output injection. Thus, the fault reconstruction is
achieved. Edwards et al. (2000) studied fault reconstruction
problems of actuator and sensor for a class of linear systems.
Based on this, the fault diagnosis problems of nonlinear uncertain
systems were further explored (Tan and Edwards, 2001, 2003; Yan
and Edwards, 2007; Chen and Saif, 2008). A remarkable character-
istic of this method for fault reconstruction is that the sliding
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mode motion still needs to be maintained when the fault happens
to actuator. That is, the state estimation error is zero. But we find
that the sliding mode motion would be damaged when fault occurs
in thruster from the AUV thruster fault diagnosis study based on
sliding mode observer. This requires the state estimation error
converges to zero in a finite time for fault reconstruction. However,
Tan et al. (2010) pointed out that the sliding mode observer given in
the reference (Edwards et al., 2000; Tan and Edwards, 2001, 2003;
Yan and Edwards, 2007; Chen and Saif, 2008) can only guarantee
the finite-time convergence of the state which can be measured
directly by sensor, but for the state which can not be measured
directly, it has asymptotic convergence. Thus, thruster fault recon-
struction can not be achieved timely based on the method.

A modeling method of AUV motion model described in the
form of affine nonlinear system based on neural networks is given
for a class of AUV systems, whose position and orientation state
with respect to the earth-fixed frame can be measured by sensors
while the velocity and angular velocity state can not be measured
in the paper. In this model, the relationship between the input and
output of the AUV system can be reflected clearly. Based on the
established AUV motion model, a Terminal sliding mode observer
is built to guarantee the finite-time convergence for system
position, orientation, velocity and angular velocity state, and then
the equivalent output injection method is used for thruster fault
reconstruction online.

This paper is organized as follows. Section 2 describes the AUV
thruster fault reconstruction problem studied in the paper. In
Section 3, the motion modeling method based on RBF neural
networks is given. And in Section 4, the thruster fault is recon-
structed based on Terminal sliding mode observer. Then Section 5
verifies the established motion model and fault reconstruction
approach. Finally, a brief conclusion is given in Section 6.

2. Problem formulation

The AUV mathematical model in 6 DOF can be described as

_η¼ JðηÞvM _vþCðvÞvþDðvÞvþgðηÞ ¼ Bτðv;uÞ
yout ¼ η ð1Þ
where ηAℝ6 denotes the vector of position and orientation in the
earth-fixed frame, vAℝ6 is the vector of velocity and angular
velocity expressed in the body-fixed frame. MAℝ6�6 is inertia
matrix including extra mass, the matrix C(v)Aℝ6�6 groups cen-
tripetal and Coriolis forces, including the centripetal force and
Coriolis force produced by extra mass, D(v)Aℝ6�6 is the hydro-
dynamic resistance and lift matrix, g(η)Aℝ6 is restoring force and
torque vector, τ(v,u)Aℝn is the thruster force, u¼[u1,…, un]T is the
vector of thruster control signal from the controller output and
satisfies ||u||rud, n is the number of the thrusters, youtAℝ6 are the
state variables which can be measured directly by sensors. J(η)
Aℝ6�6 is the transformation matrix. BAℝ6�n is the thruster
distribution matrix. In the paper, the situation of redundant
thrusters configuration is not considered, namely matrix B has
full column rank.

There exists a linear change of coordinates w¼Tv, such that

_η¼ JðηÞT �1w

TMT �1 _wþTCðT �1wÞT �1wþTDðT �1wÞT �1wþTgðηÞ
¼ BτðT �1w;uÞyout ¼ η ð2Þ

where, B ¼ ½06�n In �T .
Define

ξ1 ¼ η

ξ2 ¼ JðηÞT �1w ð3Þ

Then (2) can be expressed as strict feedback nonlinear system
shown as below.

_ξ1 ¼ ξ2
_ξ2 ¼ hðξ1; ξ2ÞþBτðJ�1ðξ1Þξ2;uÞ
yout ¼ ξ1 ð4Þ
where,

hðξ1; ξ2Þ ¼ Jðξ1ÞM�1f�CðT �1wÞT �1w�DðT �1wÞT �1w�gðξ1Þg
þ _Jðξ1ÞT �1w

B¼ Jðξ1ÞM�1T �1B

In the research of AUV motion modeling, the thruster thrust
model should be established first in most of the existing methods
to determine the mapping relationship between control signal
and thrust (Kim and Chung, 2006; Omerdic and Roberts, 2004).
But the thrust is related to the propeller speed, the AUV state and
other factors, so it is difficult to establish accurate thrust model
(Kim and Chung, 2006). An inaccurate thrust model will lead to
modeling error, and will affect the fault diagnosis. Since the
purpose of AUV motion modeling is for thruster fault reconstruc-
tion in the paper, thus, the thruster control signal u is used as the
input of AUV system directly without considering the thrust
modeling.

If u is regarded as system input in (4), then the AUV is a non-
affine nonlinear system. For the subsequent research for AUV
thruster fault reconstruction, the affine transformation to the
equation shown in (4) is applied, and the affine nonlinear system
which uses u as system input is obtained.

The Taylor expansion of τ(J�1ðξ1Þξ2,u) about un is given as

τðJ�1ðξ1Þξ2;uÞ ¼ τðJ�1ðξ1Þξ2;unÞ

þ∂τðJ�1ðξ1Þξ2;uÞ
∂u

�����
u ¼ un

ðu�unÞþOððu�unÞ2Þ ð5Þ

where, Oððu�unÞ2Þ is the higher order term of Taylor expansion.
Let

Fðξ1; ξ2Þ ¼ aξ2þhðξ1; ξ2ÞþτðJ�1ðξ1Þξ2;unÞ

�∂τðJ�1ðξ1Þξ2;uÞ
∂u

�����
u ¼ un

unþOððu�unÞ2Þ

Gðξ1; ξ2Þ ¼ diag
∂τðJ�1ðξ1Þξ2;uÞ

∂u

�����
u ¼ un

 !

Then (4) can be rewritten in the form of affine nonlinear
system which uses thruster control signal u as input, which is as
follows

_ξ1 ¼ ξ2
_ξ2 ¼ �aξ2þFðξ1; ξ2ÞþBGðξ1; ξ2Þu ð6Þ
where, a is a matrix and is chosen such that the eigenvalues of
matrix A¼ ½0; I6;0; �a� are non-positive.

In practice, there are some different fault types on AUV
thrusters, such as stuck, blade drop and blade fracture. As for the
different fault types, they can be described by the following fault
model:

(1) Stuck fault model: τr¼α. Where α is a constant, τr is the
practical thrust.

(2) Constant gain fault model: τr ¼βτu. Where β is factor of
proportionality of constant gain change, τu is theoretical
thrust.

(3) Constant bias fault model: τr¼τuþΔ, Δ is a constant.
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