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Prescribed performance adaptive
fault-tolerant trajectory tracking
control for an ocean bottom flying node
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Abstract
The ocean bottom flying node is a novel autonomous underwater vehicle that explores the oil and gas resources in deep
water. Thousands of the ocean bottom flying nodes track different predefined trajectories arriving at target points in a
small ocean area, respectively. A class of prescribed performance adaptive trajectory tracking control method is inves-
tigated for the ocean bottom flying node trajectory tracking problem with ocean current disturbances, model uncer-
tainties as well as thruster faults. Based on a predefined performance function and an error transformation, the ocean
bottom flying node trajectory tracking error is restricted to prespecified bounds to ensure a desired transient and steady
response. Radial basis function neural network is used to approximate the general uncertainty caused by ocean current
disturbances, model uncertainties, and thruster faults. Further, the upper bound of approximation error is estimated by an
adaptive law. Using the adaptive laws, we propose a prescribed performance adaptive trajectory tracking controller. The
simulation examples on an ocean bottom flying node system show that the proposed control scheme can compensate for
the effect of the general uncertainty while obtaining the fast transient process and expected trajectory tracking accuracy.
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Introduction

In recent years, autonomous underwater vehicle (AUV) has

been widely applied in the fields of marine environmental

monitoring and military intelligence gathering.1–3 With the

expansion of the ocean development scale, the applications

of the AUVs gradually extend from observation to opera-

tion, such as underwater infrastructure inspection, deep-

water oil, and gas exploration.4–7 The ocean bottom flying

node (OBFN) is a kind of large-scale deployed AUV that

equips the geophone and hydrophone to explore the oil and

gas resources. Thousands of the OBFNs track different

predefined trajectories arriving at target points in a

small ocean area, respectively. Trajectory tracking is

a fundamental element of the AUV control system.

However, highly nonlinear and cross-coupled characteris-

tics of system dynamics, model uncertainties introduced by

unpredictable underwater environment, and external distur-

bances bring challenges for the AUV control algorithms

design.8 In addition, according to the complicated missions,

the requirement for the control precision will be further
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increased. Ocean current which is a common disturbance in

marine environment affects the control precision. Bi et al.9

proposed a trajectory tracking control strategy based on

Lyapunov method and ocean current observer in the pres-

ence of unknown horizontal ocean current. This control

algorithm was proven to be effective by means of cascaded

system stability criterion. Kokegei et al.10 developed a fully

coupled sliding mode control algorithm for AUV under the

ocean current disturbance. This method was based on the

maximum instantaneous cross-track error obtained during

the trajectory tracking.

However, the above results are based on the condition

that the AUV model parameters are known. In fact, the

parameters which depend on the experimental data or the

computational fluid dynamics (CFD) commercial software

exist modeling errors. Therefore, it is more suitable to con-

sider model uncertainties for the control laws design, which

has actual engineering value. Previous studies11,12 used

terminal sliding mode control schemes for the trajectory

tracking of fully actuated AUVs in the presence of dynamic

uncertainties and time-varying external disturbances.

Londhe et al.13 proposed a trajectory tracking control

method for a kind of AUV system with nonlinear and

highly coupled dynamics based on the non-singular termi-

nal sliding mode technique. The system states could con-

verge to the origin in finite time when there existed model

uncertainties. Wang et al.14 used universal fuzzy state

observer and adaptive fuzzy approximators to observe

unmeasured states and unknown dynamics, respectively.

Rout and Subudhi15 investigated an adaptive propor-

tional–integral–derivative (PID) controller using the

derived parameters, which utilized the recursive extended

least square algorithm to estimate model parameters online.

Wang et al.16 developed an innovative retractable fuzzy

approximator to estimate internal nonlinearities. Addition-

ally, external unknowns are globally dominated by adap-

tive universal compensators. Karkoub et al.17 developed a

robust nonlinear control strategy based on the backstepping

and sliding mode control techniques to achieve the AUV

trajectory tracking control and virtual velocity control

when considering model uncertainties. Wang et al.18 con-

structed approximators based on the single-hidden-layer

feedforward network to exactly dominate completely

unknown dynamics. Lakhekar and Waghmare19 proposed

an adaptive fuzzy PI sliding mode controller for the AUV

in the complex oceanic environment and imprecise hydro-

dynamic coefficients. This control algorithm basically con-

sisted of approximately known inverse dynamic model

output and continuous adaptive PI term is developed to deal

with chattering effect. Wang et al.20 addressed a finite-time

observer based accurate tracking control scheme for marine

vehicle with complex unknowns including unmodeled

dynamics and disturbances.

For the AUV model uncertainties, the above references

developed many trajectory tracking control strategies

which achieve satisfactory results. However, the above

research studies are all proposed without considering fault

problems. Because of the complexity of the maritime envi-

ronment, the AUV may break down in operation process,

while the thruster fault is representative. Since this study

investigates the trajectory tracking control for the OBFNs,

which are applied for large-scale deployments, the thruster

fault case is worth considering. Sun et al.21 proposed a

tracking control method with thruster fault accommoda-

tion, which divided faults into part cases and complete

cases and utilized a weighted pseudo-inverse operation to

generate the new thrust allocation matrix. Ahmadzadeh

et al.22 developed learning approaches for discovering

fault-tolerant control method to deal with thruster fault.

This method employed a multi-objective reinforcement

learning approach to discover a set of optimal solutions and

to handle multiple conflicting objectives. Davoodi et al.23

proposed an H1=H� formulation using a dynamic observer

which achieved the simultaneous fault detection, isolation,

and tracking problem for linear continuous-time systems.

It can be found that the research approaches of the above

studies individually designed fault detection and diagnosis

units for the AUVs. Wang et al.24 considered the thruster

fault as a part of the general uncertainty which also

included the model uncertainty and external disturbance.

In addition, radial basis function neural network (RBFNN)

was adopted to approximate the general uncertainty. This

way is more suitable to deal with thruster fault and appro-

priate for complex AUV models. Zhang et al.25 investi-

gated a fault-tolerant control method for AUVs with

thruster fault based on adaptive terminal sliding mode tech-

nique. Moreover, the adaptive law was introduced to esti-

mate the upper bounds of system uncertainty which

included ocean current disturbances, model uncertainties,

and thruster faults. Zhang et al.26 developed a type of pie-

cewise and differential Lyapunov function to achieve

region tracking control based on the frame of backstepping

technique. An adaptive technique is used to estimate the

unknown coefficients of the lumped uncertainty.

For the specific task requirements of the OBFN, includ-

ing large-scale deployments and high accuracy trajectory

tracking as well as landing on the seabed, controller design

of each AUV should not only consider ocean current dis-

turbances, model uncertainties, and thruster faults but also

suppress the overshoot to avoid collisions with each other

in the deployment process. Although the above references

realized trajectory tracking control in different distur-

bances, the final trajectory tracking precision depended

on controller capabilities or selections of control gains.

Bechlioulis and Rovithakis proposed a prescribed perfor-

mance control theory in 2008.27 The theory transforms the

constrained system into an equivalent unconstrained sys-

tem to obtain prescribed performance, including rate of

convergence, tracking error, and overshoot, by means of

an appropriately defined output error transformation. The

prescribed performance control theory has been applied in

some fields, such as servosystem,28 flexible air-breathing
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hypersonic vehicle,29 stochastic systems,30 and underactu-

ated underwater vehicles.31 This study proposes an adap-

tive neural network controller based on the prescribed

performance control theory for trajectory tracking for a

class of the OBFN AUVs. The RBFNN is adopted to

approximate the general uncertainty including ocean cur-

rent disturbances and model uncertainties as well as thrus-

ter faults. In addition, adaptive method is applied to

estimate the upper bound of the approximate error. Based

on performance function and an error transformation, the

system trajectory tracking error is restricted to prescribed

bounds to ensure a desired transient and steady response.

The simulation results indicate that the proposed method

can deal with the effect of model uncertainties, ocean cur-

rent disturbances, and thruster faults while obtaining an

expected trajectory tracking accuracy. In comparison to the

existing works, the main contributions of this study are

shown as follows:

(1) To fulfill potency of prescribed performance

method, we use it to deal with trajectory tracking

control for the OBFN which has higher require-

ments for control precision and convergence pro-

cess of tracking error.

(2) The consideration for many influence factors

including ocean current disturbances, modeling

uncertainties, and thruster faults are not quite com-

prehensive in published works. In this study, we

introduce the system general uncertainties to

replace these factors. It is easier to be used in

engineering practice.

(3) This study introduces the RBFNN to approximate

the general uncertainties. To overcome restrictive

condition of unknown detailed parameters, adap-

tive method is applied to estimate the upper bound

of the approximate error.

The subsequent contents in this article are as follows:

second section presents modeling processes of the OBFN

dynamic model including disturbances, uncertainties, and

faults. “Prescribed performance control” section introduces

prescribed performance method and error transformation.

The design and proving processes of the prescribed perfor-

mance adaptive trajectory tracking controller are given in

“The design of adaptive trajectory tracking controller”

section. Fourth section shows the corresponding simulation

results for two types of thruster fault.

Preliminaries

Concepts of the OBFN

To meet the needs of deep water seismic observation,

the ocean bottom node (OBN) was developed which can

provide excellent illumination with complete uniform

azimuth distribution for complex imaging in deep

water.32–34 However, seismic detection nodes in existing

OBN systems were usually placed or recovered indivi-

dually using a remotely operated vehicle (ROV). Thus,

there was inefficiency as to the deployment and recov-

ery of seismic survey.

To overcome the limitations of OBN, this article pro-

poses an OBFN that combines the OBN and AUV tech-

niques, as shown in Figure 1. It can cruise to the designated

deep water location and remain static at the seafloor to

acquire long-term seismic data. Without the requirement

of ROVs during the deployment and recovery process, it

would provide dramatic time and cost savings for ocean

bottom seismic operations. Thus the OBFN retains all the

advantages of OBN systems, while at the same time is

much more flexible and maneuverable than traditional

OBNs. Since the seismic experiment requires tens of thou-

sands of OBFNs to be deployed within a short period of

time, the trajectory tracking of OBFN networks is a chal-

lenging problem. Not only should we consider ocean cur-

rent disturbances, model uncertainties, and thruster faults

but also control overshoot to avoid bumping into each other

in the deployment process. In this research, the trajectory

tracking of OBFN swarms will be achieved by extension of

an adaptive neural network controller based on the pre-

scribed performance technique.

Dynamics model of the OBFN

The dynamic model for the OBFN system can be

expressed as35

M h€hþ CRBh _hþ CAh _hr þ Dh _hr þ gh ¼ t ð1Þ

where M h ¼ MJ�1, CRBh ¼ ½CRBðvÞ �MJ�1 _J �J�1, CAh ¼
CAðvrÞJ�1, Dh ¼ DðvrÞJ�1, gh ¼ gðhÞ, _hr ¼ JðhÞvr, and

Figure 1. The OBFN system. OBFN: ocean bottom flying node.
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vr ¼ v� vc. M is the inertial matrix including the added

mass, h ¼ ½x; y; z; �; q;  �T is the position and orientation

vector in the earth-fixed frame, v ¼ ½u; v;w; p; q; r�T is the

velocity vector in the body-fixed frame, J is the transfor-

mation matrix between the earth-fixed frame and the body-

fixed frame, CRB is the rigid-body Coriolis and Centripetal

matrix, CA is the added Coriolis and Centripetal matrix, D

is the drag coefficient matrix, gh is the vector of gravita-

tional/buoyancy forces and moments, and t is the control

forces and moments acting on the OBFN. vr is the vehicle

velocity relative to ocean current, and vc is the ocean cur-

rent velocity in the body-fixed frame.

Thruster, an important part of the AUV, is the main

resource of faults.36 The variation of thrust allocation

matrix is adopted to represent the effect of thruster fault,

denoted asDB. Therefore, the real control force/moment is

changed to t þDt.26

t þ Dt ¼ ðB0 � K 1BÞu ¼ ðB0 þ DBÞu ð2Þ

where B0 is the nominal value of the thrust allocation

matrix, u is the control input of thrusters, and K1 is a

diagonal matrix while the element kii 2 ½0; 1�, which rep-

resents the level of the corresponding thruster fault. There-

fore, equation can be transformed as

€h ¼ M�1
h0 ðB0u� CRBh0 _h� CAh0 _h� Dh0 _h� gh0Þ � F ð3Þ

where subscript ‘0’ denotes the nominal value. F is the

system general uncertainty expressed as

F ¼ M�1
h0 ðDM h€h� DBuþ DCRBh _hþ DCAh _hþ DDh _h

þDgh þ CAhhr þ Dhhr Þ
ð4Þ

where CAhhr þ Dhhr denotes the effect of ocean current

disturbance, and D denotes the uncertainty.

The objective of this study is to design a control strategy

for the OBFN to track the desired trajectory and to ensure a

desired transient and steady response of the tracking error

when considering system uncertainty and thruster fault.

We make the following assumptions based on practical

project background.

Assumption 1. The trajectory vector h and its first derivative

are available for measurement.

Assumption 2. The desired trajectory hd and its first and

second derivatives are known bounded functions.

Remark 1. Owing to _h ¼ JðhÞv, the first derivative of tra-

jectory vector h can be calculated by the velocity vector v in

the body-fixed frame. Then the Assumption 1 is equivalent

that h and v are available for measurement.

Remark 2. The OBFN need track predefine trajectory to

arrive at target point. Therefore, the trajectory is known,

and then its first and second derivatives are known and

bounded.

The OBFN trajectory tracking control
law design

Prescribed performance control

The performance function can be defined as follows.

Definition 1. A smooth function rðtÞ: Rþ ! R will be called
a performance function if 27.

1. rðtÞ is decreasing and positive and

2. lim
t!1

rðtÞ ¼ r1 > 0

The performance function is usually designed as follows

rðtÞ ¼ ðr0 � r1Þe�kt þ r1 ð5Þ

where r0,r1, and k are preset positive constants.

Based on performance function, the tracking error can

be expressed as follows

�diriðtÞ < eiðtÞ < riðtÞ; eið0Þ � 0;

�riðtÞ < eiðtÞ < diriðtÞ; eið0Þ < 0
ð6Þ

where eiðtÞ; i ¼ 1� 6 denotes the ith trajectory tracking

error of the OBFN in the earth-fixed frame, 0 � di � 1.

If the initial value of the tracking error eiðtÞ satisfies

0 � jeið0Þj < rið0Þ, the parameter ki regulates the mini-

mum convergence speed of tracking error eiðtÞ and the

terminal value of the performance function r1 restrains

the maximum bound of steady state tracking error. There-

fore, the expected tracking error can be obtained by design-

ing appropriate riðtÞ.
To solve prescribed performance control problem rep-

resented by equation (6), this research adopts an error trans-

formation to transform the constrained trajectory tracking

control problem into an equivalent unconstrained one. We

define a function SiðeiÞ:

(1) SiðeiÞ is smooth and strictly increasing

(2)
�di < SiðeiÞ < 1; eið0Þ � 0

�1 < SiðeiÞ < di; eið0Þ < 0

(3)

lim
ei!�1

SiðeiÞ ¼ �di

lim
ei!þ1

SiðeiÞ ¼ 1

)
; eið0Þ � 0;

lim
ei!�1

SiðeiÞ ¼ �1

lim
ei!þ1

SiðeiÞ ¼ di

)
; eið0Þ < 0

where ei 2 ð�1;þ1Þ denotes the transformed error. A

function SiðeiÞ which satisfies the above conditions can

be expressed as
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SiðeiÞ ¼

eei � die
�ei

eei þ e�ei
; eið0Þ � 0

die
ei � e�ei

eei þ e�ei
; eið0Þ < 0

8>>>><
>>>>:

ð7Þ

From the characteristic of SiðeiÞ, equation (6) can be

equivalently expressed as

eiðtÞ ¼ riðtÞSiðeiÞ ð8Þ

Owing to the strictly increasing properties of SiðeiÞ,
there exists an inverse function expressed as follows

ei ¼ S�1
i

eiðtÞ
riðtÞ

� �
ð9Þ

If we are able to keep ei bounded, then we can guarantee

that equation (6) is satisfied. Owing to the constraint of

prescribed performance riðtÞ , the tracking error could

obtain expectation objective. The trajectory tracking con-

trol problem of equation (3) can be transformed into the

stabilization control problem of closed-loop system with

respect to variable ei.

We define SiðeiÞ equivalently to the form of equation

(7), then

ei ¼ S�1
i

eiðtÞ
riðtÞ

� �
¼

1

2
ln

zi þ di

1� zi

; eið0Þ � 0

1

2
ln

1þ zi

di � zi

; eið0Þ < 0

8>>>><
>>>>:

ð10Þ

where zi ¼ eiðtÞ=riðtÞ.

Remark 3. From equation (10), di cannot be chosen equal to

zero with eið0Þ ¼ 0, otherwise eið0Þ will tend to infinity.

Differentiating equation (10) with respect to time,

we have

_ei ¼
@S�1

i

@zi

� _zi ¼
@S�1

i

@zi

� _eiri � ei _ri

ri � ri

¼ ri _ei �
ei _ri

ri

� �
ð11Þ

where ri ¼ ð@S�1
i =@ziÞ � ð1=riÞ by calculation of equation

(10). ri is positive because of ð@S�1
i =@ziÞ > 0 and

riðtÞ > 0. In addition, ri is bounded, r< ri < �r, when tra-

jectories of the error eiðtÞ be limited to the bounds of equa-

tion (6), where r and �r are positive constants.

Differentiating equation (11) with respect to time, we have

€ei ¼ _ri

�
_ei �

ei _ri

ri

�
þ ri

�
€ei �

_ei _riri þ ei€riri þ ei _r2
i

r2
i

�

¼ _ri

�
_ei �

ei _ri

ri

�
� ri �

_ei _riri þ ei€riri þ ei _r2
i

r2
i

þ rið€hi � €hdiÞ
ð12Þ

where €hi, €hdi, i ¼ 1; 2; 3; 4; 5; 6 denote actual and desired

trajectories for the OBFN, respectively.

The error variance s 2 R6 can be denoted as follows

s ¼ leþ _e ð13Þ

where e ¼ ½e1; e2; e3; e4; e5; e6�T and l ¼ diag½l1; l2; l3;
l4; l5; l6� > 0 are predefined design parameters. Accord-

ing to dynamic model (3) for the OBFN

€h ¼ M h0
�1ðB0u� CRBh0 _h� CAh0 _h� Dh0 _h� gh0Þ � F

where A ¼ �M�1
h0 ½ðCRBh0 _hþ CAh0 _hþ Dh0 _hÞ _hþ gh0�, H ¼

M�1
h0 B0, and D ¼ �F. Equation (3) can be expressed as

€h ¼ Aþ Huþ D ð14Þ

In addition,

_s ¼ l _eþ €e ¼ Lþ RðAþ Huþ DÞ ð15Þ

where L ¼ ½l1; l2; l3; l4; l5; l6�T, li ¼ ðliri þ _riÞ _ei � ei _ri

ri

� �
�

ri � _ei _ririþei€ririþei _r2
i

r2
i

� ri€hdi, i ¼ 1� 6, and R ¼ diag½r1; r2;

r3; r4; r5; r6�. If we design a controller u to guarantee s to

be bounded, then ei and _e are also bounded.

The design of adaptive trajectory tracking controller

We utilize the capabilities of the RBFNN to approximate

uncertain nonlinearity D in the system (14)37

D ¼ W�ThðxÞ þ � ð16Þ

where x 2 O x � Rq is RBFNN input vector, hðxÞ ¼
½h1ðxÞ; h2ðxÞ; . . . ; hjðxÞ; :::;hmðxÞ�T 2 Rm, m is the number

of RBFNN’s hidden layer nodes. Using Gaussian basis

functions, hjðxÞ can be expressed as follows

hjðxÞ ¼ exp � x� cj
2

2b2
j

 !
; j ¼ 1; 2; . . . ;m ð17Þ

where cjis the jth center parameter of RBFNN, cj ¼
½cj1; cj2; . . . ; cjq�T. bj > 0 is the jth wide parameter of

RBFNN. W � ¼ ½W �
1;W

�
2;W

�
3;W

�
4;W

�
5;W

�
6� 2 Rm	6 is the

desired hidden-to-output layer interconnection weighted

matrix. � 2 R6 is the RBFNN estimation error and

jj�jj � ��, �� is an unknown positive constant. The

desired weighted matrix W 2 Rm	6 can be defined as

W � ¼ arg min
W2Rm	6

sup
x2O x

jjD�W ThðxÞjj
( )

ð18Þ

The input vector of RBFNN can be defined as

x ¼ ½eT; _eT�T, then estimation value of the uncertain non-

linearity D can be written as follows

D̂ ¼ Ŵ
T
hðxÞ ð19Þ

Qin et al. 5



where Ŵ ¼ ½Ŵ 1; Ŵ 2; Ŵ 3; Ŵ 4; Ŵ 5; Ŵ 6� is the estimation

value of the weighted matrix W �.
To consider unknown upper bounds �� of approxima-

tion error, we propose the adaptive control law as follows

u ¼ H�1 �A� R�1L� D̂ � �̂2 jjsjj
�̂jjsjj þ s � K2s

� �
ð20Þ

_̂
W i ¼ twi½sihðxÞ � bŴ i�; i ¼ 1; 2; 3; 4; 5; 6 ð21Þ

_̂� ¼ t�ðjjsjj � g�̂Þ ð22Þ

where �̂ denotes the estimation value of the upper bounds

��, K2 > 0, s > 0, twi > 0, b > 0, t� > 0, and g > 0 are

designed control parameters and adaptive gains,

respectively.

Theorem 1. For the error system (15) from OBFN

dynamic model (3) by the error transformation equation

(9), according to the control law (20) and adaptive laws

(21) and (22), the transforming error ei and tracking

error ei can be guaranteed uniformly ultimately bounded

and satisfy prescribed performance equation (6),

respectively.

Proof. Based on symmetric positive definite and bounded

characteristics of matrix R, we consider the Lyapunov func-

tion candidate.

V ¼ 1

2
sTR�1sþ 1

2
tr ~W

T
G�1

w
~W

� �
þ 1

2
� 1

t�
~�2 ð23Þ

where ~W ¼ Ŵ �W �, ~� ¼ �̂ � �� are estimation errors,

Gw ¼ diag½tw1; tw2; tw3; tw4; tw5; tw6�. Differentiating V

with respect to time and substituting equations (15) and

(20) to (22) into it, we obtain

_V ¼ sTR�1 _sþ trð ~W
T
G�1

w
_~WÞ þ 1

t�
~� _~�

¼ sTR�1½Qþ RðAþ Huþ DÞ� þ
X6

i¼1

1

twi

~W
T

i
_̂

W i þ
1

t�
~��̂

¼ sT

"
� ~W

T
hðxÞ þ �� �̂2s

�̂sþ s � K 2s

#

þ
X6

i¼1

~W
T

i ½sihðxÞ � bŴ i� þ ~�ðs� g�̂Þ

� �sTK 2sþ s�̂ � �̂2s2

�̂ sþ s � b
X6

i¼1

~W
T

i Ŵ i � g~��̂

ð24Þ

Applying Young’s inequality, we obtain

�b
X6

i¼1

~W
T

i Ŵ i �
1

2
b
X6

i¼1

~W
T

i
~W i þ

1

2
b
X6

i¼1

W �T
i W �

i ð25Þ

�g~��̂ � � 1

2
g~�2 þ 1

2
g��2 ð26Þ

By adaptive law (22), we can have �̂ > 0, then

jjsjj�̂ � �̂2jjsjj2

�̂jjsjj þ s ¼ ð�̂jjsjjÞ �
s

�̂jjsjj þ s < s ð27Þ

To further simplify equation (24), one has that

_V � �sTK2s� 1

2
b
X6

i¼1

~W
T

i
~W i �

1

2
g~�2 þ 1

2
b
X6

i¼1

W �T
i W �

i

þ 1

2
g��2 þ s

ð28Þ

Let k ¼ 1

2
b
P6
i¼1

W �T
i W �

i þ
1

2
g��2 þ s. _V � 0 when

jjsjj >
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k=lminðK2Þ

p
or jj ~W ijj >

ffiffiffiffiffiffiffiffiffiffiffi
2k=b

p
or j~�j >

ffiffiffiffiffiffiffiffiffiffiffi
2k=g

p
.

Thus, the variable s, the matrix ~W i, and estimation error ~�
are uniformly ultimately bounded with respect to the sets

N1 ¼ s 2 R6 : s �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k=lminðK2Þ

p� �
N2 ¼ ~W i 2 Rm : ~W i �

ffiffiffiffiffiffiffiffiffiffiffi
2k=b

pn o
N3 ¼ ~� 2 R : ~� �

ffiffiffiffiffiffiffiffiffiffiffi
2k=g

pn o ð29Þ

where, lminðK2Þ denotes minimal eigenvalue of the matrix

K2. The transforming error is uniformly ultimately bounded

with respect to the set

N4 ¼ ei 2 R : ei �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k=lminðK2Þ

p
=li

n o
ð30Þ

Owing to the smooth and strictly increasing property of

the SiðeiÞ, the performance constraint equation (6) is

obtained. It means the tracking error ei achieves prescribed

dynamic performance and steady-state response.

Remark 4. According to the definition of prescribed perfor-

mance method and the proof of theorem 1, we give the

guidelines on how to choose appropriate parameters and

gains of performance function (5), RBFNN (equation

(17)), and control strategy (equations (20) to (22)) in prac-

tical applications as follows.

(1) The parameters ri0, ri1, and ki of performance

function should be selected to satisfy practical mis-

sion requirements. Especially, ri0 needs meet the

initial conditions of the trajectory tracking control

system.

(2) The number of the RBFNN hidden nodes is

approximately seven and the matrix of the

RBFNN center needs to be symmetric.

(3) The parameter s and matrix l of controller and

adaptive gains b and g should be small enough.

Additionally, the choice of the matrix K2 and adap-

tive gains twi and t� is not specified.
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The structure of the trajectory tracking control system

with proposed prescribed performance approaches is illu-

strated in Figure 2.

Numerical simulations and comparisons

To verify the effectiveness of the proposed control method,

the simulations are applied to the OBFN system which

considers ocean current disturbances and model uncertain-

ties as well as thruster faults. The hydrodynamic para-

meters, inertia coefficients, and the initial values of h are

shown in Tables 1 to 3, respectively.

Model uncertainty

The model uncertainties are quantified for convenience in

this article. Twenty percent nominal values serve as model

error and consider it as a part of the disturbance in the

simulation.

Ocean current disturbance

A first-order Gauss–Markov process is applied in simula-

tion to represent ocean current disturbance, denoted as

follows35

_V c þ �V c ¼ ! ð31Þ

where Vc is the speed of ocean current in the earth

coordinate system, ! is Gaussian white noise where

mean is 1, variance is 1, and � ¼ 3. In this study,

we assume that the direction of ocean current parallels

the x-axis positive direction in the earth coordinate

system.

Thruster fault

Thruster configuration of the OBFN is adopted in the fully-

actuated form, as shown in Figure 3.

From Figure 3, it can be found that the thruster config-

urations are the same in each direction. Therefore, we con-

sider that the fault only occurred in the thruster T-1, which

can represent any thruster fault form. Two kinds of thruster

faults for the thruster T-1 can be expressed as24

k11 ¼
0 t < 30

�0:5 t � 30

	
ð32Þ

k12 ¼
0 t < 15

�0:5ð1� expð�ðt � 15Þ=5ÞÞ t � 15

	
ð33Þ

where equations (32) and (33) represent abrupt and incipi-

ent thruster fault cases, respectively.

Figure 2. Schematic of the proposed trajectory tracking control system. OBFN: ocean bottom flying node; RBFNN: radial basis
function neural network.

Table 1. The hydrodynamic parameters of the OBFN.

Name Coefficients Value

Surge X _u=kg 40.6

Xu=kg � s�1 21.9

Xujuj=kg � m�1 24.5

Lateral Y _v=kg 82.3

Yv=kg � s�1 47.4

Yvjvj=kg � m�1 34.7

Heave Z _w=kg 114.6

Zw=kg � s�1 53.5

Zwjwj=kg � m�1 40.2

Yaw N_r=kg � m2 59.1

Nr=kg � m2 � s�1 86.9

Nrjrj=kg � m2 39.3

Roll K _p=kg � m2 55.7

Kp=kg � m2 � s�1 71.9

Kpjpj=kg � m2 42.1

Pitch M _q=kg � m2 76.5

Mq=kg � m2 � s�1 97.3

Mqjqj=kg � m2 48.3

OBFN: ocean bottom flying node.
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Parameters of the controller

The simulation requires that the OBFN trajectory tracking

precision should be limited into the range of 0.0035. There-

fore, desired trajectory tracking control performance for the

OBFN can be designed as follows:

(1) Steady-state tracking error is limited into the range

of 0.0035;

(2) convergent speed is faster than e�0:15t;

(3) system response has no overshoot.

The performance function riðtÞ and parameter di are

given in Table 4.

The controller parameters can be denoted as

l ¼ diag½0:125; 0:125; 0:125;0:125; 0:125; 0:125�,
K2 ¼ diag½0:6; 0:6; 0:6; 0:6; 0:6; 0:6�, s ¼ 0:01. Adaptive

gains can be chosen as twi ¼ t� ¼ 0:5, b ¼ g ¼ 0:01. The

number of the RBFNN hidden nodes can be designed as

j ¼ 7, bj ¼ 0:09. The center parameter of RBFNN is

c ¼ ½c1; . . . ; c7�, which can be expressed as follows

c ¼

�0:3 �0:17 �0:08 0 0:08 0:17 0:3

�0:15 �0:1 �0:05 0 0:05 0:1 0:15

�0:2 �0:13 �0:07 0 0:07 0:13 0:2

�0:03 �0:02 �0:01 0 0:01 0:02 0:03

�0:15 �0:1 �0:05 0 0:05 0:1 0:15

�0:03 �0:02 �0:01 0 0:01 0:02 0:03

�0:3 �0:17 �0:08 0 0:08 0:17 0:3

�0:15 �0:1 �0:05 0 0:05 0:1 0:15

�0:2 �0:13 �0:07 0 0:07 0:13 0:2

�0:03 �0:02 �0:01 0 0:01 0:02 0:03

�0:15 �0:1 �0:05 0 0:05 0:1 0:15

�0:03 �0:02 �0:01 0 0:01 0:02 0:03

2
66666666666666666666666666664

3
77777777777777777777777777775
ð34Þ

After the supporting ship arrives at the target exploration

area, OBFNs are successively detached from the geophysical

vessel. Then the OBFN needs to overcome the influence of

ocean current and track predefine trajectory to arrive at target

points. The downward spiral is beneficial to dive the AUV

deep in a small area. Therefore, this study chooses a spiral

trajectory as the desired trajectory, expressed as follows

xd ¼ 2sinð0:1tÞ; yd ¼ 2cosð0:1tÞ þ 2; zd ¼ �0:5144t

�d ¼ 0; qd ¼ 0;  d ¼ 0

hd ¼ ½xd ; yd ; zd ;�d ; qd ; d �

We simulate for two different thruster fault cases of the

OBFN. Besides, to make comparative study, we compare

the proposed control algorithm (equations (20) to (22) with

a non-prescribed-performance controller with the same

control structure and parameters. This controller can be

called adaptive tracking controller (ATC) and is expressed

as equations (35) to (37).

u ¼ H�1 �Aþ €hd � l _e� D̂ � �̂2 se

�̂jjsejj þ s
� K2s

� �
ð35Þ

Figure 3. Thruster configuration of the OBFN. OBFN: ocean
bottom flying node

Table 4. Parameters of the prescribed performance function.

Parameters ri0 ri1 ki di

Values 1.6 0.0035 0.15 0.2

Table 2. The inertia coefficients of the OBFN.

Mass ðkgÞ IxðNms2Þ IyðNms2Þ IzðNms2Þ IxyðNms2Þ IyzðNms2Þ IxzðNms2Þ

92 49 84 79 0 0 0

OBFN: ocean bottom flying node.

Table 3. The initial values of h.

xðmÞ yðmÞ zðmÞ �ðradÞ qðradÞ  ðradÞ

0.02 0 0.01 0 0 0

8 International Journal of Advanced Robotic Systems



_̂
W i ¼ twi seihðxÞ � bŴ i


 �
; i ¼ 1; 2; 3; 4; 5; 6 ð36Þ

_̂� ¼ t�ðjjsejj � g�̂Þ ð37Þ

where se ¼ ½se1; se2; se3; se4; se5; se6�T ¼ leþ _e.

Case 1: Abrupt thruster fault case

In this part, thruster fault is based on equation (21).

Figures 4–9 represent 6-DOF trajectory tracking error of

the OBFN. The prescribed performance adaptive tracking

controller (equations (20) to (22)) is denoted as PPATC, the

adaptive tracking controller (equations (35) to (37)) is

denoted as ATC, and the prescribed performance bounds

are denoted as r. The comparisons on actual and desired

3-D trajectories figure is shown in Figure 10. The control

input of the OBFN is shown in Figure 11.

From Figures 4 to 9, it can be found that the proposed

PPATC control method (equations (20) to (22)) could keep

the trajectory tracking error in prescribed performance

bounds and obtain desired transient and steady responses.

However, the ATC control strategy with the same para-

meters cannot meet predefined precision and has obvious

overshoot. The simulation results indicate that the
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prescribed performance method could make the tracking

error achieve desired control requirements.

Remark 5. The simulation experiment results based on dif-

ferent thruster saturation values show that system trajectory

tracking error is not restricted to prescribed bounds when

the control input is below 370 N/Nm. Therefore, the pro-

posed control method achieves prescribed dynamic perfor-

mance and steady state response under the moderate

thruster saturation. How to extend the control method of

this article to more general thruster saturation application

may be an interesting issue. This issue will be solved in the

future work.

Case 2: Incipient thruster fault case

Similar to the abrupt thruster fault case, we choose the

thruster fault based on equation (33) in this part. Since the

simulation results are similar to those in case 1, this section

only provides surge and yaw trajectory tracking errors

which are direct correlation to thruster T-1 fault. The simu-

lation results are shown in Figures 12 and 13, and the

definitions of curves is the same as those in case 1. The

corresponding comparisons on actual and desired 3-D tra-

jectories figure is shown in Figure 14.

From Figures 12 and 13, we can obtain similar conclu-

sions that the proposed PPATC control method is still
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effective in thruster incipient fault case and has better con-

trol performances than the ATC algorithm with the same

control parameters.

To verify that the proposed PPATC control method has

less dependence on the control parameters, extra simula-

tions are performed with the control gains chosen as the

half values of the original ones. The abrupt thruster fault

case is considered. The simulation results are shown in

Figures 15 to 20. Comparing with Figures 4 to 9, we can
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Figure 14. The real and desired trajectories in the simulation
case 2.
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obtain that the control performance of the PPATC control

method has no obvious change while the tracking perfor-

mance of the ATC control strategy becomes worse than that

before the control gains reduction. Therefore, the proposed

PPATC control method has less dependence on the control

gains and better system robustness.

Conclusion

In this article, trajectory tracking control of the OBFN with

ocean current disturbances, model uncertainties, and thrus-

ter faults has been addressed by combining prescribed per-

formance technique with RBFNN approximation system.

To take into account the influence caused by disturbances,

uncertainties, and faults, the system general uncertainties

has been introduced to summarize them. The RBFNN

approximation system was adopted to approximate the gen-

eral uncertainties, and the upper bound of the approximate

error was estimated by adaptive method. Based on the per-

formance function and an error transformation, the OBFN

trajectory tracking error was restricted to prescribed bounds

to ensure expect performance that the convergence rate,

overshoot, and steady precision can be predefined. The

simulation results for two types of thruster faults indicated

that the proposed control method can effectively restrain

the effect of the general uncertainties while obtaining an

expected trajectory tracking performance with less depen-

dence on the control parameters.
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