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ABSTRACT

In this paper, a robust sliding mode tracking controller with prescribed performance is developed for an underactuated 
surface vehicle (USV) with time-varying external disturbances. Firstly, to guarantee the transient and steady-
state performance of the closed-loop system, the error transformation technique is presented. Further, the design 
of the prescribed performance function implements prede�ned tracking performance constraints, which eliminate 
the requirement for prior knowledge about the initial errors. �en, a Lyapunov stability synthesis shows that all 
closed-loop signals remain bounded and the tracking errors remain strictly within the prede�ned bounds. Finally, 
simulations and a comparative study are performed to illustrate the robustness and e�ectiveness of the proposed robust 
sliding mode control scheme.
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INTRODUCTION

Tracking control of underactuated surface vehicles (USVs) 
has been widely used in military and civil �elds such as coastal 
patrols, mine countermeasures, oceanographic sampling, 
military reconnaissance, and so on [1], [2]. In the case of 
tracking problems, trajectory tracking is more di�cult than 
path following, since the control laws require the USV to 
be driven to reach and track a time-varying trajectory on 
time. �e challenge comes mainly from the nonlinearity 
and underactuation of USV dynamical systems. At the same 
time, USVs inevitably su�er from uncertainties, complex 
hydrodynamics, and time-varying external disturbances such 
as wind, waves, and ocean currents [3]. �erefore, an actual 

mathematical model of a USV is hard to obtain precisely using 
current modeling methods. �e other challenge, however, is 
that the number of USV control inputs is less than the degrees 
of freedom, which means that its system causes non-integral 
constraints [4].

On the one hand, it is clear that a USV is an underactuated 
system with nonholonomic constraints that cannot be 
stabilized by continuous time-invariant feedback [5]. Many 
nonlinear control works have been conducted to solve 
the tracking problem of underactuated vehicles, such as 
Lyapanov-based techniques [6], robust adaptive control 
[7], the backstepping technique [8], sliding mode control 
[9], neural networks [10], and disturbance-observer-based 
control [11]. Considering external perturbations, a full state 
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feedback control algorithm based on a backstepping scheme 
was presented to track a straight line in [8]. Reference [12] 
proposes a point-to-point navigation technique combined 
with an adaptive and backstepping method to improve 
the robustness under the model uncertainties. However, 
the  repeated di�erential of virtual control laws in the 
backstepping method increases the complexity of calculations. 
Moreover, due to the use of the adaptive technique and neutral 
networks, some parameters need to be adjusted online, which 
makes the computing process and parameter selection 
harder. Nevertheless, a sliding mode control structure is 
simple and provides excellent tracking performance even 
when uncertainty and bounded disturbance are acting on 
the underactuated vehicle. 

On the other hand, it is necessary to consider the prescribed 
transient and steady-state control performance in practical 
controller design. More recently, the prescribed performance 
control (PPC) method was introduced in [13]. Furthermore, 
PPC was used in the tracking control for several classes of 
nonlinear systems [14] and robots [15] and for autonomous 
underwater vehicles [16] and surface vehicles [17]. However, 
logarithmic error mapping functions used in previous studies 
have led to the potential singularity problem of the designed 
control law. For tracking control of an underactuated vehicle 
with ensured transient performance [18], a robust adaptive 
controller under environmental disturbances was put 
forward, but it only solved the path-following problem. In 
[19], a robust fault-tolerant controller was proposed to ensure 
that the tracking errors of a USV were within prede�ned 
performance bounds. Reference [20] investigated the 
distributed containment control of networked surface vessels, 
which achieved the prescribed transient and steady-state 
performance.  PPC is common in fully actuated nonlinear 
systems but has not been innovatively extended to the control 
of underactuated vehicles [21]. 

Motivated by the above observations, to guarantee the 
prede�ned performance of USVs under time-varying external 
disturbances, a robust sliding mode technology is used to 
design a control scheme. �e main contributions of this article 
include the following: (1) unlike the existing literature, the 
proposed controller can guarantee that tracking errors will 
not exceed a prescribed performance bound; (2) the proposed 
method eliminates the requirement for prior knowledge about 
the initial errors.

PROBLEM FORMULATION

MATHEMATICAL MODELS

Before presenting the design procedure, mathematical 
models of the USV are described. Figure 1 shows the three-
degrees-of-freedom motions of the USV with body-�xed and 
earth-�xed frames. It should be noted that the kinematics 
and dynamics of the USV with time-varying external 

disturbances in the horizontal plane (surge, sway, and yaw) 
are as follows [22]:
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where [ ][ ] , ,Tx yη ψ ψ π π= ∈ −  is the north and east 
positions and heading of the USV in the earth-�xed frame 
and [ ]Tu v rυ = represents the surge and sway velocities 
and yaw rate in the body-�xed frame. �en, the only two 
control inputs are the surge force 

uτ  and the yaw moment 

rτ , and the USV model  has underactuated characteristics. 
�en, ( ), , ,wj t j u v rτ = are the vectors of time-varying external 
disturbances acting on the USV. Also, ( )1 1 uM m X= − 

, ( )2 1 vM m Y= −  , ( )3 1 z rM I N= −  ,
u u u u
D X X u= − −

, 
v v v v
D Y Y v= − − , 

r r v r
D N N v= − − , 12 v ua Y X= −  , 

13 ua X m= − , and 
23 va m Y= −  . zI  is the moment of inertia. 

, , ,
j

X j u v r=  are the hydrodynamic added mass terms. 
jD  

comprises the linear and nonlinear hydrodynamic damping. 
m  is the mass of the USV.
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Fig. 1. De�nition of reference coordinate frame of the USV trajectory tracking

Control objective: �e control goal of the USV system  
is to design a robust sliding mode tracking controller with 
prescribed performance under time-varying external 
disturbances, ensuring that the system output can track the 
arbitrary smooth reference trajectory 

dΩ  at the corresponding 
time (refer to Figure 1). All signals in the closed-loop system 
remain bounded. 

Assumption 1: �e external environment disturbances 
( ), , ,wj t j u v rτ =  are bounded by unknown constants, that 

is, max( )wj wjtτ τ≤ .
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Assumption 2:  The desi red t rajec tor y 

( ) [ )2: , 0,d t U t UΩ → ∈ ⊂ ∞  and its �rst order derivative 
are bounded.

Assumption 3: All the states are measurable and available 
for feedback.

PRESCRIBED PERFORMANCE

As shown in Figure 2, to guarantee the prescribed transient 
performance and ensure that the steady-state tracking error 
is bounded, the following de�nition is introduced �rst. 

Prescribed performance 

constraints

Spatial equivalence 

mapping 

homeomorphic mapping

Underactuated surface 

vehicle controller design

Constrained space

Constraint independent space

Sliding mode control

Fig. 2. Structure of prescribed performance method

De�nition 1 [23]. A smooth bounded function ( )tρ ：
+ +→  can be called a performance function; if ( )tρ  is 

decreasing, ( ) ( )0 0e ρ< and ( )lim 0
t

tρ ρ∞→∞
= > .

�e prescribed performance can be achieved if the 
following conditions hold:

( ) ( ) ( ), (0) 0t e t t eδρ ρ− < < ≥  (2)

( ) ( ) ( ), (0) 0t e t t eρ δρ− < < ≤ (3)

where ( )e t  is the system state error, [0,1]δ ∈  is the designed 
parameter, and [0, )t∈ ∞ . Because of the convergence 
performance in exponential form, the prescribed performance 
function in this paper is de�ned as:

( ) ( )0

ltt eρ ρ ρ ρ−
∞ ∞= − +  (4)

where 0ρ ρ∞> , 0l > .

To achieve the control performance (2) and (3), the 
error transformation method is employed to eliminate the 
requirement for prior knowledge about the initial errors, 
and the error transformation function is constructed as:
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where σ  is the transformation error, and the transformation 
function ( )S σ is strictly increasing and satis�es:
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From the de�nition of ( )S σ and , we can get:
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where ( )F ⋅  is the homeomorphic mapping function, and 
the derivative of ( )tσ  is:
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Remark 1. From (5) and (8), it can be seen that the bounded 
transformation error ( )tσ  can guarantee that the prescribed 
performance constraint is met. Meanwhile, the two systems 
are the homeomorphic mapping. 

DESIGN OF PRESCRIBED PERFORMANCE 

TRACKING CONTROL

In this section, a robust sliding mode tracking controller 
based on prescribed performance (robust sliding mode with 
prescribed performance – RSMPP) will be designed for the 
system (1) with time-varying external disturbances. �e whole 
control architecture can be seen in Figure 3. �e detailed 
design procedure is as follows:

Step 1. Tracking error transformation
De�ne the position and velocity error variables as:

x d

y d
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e v

u u

v v

α
α

−   
=   −   

(11)

where ,d dx y  and ,u vα α are the desired position and 
velocity, respectively.
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Fig. 3. �e whole control architecture

Considering (1) and (10), the time derivative of the variable 
,x ye e  can be calculated as:
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Here, the design purpose is to make the position vector 
track the desired position vector with prescribed performance. 
As mentioned above in Section 2.2, the error transformation 
function is designed as:
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�en, we have:
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1 1 1

x xe eρδ ρ
 

= − + − 
, 

1 1 1

2
y

y ye e
ξ

ρδ ρ
 

= −  + − 
.

Substituting (12) into (15) yields:
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Step 2.  Design of the desired velocities 
To avoid design �aws in Remark 2 [24], the desired surge 

and sway velocities, that is, the virtual control law, are 
chosen as:
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(17) 

where the choice of the controller gains 0, 0x yk k> >
 
can 

be tuned and determines how fast the tracking errors converge 
to zero so that the performance of the USV is robust against 
uncertainties.

Based on (1) and (17), the derivative of the variable ,u vα α  
is constructed by:
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Remark 2. Avoiding large tracking errors causes the virtual 
control law to exceed the maximum velocity of the USV and 
thus a�ects the control e�ect. So the virtual control law selects 
(17), not the following:
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Step 3.  Prescribed performance tracking controller design
Combined with (11), the sliding surfaces are chosen such 

that:
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where 1 2 3, , 0λ λ λ > . Using (1), the time derivatives of these 
sliding surfaces are such that:
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To ensure the �nite-time convergence of 1L  and 
2L  to zero, 

the design is as follows.

 ( )1 1 1signL K L= − (24) 

 ( )2 2 2signL K L= − (25) 

where 1 2, 0K K > .
�erefore, the robust sliding mode control law based on 

prescribed performance is:
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�eorem 1. Consider the USV model under time-varying 
external disturbances, which are given by , and the error 
transformation function (13). Under Assumptions 1 to 3, 
the design parameters 

1 2 3 1 2, , , , , ,x yK K k k andλ λ λ δ  are 
carefully adjusted. �en the proposed controller (26) and (27) 

with the virtual control law (17) guarantees the stability of 
the USV closed-loop system. All states remain bounded and 
it can be ensured that the tracking errors remain within the 
given prescribed performance bounds for 0t∀ ≥ .

Proof: Firstly, the complete Lyapunov function is assigned:
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Integrating (26) and (27), one has:
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(30)

where 1( ) 0wu tτ η− ≤ , 2( ) 0wv tτ η− ≤ , and 3( ) 0wr tτ η− ≤ . 
Γ  and b  are de�ned in (27). It is obvious from (30) that 

1 0V <  
for ( ) ( )1 2, 0,0L L ≠  since 1 0K > and 

2 0K > . �is indicates that 
sliding surfaces in (20) and (21) can reach zero; that is, the 
tracking errors satisfy ( ) ( ), 0,0e eu v → .

�en, the following Lyapunov function candidate is chosen:

 
2 2

2

1 1

2 2
x yV σ σ= +  (31)

Substituting (17) into (16), the time derivative of 2V  can 
be written as follows:

 
2 2

2 x x y y x x y yV k kσ σ σ σ σ σ= + = − −    (32)

Since 0xk >  and 0yk > , it is clear from (32) that 2 0V <  
for ( ) ( ), 0,0x yσ σ ≠ . So, it can be found that both xe  and 

ye  
converge asymptotically to zero. 

Furthermore, consider the following Lyapunov function 
candidate:
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2

3

1

2
V r=   (33)

�e time derivative of 3V  is given by:

 [ ]3 3 12 ( )r r wrV M r a uv D r tτ τ= − + +  (34)

Knowing that 3 0M > , the condition 
3 0V <  is satis�ed 

when:

 12 ( ) 0r wr ra uv t D r if rτ τ+ + < >  (35)

 12 ( ) 0r wr ra uv t D r if rτ τ+ + > <  (36)

which implies the following:

 12 ( )r r wrD r a uv tτ τ> + +  (37)

�erefore, 3 0V <  if the inequality (37) is satis�ed. 
Moreover, 3 0V <  implies that 3V  is a decreasing function, 
which means that r  is decreasing as well from .

Consequently, the control laws proposed in (26) and (27) 
ensure the convergence of position and velocity errors while 
the yaw motion remains bounded. In accordance with the 
above depiction, all states of the USV closed-loop control 
system remain bounded.

SIMULATION RESULTS AND ANALYSIS

In this section, simulation studies are performed 
to illustrate the e�ectiveness and robustness of the 
proposed control scheme. A USV from the Norwegian 
University of Science and Technology [22] is adopted 
and the parameters used for it are given in Table 1. �e 
reference trajectory is selected as

 
( ) 100sin 0.1dx t=  

and
 

( ) 100cos 0.1dy t= . The initial position and 
velocity of the USV are [ ]30 110 9

Tη π= −  and 

[ ]2 0 0
Tυ = . �e time-varying external disturbances 

are given as ( ) ( )10 sin 0.1 cos 0.05wu t tτ = +   , 

( ) ( )0.01 0.01sin 0.1 0.01cos 0.05wv t tτ = +   ，and 

( ) ( )0.1 0.2sin 0.1 0.1cos 0.05wr t tτ = +   , and the 
units are ( )N  and ( )mN ⋅ , respectively. From (20) and 
(21), we can �nd that 1λ  and 2λ  are integral factors. If the 
values chosen are too small, the system may be unstable. 
However, small integral factors can eliminate steady-state 
error and improve the accuracy of the system. And 3λ  is 
a proportional coe�cient, which can speed up the reaction 
speed of the system and reduce the steady-state error. �e 
coe�cient selected should be neither too large nor too small: 
a large coe�cient may make the system unstable and a small 
coe�cient can reduce the reaction speed of the system. 

�erefore, 1 2,λ λ  , and 3λ  should be selected carefully. �en, 
it can be found from the theoretical analysis of �eorem 1 that 
the remaining control parameters

1 2, , x yK K k and k  should 
be designed to be positive. As with the performance function 
parameters, it is obvious that the parameter 0ρ  denotes 
the bound of the overshoot, ρ∞  represents the maximum 
allowable steady-state tracking error, and l  in�uences the 
convergence rate of the tracking error. Based on the above 
analysis and the debugging results, the control parameters are 
chosen as 1λ  = 3, 2λ  = 0.9, 3λ  = 0.2, 1K  = 5, 2K  = 0.7, xk  
= 0.4, 

yk  = 0.04, and δ  = 0.4 and the performance function 
is chosen as ( ) ( ) 0.280 0.06 0.06t e= − + . To show the 
advantages of the proposed algorithms, two conditions are 
compared and evaluated: with and without the prede�ned 
performance bounds. 

Table 1. Parameters of the USV

Parameter Value Unit

m 23.8 kg

L 1.255 m

B 0.29 m

zI 1.760
2kg m⋅

uX  -2 kg

vY -10 kg

rY     0 kg

vN  0 kg

rN  -1
2kg m⋅

uX -0.72253 kg / s

vY -0.88965 kg / s

rN -1.900
2kg m / s⋅

u u
X -1.32742 kg / s

v v
Y -36.47287 kg / s

v r
N 0.080 kg / s

Remark 3: Without loss of generality, simulations are 
adopted with the same initial position, reference trajectory, 
and control parameters. �e blue solid line represents the 
proposed robust sliding mode control method based on 
prescribed performance. �e dashed line in green expresses 
the proposed method without prescribed performance (PP) 
and the black dashed line represents the proposed method 
without time-varying external disturbances (TED). �e 
simulation time is set as 100 s. �en, the simulation results 
are as shown below.
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Fig. 4. �e position curve of trajectory tracking for the USV 

Fig. 5. Time response of the tracking errors for the USV

Fig. 6. Trajectory tracking errors and performance bound

Fig. 7. �e yaw rate of trajectory tracking for the USV 

Fig. 8. Time response of the control input curve for USV

Figure 4 gives the change of positions and heading. Whether 
or not the impact of time-varying external disturbances is 
taken into account, the controller performs the tracking 
mission well. In comparison, the proposed controller with 
prescribed performance converges faster. It is shown that the 
proposed controller has strong robustness to time-varying 
external disturbances.  �e tracking errors are shown in 
Figure 5, where the convergence time of the method without 
prescribed performance is more than 50 s. Besides, it will 
lead to undesirable transient-state performance when the 
large overshoot exceeds the boundary. As can be seen from 
Figure 6, the constraints for the case without the prescribed 
performance method where the tracking error is greater 
than 0.1 m, clearly exceed the performance boundary. On 
the contrary, the proposed method can quickly converge to 
the bounded sets and will always be maintained between 
the prescribed upper bound and lower bound with small 
overshoots. �e prescribed performance function is designed 
to ensure the performance of the tracking control without 
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any prior knowledge about the initial errors. �e yaw rate of 
trajectory tracking for the USV is shown in Figure 7. Compared 
with the proposed controller, the method without prescribed 
performance requires greater control forces, which results 
in larger overshoots. �e control inputs [ ]0u rτ τ τ Τ=  
are depicted in Figure 8, where only surge force and yaw 
moments exist. It is shown that the control force and moment 
can guarantee the stability of the closed-loop system under 
time-varying external disturbances. It can be concluded that 
the designed controller ensures that the tracking errors are 
within the prede�ned bounds and produce better transient 
and steady-state performance compared to the one without 
prescribed performance.

CONCLUSION

In the presence of time-varying external disturbances, 
the problem of trajectory tracking control for a USV with 
prescribed performance has been solved in this paper. Based 
on error transformation technique, a robust prescribed 
performance tracking control law is designed in combination 
with sliding mode technology. Meanwhile, the prescribed 
performance bound approach, which is combined with 
Lyapunov theory, successfully ensures that the tracking 
errors of the USV remain within the required performance 
constraints. �e results of the simulation and comparison 
show that the tracking errors of the proposed controller 
remain strictly within the prede�ned bounds, while the 
one without prescribed performance cannot guarantee this.

ACKNOWLEDGEMENTS

�is work was supported by the Fundamental Research 
Funds for the Central Universities (3132020106) and the 
China Postdoctoral Science Foundation (2019M661082).

REFERENCES

1. T. Pastore and V. Djapic, “Improving autonomy and control 
of autonomous surface vehicles in port protection and 
mine countermeasure scenarios,” Journal of Field Robotics, 
2010, 27(6):903–914.

2. Z. Liu, Y. Zhang, X. Yu and Yuan C, “Unmanned surface 
vehicles: An overview of developments and challenges,” 
Annual Reviews in Control, 2016, 41:71–93.

3. L. Qiao and W. Zhang, “Adaptive non-singular integral 
terminal sliding mode tracking control for autonomous 
underwater vehicles,” IET Control �eory & Applications, 
2017, 11(8):1293–1306.

4. W. Dong and Y. Guo, “Global time-varying stabilization 
of underactuated surface vessel,” IEEE Transactions on 
Automatic Control, 2005, 50(6):859–864.

5. K. Y. Wichlund, O. J. Sordalen and O. Egeland, “Control 
properties of underactuated vehicles,” IEEE International 
Conference on Robotics and Automation, 21–27 May 1995, 
Nagoya, Japan.

6. E. Lefeber, K. Y. Pettersen and H. Nijmeijer, “Tracking 
control of an underactuated ship,” IEEE Transactions on 
Control Systems Technology, 2003, 11(1), 52–61.

7. S. Wang, M. Fu and Y. Wang, “Robust adaptive steering 
control for unmanned surface vehicle with unknown 
control direction and input saturation,” International 
Journal of Adaptive Control and Signal Processing, 2019, 
33(2):1214–1224.

8. K. D. Do, Z. P. Jiang and J. Pan, “Robust global stabilization 
of underactuated ships on a linear course: State and 
output feedback,” International Journal of Control, 2003, 
76(1):1–17. 

9. H. N. Esfahani and R. Szlapczynski, “Model predictive 
super-twisting sliding mode control for an autonomous 
surface vehicle,” Polish Maritime Research, 2019, 
26(3):163–171.

10.  P. Liu, H. Yu and S. Cang, “Adaptive neural network 
tracking control for underactuated systems with matched 
and mismatched disturbances,” Nonlinear Dynamics, 2019, 
98:1447–1464.

11. G. Zhang, W. Yan, J. Gao and C. Liu, “High-gain observer-
based model predictive control for cross tracking of 
underactuated autonomous underwater vehicles,” 
IEEE International Conference on Underwater System 
Technology: �eory & Applications, 13–14 Dec. 2017, 
Penang, Malaysia.

12.  J. Li, P. M. Lee, B. Jun and Y. K. Lim, “Point-to-point 
navigation of underactuated ships,” Automatica, 2008, 
44(12):3201–3205.

13.  C. P. Bechlioulis and G. A. Rovithakis, “Robust adaptive 
control of feedback linearizable MIMO nonlinear systems 
with prescribed performance,” IEEE Transactions on 
Automatic Control, 2008, 53(9):2090–2099.

14.  X. Wang, X. Yin and F. Shen, “Disturbance observer based 
adaptive neural prescribed performance control for a class 
of uncertain nonlinear systems with unknown backlash-
like hysteresis,” Neurocomputing, 2018, 299(19):10–19.

15.  C. P. Bechlioulis, Z. Doulgeri and G. A. Rovithakis, 
“Neuro-adaptive force/position control with prescribed 
performance and guaranteed contact maintenance,” IEEE 
Transactions on Neural Networks, 2010, 21(12):1857–1868. 



POLISH MARITIME RESEARCH, No 4/2020156

16.  O. Elhaki and K. Shojaei, “Neural network-based 
target tracking control of underactuated autonomous 
underwater vehicles with a prescribed performance,” Ocean 
Engineering, 2018, 167(1):239–256.

17.  S. He, M. Wang, S. Dai and F. Luo, “Leader-follower 
formation control of USVs with prescribed performance 
and collision avoidance,” IEEE Transactions on Industrial 
Informatics, 2018, 15(1):572–581.

18. T. Gao, J. Huang, Y. Zhou and Y. Song, “Robust adaptive 
tracking control of an underactuated ship with guaranteed 
transient performance,” International Journal of Systems 
Science, 2016, 48(2): 272–279.

19.  B. S. Park and S. J. Yoo, “Robust fault-tolerant tracking 
with prede�ned performance for underactuated surface 
vessels,” Ocean Engineering, 2016, 115:159–167.

20. S. J. Yoo and B. S. Park, “Guaranteed performance design 
for distributed bounded containment control of networked 
uncertain underactuated surface vessels,” Journal of 
the Franklin Institute, 2017, 354(3):1584–1602.

21. C. P. Bechlioulis, G. C. Karras, S. Heshmati-Alamdari and 
K. J. Kyriakopoulos, “Trajectory tracking with prescribed 
performance for underactuated underwater vehicles 
under model uncertainties and external disturbances,” 
IEEE Transactions on Control Systems Technology, 2017, 
25(2):429–440.

22. R. Skjetne, Y. I. Fossen and P. V. Kokotovic, “Adaptive 
maneuvering, with experiments, for a model ship in a marine 
control laboratory,” Automatica, 2005, 41(2):289–298.

23.  Q. Yang and M. Chen, “Adaptive neural prescribed 
performance tracking control for near space vehicles with 
input nonlinearity,” Neurocomputing, 2016, 174:780–789.

24. S. Wang, M. Fu, Y. Wang and H. Wei, “Area-keeping 
robust sliding mode control for underactuated surface 
vehicle,” Journal of Harbin Engineering University, 2020, 
41(5):684–690.

CONTACT WITH THE AUTHORS

Yulong Tuo

e-mail: tuoyulong@dlmu.edu.cn

Dalian Maritime University,  
LENGHAI RODE, 116026 DALIAN,  

China


