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Abstract: In practice, dynamic positioning (DP) vessels are subjected to 

complex disturbances as well as the magnitude and changing rate 

constraints of the thrusts and moments. This study applied a dynamic 

surface controller based on an uncertainty and disturbance estimator (UDE) 

to a DP vessel with complex disturbances and input constraints. The UDE 

was designed to estimate and handle the complex disturbances. An 

auxiliary dynamic system (ADS) and smooth switching function were 

employed to compensate for the input constraints and avoid the singularity 

phenomenon caused by the ADS, respectively. The combination of the UDE 

method and dynamic surface control (DSC) technology significantly 

simplified the design process for the control law and increased the 

practicability for DP vessels. The stability of the proposed control law was 

proved using the Lyapunov theory. The effectiveness of the control law and 

possibility of actually applying it to a DP vessel were verified using 

simulation experiments. 
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constraints; Dynamic positioning of vessels; Dynamic surface controller; 

Auxiliary dynamic system (ADS) 

1. Introduction 

Dynamic positioning systems (DPS) as an important equipment for the 

off-shore operations, which have been widely used in oil and gas 

exploitation, the laying and dredging of submarine pipelines, and the 

investigation of maritime accidents [1–3]. The DPS is mainly composed of 

a basic thrust allocation and propulsion subsystem, an auxiliary 

measurement subsystem, and a crucial control subsystem. In marine 

environment with complex disturbances, a dynamic positioning (DP) vessel 

can maintain the desired position or accurately move along the desired 

trajectory, relying on the forces and moments generated by its own thrust 

allocation and propulsion systems [4–6]. As an essential part of the DPS, a 

superior control subsystem is the basis of a DP vessel’s precise positioning 

or trajectory tracking. Thus, the study of the control strategy for DPS has 

aroused the enthusiasm of a large number of researchers. 

As a representative of early control technology, proportional integral 

derivative (PID) control technology was first applied to a DPS in the 1960s 

[7]. Based on the inherent nonlinearity of a DP vessel, a nonlinear PID 

(NLPID) control method was proposed in [8], which enhanced the 

self-adaptability and robustness of the control subsystem. Motivated by the 

practical engineering requirements, an output control strategy based on 

Kalman filtering and optimal theory was proposed by Balchen et al. [9], 

which was quickly applied to the DP control subsystem [10–12]. With the 

development of the nonlinear control theory and its correlated technologies, 

numerous advanced nonlinear control methods have been successively used 

for the control of a DPS, including sliding mode control (SMC) [13–15], 

adaptive fuzzy control[16,17], neural network (NN) [18,19], and active 

disturbance rejection control (ADRC) [20]. Parameter optimization, DO 
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and NN estimator are not embedded in these aforementioned methods. Thus, 

they have limitations when estimating complex disturbances [21].  To 

address these problems, Hu et al. [22] proposed the dynamic surface 

control (DSC) technology based on a disturbance observer (DO), which the 

DO was designed to estimate the unknown environmental disturbances of a 

DP vessel. A NN controller based on the vectorial backstepping technique 

was proposed in [23]. The modelling uncertainties were compensated by 

radial basis function (RBF) networks. The control parameters of ADRC 

were optimised using the adaptive hybrid biogeography-based optimisation 

and differential evolution (AHBBODE) optimisation algorithm in [21], 

which improved the ability of ADRC to handle complex internal and 

external disturbances. In order to compensate the modelling uncertainties 

and external disturbances, an adaptive SMC method based on NN and DO 

was proposed in [24]. However, these previously mentioned control 

methods gave little attention to the problem of the thrust magnitude and 

rate constraints caused by the inherent structure of the propeller. In 

practical engineering applications, the maximum power provided by 

thrusters is limited. The cost of the whole system will be greatly increased 

by increasing the maximum power, which will significantly decrease the 

economic benefits of the device. It is important to mitigate the impact of 

the actuator constraints. Du et al.[25] proposed the DSC method based on 

DO, which was used to design the controller of a DP vessel with 

disturbances under input saturation. An auxiliary dynamic system (ADS) 

was introduced to mitigate the impact of input saturation. However, the 

modelling uncertainties and thrust rate limitation were neglected. The 

NN-based DSC law was proposed to design the controller of DP vessels 

under input constraints in [26] by Hu et al. The unknown dynamic is 

approximated by designed NN. The error-driven-based adaptive NN 

technique was proposed in [27]. The modelling uncertainties are accurately 

estimated in this method, and the actual input saturation are taken into 
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consideration, but the unknown disturbances connot be accurately 

estimated and compensated. Zhong et al. [28] proposed the UDE method, 

which could be directly used for system control and the estimation of 

external disturbances and modelling uncertainties. The UDE was used in 

general system control to estimate disturbances and uncertainties, which 

achieved a good robust performance in [29]. The UDE was also applied to 

industrial processes in [30]. The UDE can estimate complex internal and 

external disturbances, with an excellent estimation performance and 

simplified controller structure. In [31], the UDE was utilised in a magnetic 

levitation system because of its superior ability to estimate complex 

disturbances. These examples of the UDE was used in three different 

situations show that it has an excellent estimation performance for 

disturbances and modelling uncertainties, as well as a simple design. 

Although the UDE has been widely studied and applied to many different 

systems, there is almost no information about its application to a DPS. 

Therefore, this study applied the UDE to a DPS for the estimation of 

complex disturbances. Considering the problem of the input constraints 

caused by the inherent structure of propellers in engineering practice, the 

ADS was used to handle the input constraints, and the smooth switching 

function was introduced to avoid the singularity problem caused by the 

ADS. This paper proposes a UDE-based DSC method for the controller 

design of the DP vessel with complex disturbances and input constraints. 

The main contributions of this study are summarised as follows. 

(1).A UDE was designed to handle the unknown disturbances and 

modelling uncertainties of a DP vessel. 

(2).An ADS was established to improve the nonlinearity of the input 

constraints, and a smooth switching function was designed to avoid the 

singularity problem caused by the ADS. 

(3).The proposed UDE-based DSC scheme simultaneously considers the 

input magnitude and rate constraints as well as complex disturbances, the 
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ADS and smooth switch function handle the input constraints and 

singularity phenomenon, respectively.  

The rest of the paper is organised as follows. A description of the 

mathematical model of a vessel with the DPS and the preliminary work is 

given in Section 2. Section 3 introduces the design of the UDE used for a 

DP vessel, and introduces the smooth transition function and ADS. In 

addition, the design of the UDE-based dynamic surface controller is 

discussed, along with a stability analysis. Section 4 shows how the 

proposed control strategy was verified using simulations. The conclusions 

are drawn in Section 5. 

2. Mathematical model of DP vessels 

A DPS is mainly composed of the position and attitude measurement 

module, control module, and propulsion module (thrusters and propulsion 

subsystem)[4]. A structural schematic diagram of a dynamic surface 

controller based on the UDE is illustrated in Fig.1. The mathematical 

model of a DP vessel is divided into a kinematic model and dynamic 

model, which are described as follows. 

2.1 Kinematic model of DP vessel 

Due to the vessel moves on the water, and the speed is relatively low, the 

motion of the vessel can be simplified to three degrees of freedom motion 

on the horizontal plane. Two right-rand coordinate systems are given in 

Fig.2 for building the mathematical model of the vessel [32]. OX0Y0Z0 is 

the inertial frame (IF), which is also known as the earth-fixed frame (EF). 

The origin O is located at a fixed point on the earth. The OX0 axis, OY0 axis, 

and OZ0 point toward the north, east, and earth’s core, respectively. AXYZ 

is a body-fixed frame (BF) with the vessel's centre of gravity as the origin 

A. The axes AX, AY, and AZ are directed from the origin A toward the fore, 

starboard, and bottom directions, respectively. The position and heading 



Design of UDE-based Dynamic Surface Control for Dynamic Positioning of Vessels with Complex Disturbances and Input Constraints 

6 
 

are described in the EF as   ,, yx .The velocity is described in the BF as

 rvu ,, . The kinematic model is described as follows [32]: 

  J                           (1) 

where  Tyx   is a vector consisting of the vessel actual position (x, y) 

and the yaw angle   20 .In addition,  Trvu  represents the 

vector consisting of the vessel’s movement or rotation velocity along the 

AX axis, AY axis, and AZ axis, respectively. The coordinate system 

transformation matrix can be written as follows: 

 
   
   















 


100

0cossin

0sincos




J , where     1 JJ T  and   1J . 

2.2 Dynamic model of DP vessel 

The nonlinear dynamic equation of a DP vessel with complex 

disturbances can be written as follows [32]: 

  dDCM f                  (2) 

where 33 RM  is a matrix composed of the vessel’s weight inertia and 

additional hydrodynamic inertia;   33RC  is a Coriolis centripetal matrix; 

33 RD  represents the linear hydrodynamic damping parameter matrix; 

and  Tffff 321   is a vector composed of the modelling 

uncertainties of the vessel.  T321    is the control forces and 

moments vector provided by the propulsion module. In practice, because of 

the inherent structure of the propeller, the control forces and moments are 

limited by the magnitude and rate, which can be expressed as follows:  















MiciM

MiciMici

MiciMi

pi







if

if

if

  , Rii                   (3) 

where  3,2,10  iMi  is the maximum control forces or moments that 
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can be provided by the propulsion module; )3,2,1(0  iRi denotes the 

maximum control input rate;  Tcccc 321   is the command control 

input vector;  Tpppp 321    is the control input vector with 

magnitude limitations;  Tdddd 321 is the unknown disturbances vector, 

which are caused by the wind, waves, and current in the body-fixed frame. 

Assumption1: The changing rate of ocean environmental disturbance is 

bounded [25], and there is an unknown positive constant   such that

   td . 

Assumption 2: The modelling uncertainty of vessel f  is unknown and 

yet bounded, with finite changing rates, and there exists an unknown 

positive constant  such that  f
 .  

Remark 1: The disturbance from the wind, waves and current in a 

marine environment is constantly changing and is difficult to predict, but 

its total energy is limited. Therefore, the disturbance of a vessel can be 

considered to be unknown but bounded, and the rate of change of this 

disturbance is also bounded. Thus, Assumption 1 is reasonable. 

Remark 2: The modelling uncertainty is unknown and varies with the 

motion state of the vessel. Because the speed of the vessel is limited, the 

modelling uncertainty can be considered to be unknown but bounded, and 

the change rate of the modelling uncertainty is also bounded. Therefore, 

Assumption 2 is reasonable. 

Remark 3: According to Assumptions 1 and 2, the rate of change of a 

vessel's external environment disturbance is bounded, as is the rate of 

change of the modelling uncertainty is bounded. Therefore, the rate of 

change of the complex disturbance is bounded [33], and there exists an 

unknown positive constant 
dU  such that: 
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      df Utd                         (4) 

3. Design of nonlinear dynamic surface controller based on 

UDE for DP vessel 

3.1 Designing UDE for DP vessel 

In this subsection, the UDE was established to estimate the complex 

disturbances of a DP vessel, and the stability of the UDE was analysed. 

According to equation (2), the complex disturbances of a DP vessel can 

be expressed as follows: 

    DCMdU fd                (5) 

where   3RdU fd  is a complex disturbances vector composed of the 

sum of the modelling uncertainties and environmental disturbances of the 

vessel. 

The UDE of a DP vessel can be given as follows: 

 dU fd ˆ ⋆   df Utg  ⋆       DCMtg f  ⋆  tg f   (6) 

where 3ˆ RU d   denotes the estimate of dU ,“⋆” denotes the convolution operator, 

and  tg f denotes the impulse response of a filter, covering the spectrum 

of dU . 

The complex disturbance estimation error vector 3~
RU d  can be defined by the 

UDE as follows: 

ddd UUU ˆ~                          (7) 

Equations (5), (6), and (7) can be represented in the s-domain as follows: 

      sDssU fD                      (8) 

        sDssGsU ffD ˆ                  (9) 

     sUsUsU DDD
ˆ~                     (10) 
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where         sGsGsGdiagsG ffff 321  denotes the filter matrix, and the filter 

   3,2,1,0 


 iq
qs

q
sG i

i

i
fi . More details about the design of a UDE filter are 

available in [34]. 

Substituting equations (8) and (9) into equation (10) produces the 

following: 

      sUsGIsU DfD ~
                      (11) 

where,         TDDDD sUsUsUsU 321

~~~~  ,         TDDDD sUsUsUsU 321 ,

        TDDDD sUsUsUsU 321
ˆˆˆˆ  , and 33 RI  denotes the third-order identity 

matrix. 

Thus, equation (11) can be rewritten as follows: 

     sU
qs

s
sU

qs

q
sU Di

i
iD

i

i
Di 











 1
~

             (12) 

This can be simplified as follows: 

     ssUsUqs DiDii  ~
                    (13) 

     ssUsUqsUs DiDiiDi  ~~
                  (14) 

After the inverse Laplace transform, equation (14) can be rewritten as 

follows: 

ddd UUqU   ~~                      (15) 

where  321 qqqdiagq  . 

The UDE Lyapunov function candidates can be selected as follows: 

d
T

dU UUV
d

~~

2

1
                        (16) 

In light of equation (15), the time derivative of equation (16) is written as follows: 

d
T

dd
T

dd
T

dU UUUqUUUV
d

 ~~~~~
               (17) 

According to equation (4) and Young’s inequality, we have the following: 
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


4

~~~
2

 d
d

T
dd

T
d

U
UUUU                  (18) 

where  is a positive constant. Substituting equations (16) and (18) into 

equation (17) produces the following: 

   00

2

min

2

-2
4

2
4

~~~~ 





 


ddd U
d

U
d

d
T

dd
T

dU V
U

Vq
U

UUUqUV  (19)  

where    0min0   q , and  min  denotes the minimum eigenvalue of a 

matrix, 0
4

2*

0 


 dU
. Thus, q must satisfy    qmin . 

Theorem 1: Under Assumption 1 and Assumption 2, the estimation error 

vector fd dU  ~~~
of the complex disturbances for the DP vessel by the 

UDE, settles with in compact set














0

0
~~

3
~ ,

~
|

~





ddd UUddU

URU .Under the condition of iq , by 

appropriately adjusting filter values iq  and  , the value of dU
~

can be made 

arbitrarily small. Thus, the UDE can estimate the complex disturbances of a 

DP vessel with arbitrary precision, and the estimation error is arbitrarily 

small. 

Proof: Solving inequality (19) gives the following: 

    t
UU eVtV

dd

02

0

0

0

0

2
0

2
0 





 









               (20) 

Obviously,  tV
dU is bounded. Integrating equations (16) and (20) gives the 

following: 

  t
Ud eVU

d

02

0

0

0

0

2
02

~
0 





 









              (21) 

It can be seen from equation (21) that for any positive constant
0

0
~




 
dU , 
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there exists a time constant, 
dU

T ~
, such that 

dUdU ~
~  for all 

dU
Tt ~ . 

Therefore, the estimation error vector, fd dU  ~~~
, of the complex 

disturbances for the DP vessel by the UDE settles within compact set














0

0
~~

3
~ ,

~
|

~





ddd UUddU

URU .Under the condition of iq , by 

appropriately adjusting filter values iq  and  , the values of dU
~

can be made 

arbitrarily small. Thus, the UDE can estimate the complex disturbances of a 

DP vessel with arbitrary precision, and the estimation error is arbitrarily 

small. Thus, theorem 1 holds. 

3.2 Dynamic surface controller design based on UDE 

This subsection, the DSC strategy and the UDE are synthesized to 

design control law, which can achieve accurately motion control for a DP 

vessel with complex disturbances, input magnitude and rate constraints. 

An ADS is employed to handle the problem of the input constraints [35], 

and a smooth switching function [36] is adopted to avoid the singularity 

phenomenon produced by the ADS. The control law is designed as 

follows: 

Step 1: Define the vessel’s position and yaw angle error vector 3
1 R

as follows: 

d 1                            (22) 

where  Tdddd yx   denotes the vector consists of the desired position (xd, yd) 

and yaw angle d vector in the EF. 

In the light of equation (1), the time derivative of equation (22) is found as 

follows: 

  dJ   1                          (23) 

Virtual control vector 3
1 R  for  is designed as follows: 
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  dJ   
11

1
1                      (24) 

where 33
1

 R is the designed positive definite parameter diagonal matrix. 

Let 3Rd   as the output of the first-order low-pass filter of the 

virtual control vector 1 : 

   00, 11   dddT                    (25) 

where 3Rd   is the state vector of the filter, and 0T is the filter time 

constant.  

Remark 4: The simple algebraic calculation   Tdd   1  can be used 

instead of the derivative operation of the virtual control vector, a 

differential explosion is avoided. Thus, the design of the control law is 

simplified and easy to apply in practical engineering. 

Step 2: Define the vessel velocity error vector, 3
2 R , as follows: 

d 2                              (26) 

According to equations (2), (25), and (26), we have the following: 

 
T

MdDCM d
f





 1

2
            (27) 

Filter error vector 3R can be defined as follows: 

1  d                              (28) 

In order to handle the input constraint problem, an ADS[36]  is designed as 

follows: 

  aiii
i

aiiaii
ii h

i





  



22

2 5.0
             (29) 

where 1
i , 0i ,  321  diag , cipiai   ,  3,2,1i , and 

 Taaacpa 321-   , i is the state of the ADS.  

Remark 5: The ADS depended on ai  and  ih  , if they are not chosen properly, 

a singularity phenomenon will occur in the ADS. 
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The smooth switching function  ih   is constructed as follows: 

  ,

,1

2
sin

2
cos1

,0

22

22



































aibi

aii
ih




bii

aii

otherwise









           (30) 

where biai  0  3,2,1i , and bi is a positive design constant. Function  ih   

is introduced to avoid the singularity of the ADS of equation (29) when i

approaches zero [36]. 

Lemma 1 [37]: Function  ih   is a smooth switching function for all i . Proof  

See Appendix A. 

To compensate the input constraint problem, let the commanded control input 

vector, 3Rc  , as follows: 

 sc                          (31) 

where 33 RT
ss is the designed positive definite parameter matrices, and

 T321    is the state vector of the ADS. 

Replacing equation (5) with equation (6), and substituting equation (6) into 

equation (27), Let 222  M the DP vessel’s UDE-based DSC law is designed as 

follows: 

  ds
d

c U
T

MDC ˆ1
22 


 


            (32) 

where 33
22

 RT  is the designed parameter matrices. 

The Lyapunov function candidate for the whole control system of the DP vessel is 

selected as follows: 

d
T

d
TTTT UUMV

~~

2

1

2

1

2

1

2

1

2

1
2211             (33) 

The derivative of V equation (33) with respect to time is taken as follows: 

d
T

d
TTTT UUMV  ~~

2211                 (34) 

According to equations (23), (24), (26), and (28), along with   1J and 
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Young's inequality, the following can be obtained: 

  
    

  

11

22
111111

21111

11
1

21

2111

44
2

aa
a

J

JJ

J

TT
TT

TT

T

d
TT





















               (35) 

where 1a is a positive constant. 

In light of equations (7), (27), and (32), along with bc   and Young's 

inequality, the following can be obtained: 

   

   

  

 
b

Td
T

dS
T

STT

b
T

d
T

S
TT

dfbS
T

d
fbc

T

d
f

TT

a

UU

a
a

U

Ud

T
MdDC

T
MdDCM































 









 



2
22

222222

222222

222

1
2

1
222

4

~~

4
2

~

ˆ



        (36) 

where 2a is a positive constant. 

In view of equations (23), (24), (25), and (28), the time derivative of equation (28) 

can found as follows: 

        dd JJJJ
T

  11
11

1
11

1          (37) 

Set   0

222
:  ddd

TT
d

T
d

T
dd    and set 

   VU
TT

d
TTTT :

~
21   are compact sets, where 0  and H are 

the desired positive constants. Thus, set d  is also a compact set. Discontinuous 

function   can be obtained as follows: 

       

 T
d

T
d

T
d

T
d

TTTT

dd

U

JJJJ
T









,,,
~

,,,, 21

11
11

1
11

1



 

       (38) 

where    has a maximum value of N0 in the compact set d . 
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Using equations (37) and (38), we obtain the following: 

b

N
b

T

TT

TT

T
T

T
T

T
TT

4

2
0







 













                       (39) 

where b is a positive constant. 

According to equation (29) and Young's inequality, the following can be 

obtained: 

 

 

   

    iaii
i

aiiii

aiiiaii
i

aiiii

aiii
i

aiiaii
iiii

hh

h
h

h

i

i

i










































1
2

1

2

2

5.0

22
2

2
2

22
2

2

2
2

           (40) 

When bi    and   1ih  , inequality (40) can be rewritten as follows: 

aiiiii i
  






  2

2

2

1
 , such that 

a
TTTT    22

1
                 (41) 

Substituting equations (19), (35), (36), (38), and (41) into equation (34) and using 

Young’s inequality gives the following: 

 

    

  

11

222
0

min
2

min

1
22

1
22min1111min

2

22

2

2

2
0

2
2

2
222222

11

22
111111

2
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~~

2

1

4

4
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2

1

4

1
22
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~~
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2

1
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4

2
44

2


















































 
































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N
UUq
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UU
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a
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d
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s
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d
d
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s
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sTT
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TT

(42) 
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where

 
 

   


























 



 




  q

aa
b

TM

a
a

a s
T
s

min
2

min
1max

1
22min

11min1 2

1

4
,

4

11
,

2

1

4

1
2

,2min ，

,  max denotes the minimum characteristic value of a matrix, and 

244

222
0

1
bdU

b

N 








. 

Otherwise, when   10  ih  , noting that 
22

22
2

2
aii

aii





 , the following is 

obtained:  

22

2

22
2

a
T

a
T 


                     (43) 

Substituting equations (19), (35), (36), (39), and (40) into equation (34) and using 

(43) and Young’s inequality produces the following: 
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 (44) 

where
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abdU
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










. 

Combining equations (42) and (44) produces the following: 

  VV 2                           (45) 

where  21 ,min    and  21 ,max   . Because 0,,,, 21  baa is required, 

the following controller parameter conditions should be satisfied: 
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  11min 2a                              (46) 

 
2

1

4

1
2

1
22min 

a
a                       (47) 

2

1

4 2
min 







 


a
s

T
s

                       (48) 

  
14

11

a
b

T
                            (49) 

   qmin                             (50) 

For nonlinear kinematic equation (1) and dynamic equation (2) for the three 

degrees of freedom DP vessel, under Assumptions 1and 2, the complex disturbances 

of the DP vessel were estimated using equation (6) for the designed UDE. The 

first-order filter of equation (25) was designed to avoid the differential explosion. 

Considering the actual propulsion module inherent structure constraints, the ADS of 

equation (29) was used to compensate the constraints problem, and the smooth switch 

function of equation (30) was employed to handle singularity phenomena with the 

ADS. All the signals of the DP closed-loop control system could be uniformly 

ultimately bounded by suitably adjusting control parameters qT s ,,,,, 21   until 

equations (46), (47), (48), (49), and (50) were satisfied. 

Proof: Integrating inequality (46) yields the following: 

    teVtV 





 2

2
0

2
0 






                    (51) 

Equation (51) obviously shows that  tV is uniformly ultimately bounded. Based on 

equation (33), signals dU
~

,,,, 21  are uniformly ultimately bounded. Therefore, we 

know that is bounded by the boundedness of d  and 1 . In the light of equations 

(24), (26), and (28),  ,,1 d  are also bounded. Further, it can be determined from the 

boundedness of dU  that the estimation of dÛ  is bounded. Thus, all the signals of 

the DP closed-loop control system are uniformly ultimately bounded. 
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Synthesising equations (33) and (51) gives the following: 

  teV 





 2

1 2
020 





                  (52) 

Obviously, it can be seen from equation (52) that for any

 

1
,there exists a 

time constant 
1

Tt  ,such that 
11   holds for all 

1
Tt  .In other words, the 

position and heading error vector 1  converge to the compact set

 
11 1

3
1 |    R , which can be made arbitrarily small by appropriately 

designing the control parameters so that equations (46)-(50) are satisfied. Hence, the 

vessel can be positioned at the given position and heading  Tdddd yx   with 

an arbitrary error precision.  

Remark 6: For DP vessels operating in marine environment, it is 

particularly necessary to improve operational accuracy by estimating 

complex disturbances. The PID and NLPID controllers don’t have 

advantages when estimating complex disturbances as they don’t have 

disturbance observers. Compared with NN, the UDE mainly deals with 

modelling uncertainty and disturbances, while the NN only handles 

modelling uncertainty and has no capability to approximate the disturbance. 

Thus, the robustness of UDE is stronger than NN estimator. The UDE is an 

observer constructed based on the internal model principle [29] and 

embedded in the control system. The NN is an estimator whose 

approximation ability needs to be self-adjusted by adjusting weight and 

multiplying activation function. From this point of view, the UDE is much 

easier to implement. In general, the UDE-based DSC method is robust and 

easy to be applied in DPS. 

Remark 7: The method of NN-based DSC is one of the state-of-the-art 

methods, which was employed to the control of marine vessels. NN is 

usually utilized to estimate the modelling uncertainties so that NN-based 

DSC has a relatively better performance [38, 39]. Thus, NN-based DSC 
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method was also included in several recent references for comparisons. 

[40-42]. 

4. Simulation experiments 

In order to evaluate the effectiveness of the design control law, the 

supply ship discussed in [43] was taken as the simulation object for 

simulation experiments. The kinetic model parameters   fDCM ,,,  of the 

supply ship were given in [44]. The magnitude and rate limits of the forces 

or moments provided by the propeller are listed in Table 1 [45]. The UDE- 

based DSC law proposed here is compared with that the NN-based DSC 

technology [46], the PID control law [25] and the NLPID control method 

[47] under the same initial conditions and the same sea conditions.  

The NN-based DSC law is chosen as follows. 

    


 ˆˆ
24

1 


 hW
T

MDC Td
DSCNN           (57) 

  0
2 ˆˆ   P                  (58) 

  































3

3,2

2

2,2

1

1,2
2 tanhtanh,tanh 







 diag     (59) 

where ,01.0,1,1 321    554 10,10,10diagP  ,  977 10,10,10  diag ,

 T1.01.01.00  ,  955
4 101,109,109  diag , 363ˆ RW is the 

estimation matrix of the ideal weight vector,   183Rh   is the vector of 

the RBF. 

The PID control law is chosen as follows. 

       tKdttKtK DIpPID 111                  (54) 

where  855 105.1,102.1,100.1  diagKP ,  14,14,14diagK I  ,

 966 108.1,108.1,108.1  diagKD . 

The NLPID control law is chosen as follows. 
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          tKdttKtKf DIpNLPID 1111              (55) 

where         3,12,11,11  fffdiagf   

     

 















iMiiiM

iMii
i

iiii
i i

kk
f

,1,1,1,1

,1,1,1
,1

,11
,1

sgn

3,2,1
2

expexp









            (56) 

where k1=0.15,k2=0.12,k3=0.15, 151,1 M , 152,1 M , 
363,1

 M . 

  

Table1. Input constraints of supply ship. 

 Magnitude limits Rate limits 

In surge KN2
1M 1076815.3   KN8307.531R   

In sway KN2
2M 1080725.6   KN2464.972R   

In yaw KN3
2M 103119.7   KN6.10443R   

 

4.1 Performance of proposed UDE-based DSC method 

This subsection shows how the proposed UDE-based DPS control law 

was simulated with different disturbances and limitations conditions. 

The environment disturbances are described as follows [48]: 

   









 



bTb

bJtd

c

T

1
                           (53) 

where 3Rb is the disturbances vector under the earth-fixed coordinate 

system; 33RT c denotes the time-constant diagonal matrix; 3R is a 

zero-mean Gaussian white noise vector; and 33R is the diagonal 

amplitude matrix of . 
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Table2. Positioning settling times and error rates of four control laws 

 under two different conditions. 

Control law 

Case 

DSC+UDE DSC+NN PID NLPID 

Case1 Case2 Case1 Case2 Case1 Case2 Case1 Case2 

Settling 

time ts(s) 
100.4 102.9 157.5 — 119.5 — 127.2 — 

  t

dt




01,1

1200

0 1,1




 2.126% 1.988% 2.476% 2.616% 2.478% 2.721% 2.531% 2.853% 

  t

dt




02,1

1200

0 2,1




 1.827% 1.688% 1.885% 2.090% 2.006% 2.413% 1.984% 3.319% 

  t

dt




03,1

1200

0 3,1




 1.171% 1.851% 1.266% 2.965% 1.289% 2.980% 1.282% 3.319% 

 

Case 1: With input magnitude constraints only  

 The initial value and related parameters of the unknown 

environmental disturbances are    TKNmKNKNb 1010100  ,

 333 101010 ，，diagTc  , and  322 10,10,10diag .The desired position and 

heading are  Td radmm 000 . The initial position and heading are

 
T

radmm 





18
30300

 .The initial velocities are

   Tsradsmsm /0/0/00  . The control parameters are designed as follows:

 11.0,15.0,15.01 diag ,  855
2 108,109106  ，diag ,  642 ，，diagq   and 

3.0T . The initial states of the ADS are    T444 1031031030  . 

The designed parameters are as follows: 5ai , 10bi ,  5,5,5diag  , 

 1,1,1diags   and  1,1,1diag . 

Under the case that the propulsion module of the DP vessel can 

provide forces and moments with magnitude constraints, the simulation 
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results of the UED-based DSC strategy method, NN-based DSC method, 

PID control law and NLPID control law are shown in Fig.3 (a)–(e). The 

control effects of the four methods are intuitively evaluated using the 

positioning error rates
  t

dt

i

i




0,1

1200

0 ,1




 and settling time, which are summarised 

in Table 2. From Fig.3 (a),(b) and Table 2 it can be seen that four methods 

have rapid responses and the DP vessel can be kept in the desired position 

with desired heading. It can be seen from Fig.3(c) and (d) that the great 

output rate of thrusts is required from about 0s~30s. However, it is difficult 

for the output rate of thrusters to meet the requirements. From Fig.3 (e), it 

can be seen that the complex disturbances are appropriately estimated by 

UDE. The UDE-based DSC method has a slightly superior performance. 

Case 2: With input magnitude and rate constraints 

The input rate limitations are taken into account in this case. The amplitude 

matrix  433 105105105  diag  of  is increased to 50 times of 

that in Case 1. The other conditions are consistent with those of Case 1. 

The experimental results of the four methods are illustrated in Fig.4 

(a)–(f). The performance indexes of the position error rates are also 

presented to intuitively evaluate the control effects of the four strategies in 

Table 2. It is observed from Fig.4 (a)-(c) and Table 2 that the DP vessel 

can’t be kept in the desired position with desired heading used PID, NLPID 

or NN-based DSC method. However, the UDE-based DSC strategy exhibits 

almost the same performance as that in Case 1. From Fig. 4 (d) and (e), it 

can be seen that the four methods are limited by the magnitude and rate 

constraints of the forces and moments. The control inputs and their rates 

are within the magnitude and rate constraints. From Fig.3 (f), it can be seen 

that the UDE has a superior estimated performance for the complex 

disturbances.  

5. Conclusion  
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In this study, a UDE-based DSC method has been proposed for the 

control of a DP vessel with complex disturbances and the input 

constraints of magnitude and rate. The ADS is used to handle the problem 

of input constraints, and a smooth switch function was used to avoid the 

singularity problem caused by the ADS. The UDE is capable of estimating 

any complex disturbances without prior knowledge of the vessel’s motion 

state. The simulation results have showed that the proposed control 

strategy has a superior positioning performance. Moreover, the proposed 

algorithm design is relatively simple, more consistent with engineering 

practice. Thus, it is easy to be implemented in a practical DPS. 
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Appendix A 

Proof of Lemma 1: According to the definition of  ih  . 

For continuity: 

Considering the point aii   , we can obtain 

  0lim 


ih
aii




 

    00sin
2

cos1lim 












ih
aii

 

Since   0aih  , so  ih   is continuous at the point aii   . 

In the same way,  ih   is continuous at the points aii  - and bii   , so the 

function  ih   is a is continuous function for Ri  . 

For derivation: 

Considering the point aii   , we can obtain 

  0lim 


ih
aii




  

  0
2

cos
2

sin
2

sin
2

4
limlim
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2


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
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
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



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

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










 
aibi

aii
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aii
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i
i

aiiaii

h

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






  

so  ih   is smoothly at the point aii   . 

In the same way,  ih   is smoothly at the points aii  - and bii   , so the 

function  ih   is a is smoothly function for Ri  . The proof is completed. 
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Fig.1. UDE-based dynamic surface controller for vessel 

 

 

Fig.2. Earth-fixed and body-fixed coordinate frames[32]. 
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(a). Desired position and actual trajectory of vessel in xy-coordinate frame 

 

(b). The position and heading of vessel 
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(c).The vessel velocities (u, v, r).  

 

(d). Control forces and moments with magnitude constraints  
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(e). Disturbances and uncertainties of DP vessel and its estimation.  

Fig.3.Simulation results with input magnitude limitations. 
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(a). Desired position and actual trajectory of vessel in xy-coordinate frame 

 

(b). The position and heading of vessel 
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(c). The velocity (u, v, r) of vessel 

 

(d).Control forces and moments with magnitude and rate limitations  
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(e) Control input rates 321 ,,    

 

(f). Disturbances and uncertainties of DP vessel and its estimation. 

Fig.4.Simulation results with input magnitude and rate constraints. 

 


