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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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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 Dbasic 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
4



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

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]. OX,Y(Z 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 OX) axis, OY axis,
and OZ, 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 4 toward the fore,

starboard, and bottom directions, respectively. The position and heading
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are described in the EF as n(x,y,l//).The velocity is described in the BF as
U(u, v, r). The kinematic model is described as follows [32]:

i=Jy (1)

wheren = [x y z//]T is a vector consisting of the vessel actual position (x, y)

and the yaw anglel//e[O ZE].In addition, U=[u v r]T 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:

cos(y) —sin(y) 0
sin(y) cos(y) 0], whereJ(y)=J"(y) and |J(w)|=1.
0 0 1

Jly)=

2.2 Dynamic model of DP vessel

The nonlinear dynamic equation of a DP vessel with complex

disturbances can be written as follows [32]:
Mo+Copp+Do+A, =7+d )

where M e R is a matrix composed of the vessel’s weight inertia and

additional hydrodynamic inertia; C(u)e R¥?is a Coriolis centripetal matrix;

D e R¥® represents the linear hydrodynamic damping parameter matrix;

and Afz[Af1 Ay A_f3]7 is a vector composed of the modelling

uncertainties of the vessel. z=[r, 7, 7,]' 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:

T, 1f T, > Ty
Toi = Tu if - Ty ST STy Ti| S Ty 3)
-7, if T, <—Ty

where 7,, > O(i =12, 3)

is the maximum control forces or moments that
6
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can be provided by the propulsion module; 7, >0(i=1273)denotes the
maximum control input rate;rc=[rc1 T, 103]Tis the command control

input vector; sz[rpl T, TP3]T is the control input vector with

magnitude limitations;d =[d, d, d,| is the unknown disturbances vector,

which are caused by the wind, waves, and current in the body-fixed frame.
Assumptionl: The changing rate of ocean environmental disturbance is

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

i) < <oo.

Assumption 2: The modelling uncertainty of vessel A, is unknown and
yet bounded, with finite changing rates, and there exists an unknown
positive constant O such that HAfH So0<®©,

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 constantU; such that:
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Hd(t)—AfHSg+a§U; (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:
U,=-A, +d =Mo+Cv)v+Dv-t (5)
whereU, = (—Af +d)€ R’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:

Ud :(—Af +d)*gf(l)=Ud*gf(l)Z(MD+C(U)U+DU—T)*gf(Z) (6)
where Ud € R’ denotes the estimate of U,,“x” denotes the convolution operator,
and &, (t)denotes the impulse response of a filter, covering the spectrum
of U,.

The complex disturbance estimation error vector U , € R’can be defined by the
UDE as follows:
Uu,=U,-U, (7)
Equations (5), (6), and (7) can be represented in the s-domain as follows:
Up(s)==A,(s)+ Dls) ®)
U,()=G,(s)-a,(s)+ D(s) ©)

Up(s)=U,(s)-U,(s) (10)
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where Gf(s)zdiag[Gﬂ(s) sz(s) Gfs(s)] denotes the filter matrix, and the filter

Gf(s) _ 4

A (g, > 0,i =1,2,3). More details about the design of a UDE filter are
' ST4q,;

available in [34].
Substituting equations (8) and (9) into equation (10) produces the

following:

Uyls)=(1-G, (s, s) (in
where, ﬁD(s)z[ﬁDl(s) Up,(s) (7D3(S)]T , Up(s)=[Up(s) Upsls) Upls)l'
U, (5)=[00(5) Upals) Uy, (s)] s and e R* denotes the third-order identity

matrix.

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

ﬁD,.(s>=[1— 4 jUst) () 12)

S+q,; §+q,;

This can be simplified as follows:

(s+¢,)0,(s)=5U(s) (13)
sU, (s)==q,0,,(s)+sU ,,(s) (14)

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

follows:
U, =-q0,+U, (15)
where ¢g = diag(q1 q9, 4, )
The UDE Lyapunov function candidates can be selected as follows:
v, ==U,"U, (16)
In light of equation (15), the time derivative of equation (16) is written as follows:
v, =0,"0,=-0,"q0,+0,'U, (17)

According to equation (4) and Young’s inequality, we have the following:
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(18)

where #1is a positive constant. Substituting equations (16) and (18) into

equation (17) produces the following:

Uy’ Uy’
VUd S—ﬁdTQﬁd +,UﬁdTl7d +— S_2(ﬂ“min(Q)_l‘u)VUd + 4d

4u

<28V, +y, (19)

where 8, = (4, (q)—1)>0, and 2,

‘min

() denotes the minimum eigenvalue of a

%2

d

matrix, y, = > (. Thus, g must satisfy 4, (q) > u.

Theorem 1: Under Assumption 1 and Assumption 2, the estimation error
Vectorﬁd :J—Zfof the complex disturbances for the DP vessel by the

UDE, settles with in compact set
Qﬁd ={ﬁd ek’ |Hl7dHS§L7d,§ﬁd > I%}Under the condition of ¢, >u, by
0

appropriately adjusting filter valuesq, and #, the value of”ﬁducan 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:

Yo _ Yo |28
0<V, (t)< 2 + [VUd (0) 28 Je (20)

Obviously, 7y, (f) is bounded. Integrating equations (16) and (20) gives the

following:

0<|0,]< \/;— + Z{Vw (0)- 2%}‘%’ 1)

It can be seen from equation (21) that for any positive constant fﬁd > /2—0,
0

10
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there exists a time constant, T. > such that HUdH < fﬁ for all I > Tﬁd .
U, d

~ ~

Therefore, the estimation error vector, Udzd—gf, of the complex
disturbances for the DP vessel by the UDE settles within compact set

Qﬁd —{ﬁd ek’ |H(7dHS§ﬁd, 7, > ﬁ}.Under the condition of ¢, >u, by

Py

appropriately adjusting filter valuesq;, and #, the values ofHﬁdHcan 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 4 €R’
as follows:
G =n-1n, (22)
wherer, = [x . Ve Wy ]T denotes the vector consists of the desired position (x4, yz)

and yaw angle ¥, vector in the EF.

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

follows:
9 =Jly -1, (23)

Virtual control vector @, € R® for Uis designed as follows:
11



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

a, =J " (w)\-T,9+71,) (24)
wherel'| € R¥is the designed positive definite parameter diagonal matrix.
Let v, € R’ as the output of the first-order low-pass filter of the
virtual control vector ¢;:
Tv, +v, =a1,ud(0)=al(0) (25)

wherev, € R’ is the state vector of the filter, and 7 >0is the filter time
constant.

Remark 4: The simple algebraic calculation v, :(0‘1 _Ud)/T 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, 9, eR’, as follows:
9, =v-v, (26)

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

M8, =—Clolo-Do+r+d-A, —M 2 27)
Filter error vector § € R’can be defined as follows:
o=v, -, (28)

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

follows:

. [9,A7,|+0.5p7 AT
b=-D, 7 - p, h(x, )+ pAt, (29)

where @, >1, p, >0, p= diag(pl P> p3) AT, =T, T, (i :172’3) , and
At,=7,-7, = [Aral Az, At ]T , X:1s the state of the ADS.

Remark 5: The ADS depended on A7, and h(;(,.), if they are not chosen properly,

a singularity phenomenon will occur in the ADS.
12
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The smooth switching function h( )(,-) is constructed as follows:

0, 2 |Z[|S1ai
]’l( )_ 1— z . ZZ; _Zji h .
X:)= cos| —sin 2—12'_;(24 , Otherwise (30)
1 § “ |Zi|2}(bi

where0< .. < ¥, (i = 1,2,3), and y,;is a positive design constant. Function h()(l)

is introduced to avoid the singularity of the ADS of equation (29) when %,
approaches zero [36].
Lemma 1 [37]: Function h(;(,) is a smooth switching function for all 7;. Proof

See Appendix A.

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

vector, 7, eR’, as follows:
r.=7+D .y (31)
where O :CDST € R is the designed positive definite parameter matrices, and

=[x, 7, x| is the state vector of the ADS.

Replacing equation (5) with equation (6), and substituting equation (6) into
equation (27), Let—I,%, = M. 92 the DP vessel’s UDE-based DSC law is designed as
follows:

rc:—F282+C(u)u+Du+Mal;—Ud+CDS;(—Ud (32)

where I, = FZT e R¥ is the designed parameter matrices.

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

selected as follows:
1 . | 1 ., 1 l ~ 7~
VZELQI 191+5192M192+55 5‘1’5/’{ Z‘f’EUd Ud (33)

The derivative of V' equation (33) with respect to time is taken as follows:
V= 98+ 9 MG +8 6+ 4 5 +0,U, (34)

According to equations (23), (24), (26), and (28), along with ||J (V/)||=1 and
13
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Young's inequality, the following can be obtained:

919, =9Iy ), +v,)

= l91TJ(W)(‘92 +5-J" (V/)Fl'gl)

=-9'T,9 + 9/ J(y )% +6) (35)
4 4 +&

4a, 4a,

<-9'T\4 +2a,9 8 +

where g, is a positive constant.

In light of equations (7), (27), and (32), along withz =7, +A7,and Young's

inequality, the following can be obtained:

9’ MY, :,95(—c(u)u—Du+r+(d—Af)—M“l;—“dj

:95(—C(U)U—Du+rc + AT, +(d—AJ.)—M%j

—9 g +0,y+A7, +(d-A,)-0,) (36)

9,9, +H O y+ U, +9 At

O, y) © "0
~9'T, 9, +2a,97 8, L@ o5z UU, +9"Az,
4a, 4a,

IN

where a, 1s a positive constant.

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

can found as follows:
e A 2 S R (73 S Rl Rl /N €X)
set o, =fp b Al el s nd s
Q= {[Sf g 5t 4T ﬁdT]T :VSH} are compact sets, where H, and H are
the desired positive constants. Thus, set €, xQ is also a compact set. Discontinuous

function A(-)can be obtained as follows:

where #(-) has a maximum value of Ny in the compact set Q, xQ.
14
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Using equations (37) and (38), we obtain the following:
s's 8o
+

T
5'S o
=— +0'| =+06
T ( T j (39)

T 2
5T5+b5r5+N—°

86 =— +678

< -

where b is a positive constant.
According to equation (29) and Young's inequality, the following can be
obtained:

QZiATai

2
'Arai

XiXi zli[_q)gili_| h(li)+piATai]

Xi

_Mz)
2

piATL+p AT, (40)

= _q);(,}(iz _h(li

2i

2

LA

< —CI)%;(Z.2 —h(;(l]

2i

~piac(i-h(z)

When| )(i| >y, and h( X ) =1, inequality (40) can be rewritten as follows:

. 1
XiXi < _((D;(,. __jliz -
2
(41)

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

2i

. 1
1< 0 y+ 5;/7( —\SZTM“

Young’s inequality gives the following:

%9, r o )V ®
V<-9'T8 +2a8' 9 +22 o0 - 91,9, +2a,9 9, +( 2) @
4 4a1 4a,
ﬁdTﬁd T o's T N02 r 1, ; ~ o~
M i ey A A E x-|% -0, q0,
2 2
~r~ U, 99 AT
+,UUdT 4 2d 7 2+|| b"
4u 2 2 (42)
_[/1 ( ) 2a ]lgTLg //erlin(l—‘Z)_Q’aZ_L_l 19;192_ l_b_L 5T5
4611 2 T 4a1
(DTCD 1 ~ N 2 U*Z ”ATb"z
| Ain| @, ——— | == X = A @) - U, Uy + =+ =+
[ mm[ x 4a2 j 2:|Z Z [mm(Q) /u] d d 4b 4# 2
<2,V +6,

15
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where

. da, 2 1 1 oD ) 1
K, =min /Imin<r1)_2a19 : ’_b_%’lmin(q)l - 4q J_z’ /Imin(q)_lu
1 2

s Ao () denotes the minimum characteristic value of a matrix, and

2

2 2
N,” U, |Ar
g N U sl
4b  4u 2
. : % At o
Otherwise, when 0 < h( X ) <1, noting that 4, Az, < 7’ + T‘”, the following is
obtained:
T Az |
Sar, <55 @)

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

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

16
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g9 s O y) ©

2 2+55—1927F2192+2a219;192+7( ) @5z

4a, 4a, 4a,

U,'l, 5's N’ %Az,
<+ 9 Ar, — +b5T5+— + ‘d

4a, boT 4b 2)‘ AL Tk Z 2

V<-9'T.9 +2a,9' 3 +

()

+

e 00 Iy

£ 5 -U, qU,+uU, U, "'E

! r D y) @
5% 00 g9 420,99, @) Oor
a, 4al 4a,
ideﬁd T 5's, re N r (pAT ) PAT, ~ 7~
+ + S Ar——2+bS 5+—+ rr-x O x -U, qU,
4a, T 4 2

<39 +2a,9' 4 +

4 (44)
A T T
%9 00 gy vaas g+ 2s2) Ok

a, 4a, 4a,

<-9T,4 +2a,9' 3 +

U'U, $8 AtlAr, §'6 N, (pAz, ) pAr,  ~ o ~
+ Za d 222+ bz b_ 7 +b5T§+4—0b—zT(DZ)(+7—UquUd
2

l_b_i ST
T 4a,

T o 2 AL P
_|:/1min(q)l - CDS (DS J_I:IXTZ_[ﬂ’min(q)_lu]l]dT d + NO + Ud + H TbH + HIOATa

|
EAJ
2
e
A
)
8
o
2,
iYe)
1
N
E)
—
!
S—
)
)
S
|
D
_
|
N | =
1
S,
Se
N B

2

4 4y 2 2

j  Audd)ut and

2 ) 2 2
o Ve U bl sl
4 4y 2 2

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

V<24 +0 (45)

where x = min {x,,x, | and 6 =max1{0,,0,}. Because 8,a,,a,,b,;#>0is required,

the following controller parameter conditions should be satisfied:
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Ain (Fl ) > 2a, (46)
ﬂ‘min (r2)> 2a2 +L+l (47)
4a, 2
oMo 1
A DO ——T|>— 48
mm( V4 4(12 ] 2 ( )
1 1
J— b 4+ —
T 4a, “49)
//i’min (q) > :u (50)

For nonlinear kinematic equation (1) and dynamic equation (2) for the three
degrees of freedom DP vessel, under Assumptions land 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 I,I5,,7,® ,,® g until

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

Proof: Integrating inequality (46) yields the following:

0<V(t)< Y, (V(O)— ije—m (51)
2K 2K

Equation (51) obviously shows that¥ (¢)is uniformly ultimately bounded. Based on
equation (33), signals 4,,9%,,9, 7, U , are uniformly ultimately bounded. Therefore, we
know that”7is bounded by the boundedness of 77, and . In the light of equations
(24), (26), and (28), «,,L,,L are also bounded. Further, it can be determined from the

boundedness of U, that the estimation of U, 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:

0

0<]9]< JL 2{1/(0)——};‘2’“ 52)
K 2

K

Obviously, it can be seen from equation (52) that for anyx, > \/E ,2there exists a
K

time constant ¢ > T  such that HLQIH <K g holds for all t>T g, -In other words, the
position and heading error vector §  converge to the compact set

Q, = {191 e R’ \||n91 ||S Kg }, 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 7, = [x P TR ]T 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 M, C(v), D, A, 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.

Tavnse = C(O)0+ Do+ MEA"2 LT () -T,9, —E& (57)
t=PEg, -Ale-¢") (58)

2(9,)= diag(tanh(lg% j, tanh(lgz% j tanh(gz% D (59)

where @ =L@, =10, =001, P=diag(10*,10°,10°) , A =diag(107, 107, 107},
c0=[0.1 01 01 , T, =diag0x10°, 9x10°, 1x10°) , i e RS is the

estimation matrix of the ideal weight vector, A(v)eR'™ is the vector of

the RBF.

The PID control law is chosen as follows.
Top = K,8,(0)+ K, [ 8, (6)de + K ,8,(¢) (54)
where K, =diag(1.0x10°, 12x10°, 15x10°) , K, =diag(14, 14, 14) |
K, = diag(1.8x10°, 1.8x10°, 1.8x10°).

The NLPID control law is chosen as follows.
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ey = 19K, 8,0+ K, [ 9, ()t + K 8, (0)] (55)
where f(8)=diag(f(9,,) 1(9.) 1)

) _ exp(kilgli )+ exp(— k3, )

110, 5 i=1,23
5 { s, 9, < 9 (56)
T Gasen(8,) [90]> 9
where k1=0.15,k,=0.12,k3=0.15, 9., =15, 9,y =15, 9., =%.
Tablel. Input constraints of supply ship.
Magnitude limits Rate limits

In surge Ty =3.76815x10° KN Tp =53.8307KN
In sway T\ = 6.80725x10> KN Ty, =97.2464 KN
Inyaw Ty, =7.3119x10° KN Tps =1044.6 KN

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]:

d0=7"vp .
b=-T'b+(w
where p € R?is the disturbances vector under the earth-fixed coordinate

system; 7T,.€ R’ denotes the time-constant diagonal matrix; TeRlsS a

zero-mean Gaussian white noise vector; and ¢ eR’is the diagonal

amplitude matrix of 7.
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Table2. Positioning settling times and error rates of four control laws

under two different conditions.

Control law DSC+UDE DSC+NN PID NLPID

Case Casel Case2 Casel Case2 Casel Case2 Casel Case2
Settling

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

J.1zoolg }a’t

0 b 2.126% | 1.988% | 2.476% | 2.616% | 2.478% | 2.721% | 2.531% | 2.853%

191’1(0)><t

1200
jo ,91,2\dt

‘— 1.827% | 1.688% | 1.885% | 2.090% | 2.006% | 2.413% | 1.984% | 3.319%
191’2(0)><t

1200
t
M 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  b(0)=[I0OKN 10KN 10KNm|
T, = diag(10°, 10°, 10°), and ¢ = diag(10°,10>,10°) . The desired position and

heading are 17, :[Om Om Orad]T. The initial position and heading are
. T
77(0):{30171 30m Emd} .The initial velocities are

U(O):[Om/ s Om/s Orad/ s]T. The control parameters are designed as follows:
T, = diag (0.15,0.15,0.11), T, :diag(6><105,9><105,8><108), q = diag (2,4, 6) and
T =0.3. The initial states of the ADS arez(o):[3><104 3%x10* 3><104]T.
The designed parameters are as follows: x, =35, x,, =10, @, = diag(5, 5, 5)
D, :diag(l, 1, 1) and p=diag(l, 1, 1).

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

1200‘ ‘

positioning error rates '[0
oy (O)xt

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 g“:aliag(le()3 5x10° 5><104) of # 1s 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 wvessel 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 h( X )
For continuity:

Considering the point y;, = y,., we can obtain

lim A(y,)=0
Xi™ Xai

lim Wy )=1- cos(zsm(O)j 0
X 2

Since h( Za,-): 0, so h( )(l.) is continuous at the point y, = 7.
In the same way, h( )(l.) is continuous at the points y, =-y, and y, =ty,, ,so the

function h( )(l.) is a is continuous function for ¥, € R.

For derivation:

Considering the point ;, = y,;, we can obtain

lim A(y,)=0

X Xai

. S)
lim i(z,)= tim % — 2% _sin fsm[ z z} CO{ L zm]zo
2 i zi-za 4 Zbl Zal 2 2 Zb[ Za[ 2 Zbi Zai

so h(y.) is smoothly at the point y, = 7,..
In the same way, h( )(l.) is smoothly at the points y, =-y, and y, =%*y,, , so the

function h( )(l.) is a is smoothly function for y, € R. 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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Fig.3.Simulation results with input magnitude limitations.
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(b). The position and heading of vessel
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(d).Control forces and moments with magnitude and rate limitations
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(f). Disturbances and uncertainties of DP vessel and its estimation.

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