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Abstract A dynamically positioned vessel, by the International Maritime Organization (IMO) and the certifying class societies
(DNV, ABS, LR, efc.), is defined as a vessel that maintains its position and heading (fixed location or pre-determined track) exclu-
sively by means of active thrusters. The development of control technology promotes the upgrading of dynamic positioning (DP)
systems. Today there are two different DP systems solutions available on the market: DP system based on PID regulator and that
based on model-based control. Both systems have limited disturbance rejection capability due to their design principle. In this paper,
a new DP system solution is proposed based on Active Disturbance Rejection Control (ADRC) technology. This technology is com-
posed of Tracking-Differentiator (TD), Extended State Observer (ESO) and Nonlinear Feedback Combination. On one hand, both TD
and ESO can act as filters and can be used in place of conventional filters; on the other hand, the total disturbance of the system can
be estimated and compensated by ESO, which therefore enhances the system’s disturbance rejection capability. This technology’s
advantages over other methods lie in two aspects: 1) This method itself can not only achieve control objectives but also filter noisy
measurements without other specialized filters; 2) This method offers a new useful approach to suppress the ocean disturbance. The

simulation results demonstrate the effectiveness of the proposed method.
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1 Introduction

The control technology has been undergoing a rapid
development since the Industrial Revolution in both en-
gineering and theoretical science fields, which stimulates
different paradigms in control engineering. On one hand,
engineers gain experience in the actual engineering prac-
tice by exploring control mechanisms, such as the propor-
tional-integral-derivative (PID) type, which is called the
industry paradigm (Gao, 2010), is a kind of typical con-
trol technology for passive disturbance rejection and re-
acts only when a system deviates from target. On the
other hand, the control technology is a branch of applied
mathematics and the control law is derived from mathe-
matical models of the control process based on mathe-
matical axioms and assumptions, where such a technology
is called the modern control paradigm (Gao, 2006, 2010).

The development of the offshore dynamic positioning
(DP) technology is no exception from the above two para-
digms. In the 1960s the first DP system was introduced
for horizontal modes of motion (surge, sway and yaw)
using single-input/single-output PID control algorithms in
combination with low-pass and/or notch filter (Asgeir,
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2011). This is the first generation of DP systems. How-
ever, problems occurred in actual operations. Because of
the passive disturbance rejection, the PID-controller-
based system can only correct the existing deviations
(Holvik, 1998) which may result in fatal losses, particu-
larly for oil rigs. Besides, the phase lags of positioning
error signal led by the adopted low pass filter may even-
tually ruin the positioning accuracy. In the 1970s more
advanced output control methods based on multivariable
optimal control and Kalman filter theory were proposed
by Balchen et al. (1976). Based on Balchen et al.’s theory
(1976), Kongsberg developed the second generation of
DP systems Since the 1990s (Stein, 2009), several nonlin-
ear DP controller designs have been proposed (Stephens
et al., 1995; Aarset et al., 1998; Fossen and Grovlen,
1998; Bertin et al., 2000; Agostinho et al., 2009; Tannuri
et al., 2010; Volovodov et al., 2007). Generally, all these
designs belong to the model-based control system, for
which a mathematical model is never a 100% accurate
representation of a real vessel. However, by using the
Kalman filtering technique, the model can be continu-
ously corrected (Holvik, 1998). Even a mathematical
vessel model is effectively updated by using the Kalman
filter, the model-calculated disturbance can still not rep-
resent the real ocean disturbance, which will naturally
lead to a limited disturbance rejection capability. Due to
the complexity of ocean environment, to accurately model
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the ocean disturbance is bound to be a difficult task. With
the increasing demand for higher accuracy and reliability
of the ship motion-control system, the better control
technology with less dependence on mathematical models
needs to be developed.

Gao (2006) proposed the necessity of a paradigm shift
in the feedback control system design. The disturbance
was estimated from the known input and output signals
instead of attempting to model it. By compensating for
the estimated disturbance, the system can be transformed
to a chained-integrator plant that can be easily controlled.
This is the core of the disturbance rejection paradigm, and
the Active Disturbance Rejection Control (ADRC) tech-
nology (Han, 2009a) is a typical representation of this
paradigm, which proposes an ingenious way to avoid the
complex modeling of disturbances and provides an alter-
native for the solution of the dynamic positioning system.

In this paper, we will systematically analyze the posi-
tioning problem and propose a new solution for the dy-
namic positioning system under the disturbance rejection
paradigm based on the ADRC. The problem formulation
is given in Section 2. The DP system design solution is
introduced in Section 3. Active disturbance rejection ob-
server designs are discussed in Section 4. Simulations are
developed in Section 5. Conclusion remarks are given in
Section 6.

2 Problem Formulation
2.1 Problem Statement

One important control function of DP systems is the
station-keeping (Strand, 1999). To maintain a fixed posi-
tion, a ship is required not only to anchor at a specified
location, but also to reject continuous disturbances caused
by wind, waves and currents at the same time. These re-
quirements lead to the following four problems: a) How is
the ship position information obtained from the measured
noisy signals? This is concerned with filtering. The accu-
racy of the acquired ship position information greatly
affects the system’s positioning capability. b) Which kind
of control method can well perform positioning? c)

Measurements from reference
systems and sensors

Ocean
disturbances

Thruster allocation

T Wanted position, heading
Controller o e
T Observer

Low-frequency position, heading
and speed estimates

Fig.1 The description of problems in DP systems.

Which kind of thruster allocation method can not only
allocate optimum thrust to any propeller unit in use, but
also minimize fuel consumption, wear and tear on the
propulsion equipment? d) How does the ship resist ocean
disturbances in real-time? These problems of the DP sys-
tem are described in Fig.1. Using observers, one can
measure low-frequency position, heading and speed.
Based on the measurements, the DP controllers can be
designed and the control outputs transformed to individ-
ual thruster command via the thruster allocation.

2.2 Vessel Model

The low-frequency (LF) motion of a large class of sur-
face ships can be described in the body-fixed frame by
the following model (Fossen, 1994):

My+C(v)v+D(v—v,)=1+w, )

where, v=[u, v, ]" denotes the LF velocity vector, v.=[u, Ve,
r.]" is the current vector, =[r,, 7,, 73]" is the control force
and moment vector, w=[w;, w,, ws]' is the vector de-
scribing zero-mean Gaussian white noise processes. Note
that r. does not represent a physical current speed, but the
effect of currents on the yaw of a ship.

The nonlinear damping forces can be neglected for dy-
namically positioned vessels if the linear hydrodynamic
damping matrix D>0 and the inertia matrix, including
added mass terms, is assumed to be positive definite, M=
MT>0. Assuming the symmetry of the starboard and the
port, M and D can be written as:

m-X; 0 0
M=\|0 m=Y, mx;-Y. |, 2)
0 mxg =Y, I,—N,;
-X, 0 0
p={0  -v, -% |, 3)
0 -Y. -N,

here M={m;} and, according to (2), the non-zero ele-
ments, m;=—m;;, are defined as:

my =m—X;, myy =mxg =Y, my, =m=Y,,my =1, —N;.

The Coriolis and Centrifugal matrix C(v) is a function
of the elements of the inertia matrix. Generally, C(v) can
be expressed as:

0 0 —myv—myr
Cv)=|0 0 myu . @
My V+Mysk  —m U 0

Most of the time C(v)=0 for a ship; however, it may
become significant when a ship is operating at certain
speeds.

The kinematic equation of motion for a ship is:

n=J(myv =Ry, )

a) Springer
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here #=[x, y, w]" denotes the position and orientation
vector in the earth-fixed coordinate system, v=[u, v, "
denotes the linear and angular velocity vector in the
body-fixed coordinate system, and the rotation matrix
R(y) is defined as:

cosyy -—siny 0
R(y)=|siny  cosy 0
0 0 1

The white noise dynamics and disturbances of the sys-
tem can be described as (Fossen, 1994; Fossen and Strand,
1999):

=J (n)b
{w ) ©

here beR> is the vector of bias force and moment,
E,=diag{E,, Eyn, E;}, o, represents the zero-mean
Gaussian white noise, T, is the diagonal matrix of posi-
tive bias time constants.

A linear wave frequency (WF) model of the order p can
be generally expressed as (Fossen and Strand, 1999):

(=0¢+Yw,, (7)

n,=I¢, (8)

where ¢€R¥7 (()OER3 and Q , X and I' are the
constant matrices of appropriate dimensions. @, is as-
sumed to be the zero-mean Gaussian white noise.

A state-space description of the 2™%-order wave-induced
motion in 3 degrees of freedom (DOF) (Sealid et al., 1983)

e izl o

2, =diag{oy,0,,03},

here w,(i=1, 2, 3) is the dominant wave frequency, {}(i=1,
2, 3) is the relative damping ratio and o(i=1, 2, 3) is the
parameter related to the wave intensity.

Hence, the position and heading measurement model
can be described as:

y=n+tn,+w,, (11)
where 7, is the vessel’s WF motion due to the 1%-order
wave-induced disturbance and w, € R 3 is the measured
zero-mean Gaussian white noise.

Combining the above modeling processes yields the
modeling system, and the structure diagram of the corre-
sponding system (Fossen, 1994) is shown in Fig.2. The
control command u is the sum of feedforward and feed-
back control actions. Generally speaking, the disturbances
generated by ocean waves and currents are suppressed via
the feedback control system while the wind is compen-
sated by the feedforward control system. In some specific
cases, currents are also settled in the feedforward loop.

(=0+Ya,, (12)
n=Jmyv, (13)
b=-T,'b+E,m,, (14)

My =-C(v)v—D(v—v,)+J (nb+7, (15)
y=n+n,+w,. (16)

2.3 Thruster Allocation Model

Assuming that 7€ R 3 is the control vector of forces
and moment, including the surge and sway forces as well
as a yaw moment, f € R" is the actuator command, and
7 is the number of thrusters, thus

& _
m=wu{} (10) r=B@)f, (17)
&
, X where,
where & eR”, & eR” and:
cosq;
- 2 2 2 )
Q,, =-diag{e) 05,05}, B(o) = sin¢, (18)
Q,, =—diag{2{ 0,200,205}, —y,; cos ¢, + x; sing,
Wind,
waves and
l currents
v N
N Lzﬁ?gﬂohr;ﬁ:.?n O Actuators [*~ Dynamics Kinematics |——
Feedback | | Vehicle
control system SeTEeT
|a| Reference |, €| Guidance | Kinematic
generator Sensors transformation
Weather
data

Fig.2 Guidance and control system for automatic ships.
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In Eq. (18), ¢; is the azimuth angle of the i-th thruster,

and (x;,y;) are the coordinates of the i-th thruster.

The thruster allocation is not the focus of this paper,
the thruster allocation model is developed according to
Gu (2011). The constrained optimization problem for the
azimuth a is formulated as:

2

minJ (A, Af ,5)= %:(df,» (fO,)Af+ 77 (fo,)Af )+
sTOs+Aa" QA (19)

which is subject to:
9 a= 0‘0 -
s+B(a0)Af+—(B(a) f)| Aa=7-B() [

Join /D= So SAFS frax ' P— So,
Afmin b Af = Af max »

oy <Aa<g,

Q, max

min )

>

Ao SAa<Aq,,

where W{(f)=k|f]'” denotes the power consumption of
21K, (0)

i = ———,K,and K, are
Dy pK, (0

the propeller thrust and the propeller torque coefficients,
respectively. Azimuths a, and f; are the optimal solutions
from the previous sample; f;.;, and f;... are the lower and
upper bounds of actuator command vectors; Af;;, and
Afax are the lower and upper bounds of thrust vector
variations; @, and a,,,, are the lower and upper bounds
of azimuth vectors; Aa,,, and Aa,,, are the lower and
upper bounds of azimuth vector variations; s is the error
between the anticipated and achieved general forces; Af
and Aa are the variations of thrusts and azimuths, respec-
tively. The large matrix @>0 is chosen so that the con-
straint (19) is satisfied with s=0 whenever possible. € >0
is used to tune the objective function (19). Represented
by the third term in (19), the rate-of-change in azimuths is
constrained and minimized such that a large change is
only allowed if it is necessary.

The constrained optimization problem for the thrust fis
formulated as:

individual actuator, and

min{J = fWf +s' Os}, (20)
which is subject to:
Bf=T+S, mm—f<fmax’ A.fmm f_fOSAfmax'

In this paper, the thrusts and their azimuths are calcu-
lated using quadratic programming (QP) methods and
sequential quadratic programming (SQP) methods, re-
spectively. The dynamic positioning system combining
the vessel model and the thruster allocation model is es-
tablished by using the Matlab stateflow toolbox (Guo and
Lei, 2014).

3 DP System Solution Design Based
on ADRC

3.1 Disturbance Rejection Paradigm
For this analysis, the ship motion model (13) and (15)

can be rewritten as follows:

ii=f.nv.,b)+U, @1

where
Fo,v,b)=JM ™ (=C(v)v = D(v—v,) +J " ()b) + J ()v

and U=J@)M 'z is the introduced virtual control.

Generally speaking, the system uncertainties are known
as the ‘internal disturbance’ while the outside perturba-
tions are the ‘external disturbance’. In the ship dynamic
positioning system (21), the ‘internal disturbance’ and the
‘external disturbance’ are jointly expressed as f(v, #, v., b),
which is partially known in most situations.

In the disturbance rejection paradigm, the total distur-
bance is estimated in real time from the input and output
signals, f=f(v, i, v, b). Thus, (21) can be transformed to

7=u, (22)
through
U=—f+u,. (23)
Therefore
T=MJ"' ()~ f +uy), (24)

where Formula (22) is a chained-integrator system that
can be coped with a simple PD controller.

The key issue under this paradigm, also the core of ac-
tive disturbance rejection control principle, is about how
to estimate the total disturbance f(v, #, v., b). There are
three important parts in ADRC, namely Tracking-Differ-
entiator (TD), Extended State Observer (ESO) and Non-
linear Feedback Combination (Han, 2009b). The ADR
control framework is given in Fig.3. The disturbance Z; is
estimated in the closed loop, which reduces the system to
a chained-integrator plant.

= ¥ £, S
v Transient ——Q——- Nonlinear| 4, ¥
——={ profile |- e, | weighted —{(_) —= Plant —7—
generator [}  sum i
A=
Z,

Z —=— Extended

7z 2 state |«

4 observer

Fig.3 ADR control framework.

1) Tracking-differentiator

A TD introduced in the system is to obtain the fastest
tracking and the derivative of the setpoint 77; . A brief
introduction of TD design is given as follows:

a) Springer
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h= (25)
‘.}2 = fhan(vl,vz,u,r,h) '

where 7 is a parameter controling the tracking speed while
h decides the filtering effect when the input signal is pol-
luted by noise. The function fhan is calculated as follows:

S=rh, 8,=0h, y=v—u+hvy, ay=+6"+8r|y]|,
{v2+y/h,|y|s§0
a= . s
vy +0.5(aq — &) sign(p),| y > &,

—rald,|al£o
fhan = (26)

—rsign(a),|a|> 5

The weak convergence of non-linear high-gain tracking
differentiator can be referred to Guo and Zhao (2013). By
properly selecting » and A, 77; can be tracked very well
and a smooth derivative of 77 can be obtained.

2) Nonlinear feedback combination

A nonlinear PD controller, chosen as the nonlinear
feedback combination in this study, is depicted as fol-
lows:

€ = 77,‘* -7
e, =1j; —1j . QD
u, = p, fal(e,,a,,0) + B, fal(e,, a,,9)
where
57 lelc s
fale.a0)=1% ¢ . (28)
le|” sign(e),| e [> &

Combined with Formula (23), the virtual control is

U, =—f.+ B, fal(e,,a,, ) + B, fal(e,,a,,8) . (29)

By using an ESO, /}l can be obtained from Eq. (30),
which forms the core problem of disturbance rejection
paradigm.

3) Extended State Observer

The mathematical description of the ESO is given as
follows:

Ey =2, -n;

Zl =Z, - Bk

Z, =7, - B, fal(E,,a;,8) + U,
Zy =~ fal(E;, 4y, 6)

; (30)

where E| is the estimation error of the NLESO, Z,, Z, and
Z5 are the observer output, and f;, f4, and fs are the ob-
server gains. For properly selected values of f;, £, and fs,
Z,, Z, and Z; approach #;, 17);, and f;(v, , v., b), respect-
1

1
tively. Han (2009a) suggested that [, =Z,,6’4 =W’

and fs = for parameter tuning, where / is the

82’

a) Springer

sampling step. However, it can present questions in engi-
neering practice. Further investigation of the non-linear
ESO convergence for a class of non-linear multi-input/
-output systems can be referred to Guo and Zhao (2012).

The control objectives can be achieved by properly se-
lecting the values of 8, £, B3, Ba, Bs, a3, a4, and 0.

3.2 ADRC Based Solution for DP Systems

The ADRC based solution for the problem presented in
2.1 is discussed in this section. Some researchers found
the good filtering characteristics of both TD and ESO
(Song et al., 2003; Zhu et al., 2006; Wu et al., 2004).
Apart from that, ESO can be used to estimate and com-
pensate for, in real time, the combined effects of the ‘in-
ternal disturbance’ and ‘external disturbance’, forcing an
otherwise unknown plant to behave like a nominal one
(Zheng and Gao, 2010). Therefore, based on ADRC, the
filtering problem a) can be solved by TD, and the control
problem b) and disturbance rejection problem d) can be
settled by a combination of ESO and nonlinear feedback.
Together with an optimization approach in thruster allo-
cation, the solution can be described in Fig.4.

Remark 1: The solution in Fig.4 is given based on the
assumption that a speed vector is measurable. When the
speed vector is unmeasurable, the solution can be given
by using the position and heading measurements in place
of speed measurements as ESO input, which is consistent
with the problem description by Egs. (21)—(23).

Thruster allocation

Wanted position, heading
™ Controller
Position, | pisiurbance Speed |
heading | .stimates estimates,
estimates I
ESO : Speed measurements
a ]
. Position, heading
TD measurements
! Controller  Observer and filter )

Fig.4 ADRC based solution for DP systems.

4 Active Disturbance Rejection Observer
for DP Systems
4.1 Why are Observers Important for DP Systems?

It is known that only slowly-varying disturbances should
be counteracted by a propulsion system, while wave-in-
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duced oscillatory motion should not enter the feedback
loop (Fossen and Strand, 1999). Unfortunately, the posi-
tion and heading measurements are contaminated by col-
ored noises due to wind, waves and ocean currents as well
as sensor noise. Without filtering out the noises damage
to thrusters may result.

A scaled replica of the offshore supply vessel named
CS2 was built and tested as the control plant for the study
(Karl-Petter, 2003). The model has an overall length of
Los4=1.255m, and is equipped with three propulsive de-
vices: a small two-bladed RPM-controlled tunnel-thruster
in the bow, producing a sway force, and two RPM-con-
trolled main propellers with rudders at the stern. The spe-
cific coordinates of the three thrusters are as follows:

1= h,)" =(=0.054,-0.075),
ry =l h,)" =(-0.054,0.075),

= 5,)" =(1.14,0,0),

Thrusts

-200

0 100 200 300 400 500 600

200

0 100 200 300 400 500 600
Time (s)

where r, r, and r; represent the coordinates of the left
and right stern thruster and the tunnel-thruster in the bow,
respectively (Karl-Petter, 2003).

In the simulations the control inputs were set as:

sin(0.05¢)
7 =|sin(0.1¢)
sin(0.07¢)

€1))

The measured noises were set as a vector of the zero-
mean Gaussian white noise, and the variances were set
as 1. The thruster system obtained data from the control
outputs at a one-second sampling interval. The speed
information was acquired from the position and heading
measurements via TD, instead of the speed measurements.
The thrusts and azimuths of the three thrusters were
obtained by using the optimization method proposed in
Section 2.3, and the corresponding results are shown in
Fig.5.

Azimuths

(=]

7l
um:Wauume" \ |W ll\-,wnm"'w-wmwﬂ

(

0 100 200 300 400 500 600

O JoAl s i iy IV ;,#-’\n.wpw
\|
f

0 100 200 300 400 500 600

Moises off
Noises on

0 100 200 300 400 500 600
Time (s)

Fig.5 Thrusts and azimuths of the three thrusters.

Comparing to the results without measurement noise, it
can be seen that the noise entering the propulsion system
would lead to high frequency oscillations on all three
thrusters, and therefore severely damage propellers. The
wave filtering technique can be used to avoid the poten-
tial propeller damage by separating the position and
heading measurements into a low-frequency (LF) and a
wave frequency (WF) signal (Fossen, 1994).

In order to obtain the estimation of the ship position,
heading and speed by ADRC, the system model, Egs. (12)—
(16), can be rewritten as two subsystems:

. e T
(@) {Mv— C(vyw-Dy-v,)+J )b+t e
Y, =vEy, +w,
n=J (v
b , 33
®) {yn:']+’7w+wn 33)

where {=Q&+X w, , b=-T,'b+E,w, . v, and ,, are the
Ist-order wave-induced speed and motion, respectively,
and w, and w, are the zero-mean Gaussian white noises.
The speed estimates can be obtained by ESO based on
system (a), while the position and heading estimates can
be acquired by TD based on system (b).

4.2 Observers’ Design
The ESO applied here are described as:

Ey=Z -v,

Z, =7, - BE, +Ui
Zz = -, fal(Ey, as,0)

(34

With properly assigned fs, -, and as, Z, can approach
the LF speed and Z, approaches the total disturbance ex-

a) Springer
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erting on system (a). A TD defined by Eq. (25) can act as
a filter here to present the LF position and heading esti-
mates from the noisy measurements.

5 Simulation Study

5.1 Active Disturbance Rejection Observer
Validation

The total disturbance and noise of DP systems consist
of the following components:

1) External slowly-varying disturbances caused by wind,
waves and currents;

2) Uncertainties;

3) Noises generated from vehicle motion sensors and
1*-order waves;

4) Noises generated from guidance sensors and 1%-or-
der waves.

Position and heading

& 100 ~ Noised data
%‘3 500 ——— Filtered data ]
7]
0 i : : i ; 1
0 50 100 150 200 250 300
100
=
S s00
7]
0
500
=
; 0
-500
0 50 100 150 200 250 300
w
@
k=)
=
-50

0 50 100 150 200 250 300
Time (s)

All the above disturbances should be rejected and sup-
pressed by the ADRC. Fig.2 shows how the disturbances
affect the system.

The simulation studies were conducted by the follow-
ing settings:

1) In slowly-varying disturbance model (14), T,=
diag {1000, 1000, 1000}, E,=diag{l, 1, 1}, the variance
of w, 15 0.01.

2) In the Ist-order wave-induced noise model (12), w=
60226()3:2, C1:C2:C3:0.2, 0'1:(72:0'3:1, F:[O I] The vari-
ances of the zero-mean Gaussian white noise in v,, and
n,, are 0.1 and 10000, respectively.

3) In the noise model generated from vehicle motion
sensors, the variance of w,, is 0.1.

4) In the noise model generated from guidance sensors,
the variance of w,, is 10.

5) The control inputs are chosen as (31).

Speed

0 50 100 150 200 250 300

0 50 100 150 200 250 300

Aoty A

0 50 100 150 200 250 300
Time (s)

=

-2

Fig.6 Calculated ship position, heading, and speed.

Estimated disturbances

In surge

In sway
f=]

o)
S

In yaw
=

'
{5

50 100 150 200 250 300
Time (s)

(=]

Fig.7 Estimation of total disturbances in surge, sway and
yaw.

@ Springer

According to the ADRC based solution for DP systems
in Fig.4, the position and heading estimates were acquired
via TD, while speed and disturbance estimates by ESO.
Fig.6 shows the calculated ship position, heading, and
speed, and Fig.7 shows the total disturbance of the system.
The curves demonstrate the filtering capability of pro-
posed ADR observers, which also raises a question about
whether ESO or TD possesses better filtering capability.
Seeking answers to this question may lead to promising
future research.

5.2 Validation of Active Disturbance Rejection
Controller
With the ADRC applied to DP systems, even all the
above described disturbances are exerted on the ship, the
simulation results Fig.8 reveal that the ship can precisely
sail towards the targeted location over the shortest path,
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exhibiting good positioning performance and disturbance
rejection.

70 T T T T T T T

B oW oo
s & S
L . .

North (m)

0 10 20 30 40 50 60 70
East (m)

Fig.8 Ship position response curve of ADRC system.

6 Conclusions

A good DP system should solve the two key problems
of noise filtering and disturbance rejection, while per-
forming highly accurate positioning. An active distur-
bance rejection based technology tackles the two issues
from a new perspective. On one hand, it eliminates the
need for accurate modeling, estimates, and compensates
for both the ‘internal disturbance’ and ‘external distur-
bance’ of the system via an extended state observer; the
simulation results of the proposed DP method demon-
strate its disturbance rejection capability. On the other
hand, both the ESO and TD show good filtering charac-
teristics, which can be used as an alternative filter for DP
system solutions. However, the method is still in its
primitive form of ADRC. A new ADRC solution cus-
tom-made for offshore dynamic positioning needs to be
explored in the future.
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