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a b s t r a c t

Managing with the presence of sea ice is the primary challenge in the operation of floating platforms in
the Arctic region. It is widely accepted that offshore structures operating in Arctic conditions need
station-keeping methods as well as ice management by icebreakers. Dynamic Positioning (DP) is one of
the station-keeping methods that can provide mobility and flexibility in marine operations. The presence
of sea ice generates complex external forces and moments acting on the vessel, which need to be
counteracted by the DP system. In this paper, an icevaning control algorithm is proposed that enables
Arctic offshore vessels to perform DP operations. The proposed icevaning control enables each vessel to
be oriented toward the direction of the mean environmental force induced by ice drifting so as to
improve the operational safety and reduce the overall thruster power consumption by having minimum
external disturbances naturally. A mathematical model of an Arctic offshore vessel is summarized for the
development of the new icevaning control algorithm. To determine the icevaning action of the Arctic
offshore vessel without any measurements and estimation of ice conditions including ice drift, task and
null space are defined in the vessel model, and the control law is formulated in the task space. A
backstepping technique is utilized to handle the nonlinearity of the Arctic offshore vessel’s dynamic
model, and the Lyapunov stability theory is applied to guarantee the stability of the proposed icevaning
control algorithm. Experiments are conducted in the ice tank of the Korea Research Institute of Ships and
Ocean Engineering to demonstrate the feasibility of the proposed approach.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The sea ice cover in the Arctic Ocean has decreased over the last
several decades. This trend is now widely accepted as the effect of
global climate change, which is considered an environmental
concern. Meanwhile, the increased accessibility to the deep Arctic
makes the Arctic region more attractive for exploration. Moreover,
it is reported that oil and gas deposits in the Arctic account for as
much as 22% of the world’s total oil and gas deposits (Hearing,
2009). In response, Arctic offshore technologies are being devel-
oped in many countries. Among these technologies, the develop-
ment of station-keeping methods is a key component, and the
Dynamic Positioning (DP) system is a promising strategy.

The DP system can be defined as a control function that
f Naval Architects of Korea.

rea. Production and hosting by El
automatically controls the position and heading of an offshore
vessel by using thrusters for precise maneuvering, target tracking,
tracking a predefined path, and conducting various other posi-
tioning tasks for marine operations. The DP system has several
advantages over traditional station-keeping methods such as a
mooring system and gravity-based structure. For example, no large
anchor handling operation is required, and disconnection and
immobilization can be carried out quite easily and rapidly in case of
an emergency. Moreover, in deeper waters, the DP system is an
economical station-keeping solution because the additional cost of
building a system to deal with the water depth is not required,
whereas gravity-based structures and mooring systems become
uneconomical because they need additional structures and me-
chanical components to cope with the water depth.

The DP system has promising potential for station-keeping in
ice-covered water conditions. The advantages of the DP system in
open water conditions can also be obtained in ice-covered water
conditions. Because of the presence of sea ice floes, external forces
by ice act on the vessel, which makes the set-up of gravity-based
sevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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foundations and mooring systems even more challenging. There-
fore, in ice-covered water conditions, the potential of the DP system
is significant.

Since the first DP systemwas introduced in 1961, various studies
have been conducted in open water conditions without ice. Early
DP systems in the 1960s used linear single-input single-output PID
control in combination with a low-pass filter, and only local mea-
surements of the vessel’s position were used for feedback control
(Steinbeck, 1961). More advanced output control methods based on
multivariable optimal control and the introduction of observers
with wave filtering techniques based on the Kalman filter theory
were proposed in the 1970s (Balchen et al., 1976; Grimble et al.,
1979). In the 1980s, satellite technology was introduced to DP
control systems for position referencing. This convenient position
reference system enabled DP vessels to venture into deeper waters
(Balchen et al., 1980; Fung and Grimble, 1983; Pinkster
Nienhuiset al., 1986). The number of DP vessels working at sea
grew from 65 in 1980 to 150 in 1985, as reported in (History of dp,
2018). Moreover, various control strategies have been applied to the
DP systems. These include DP control system design based on
H∞-control (Katebi et al., 1997; Donha and Tannuri, 2001), fuzzy
control (Stephens et al., 1995), and sliding-mode control (Agostinho
et al., 2009; Tannuri et al., 2010). Also, many non-linear controllers
were attempted to cope with the highly nonlinear characteristics of
DP vessels (Fossen and Grovlen, 1998; Aarset et al., 1998; Fossen
and Strand, 1999; Tannuri et al., 2010). To improve station-
keeping performance and to minimize thrust-induced rolling, the
addition of the damping effect was proposed (Sørensen and Strand,
2000), and wave feed-forward control algorithms were introduced
(Pinksteret al., 1978; Aalbers et al., 2001). In addition, an accelera-
tion feedback control algorithm was applied to DP control
(Lindegaard, 2003), and supervisory-switched control to deal with
various environmental conditions was proposed (Sørensen et al.,
2005). Moreover, more sophisticated techniques have been devel-
oped to set the optimal heading in DP control, which is expected to
minimize external loads acting on the vessel. These include a two-
layer controller based on theminimum cost function (Tannuri et al.,
2001) and a weather optimal positioning control based on the
transformation of the vessel’s equations of motion from the Car-
tesian coordinate system to the polar coordinate system (Fossen
and Strand, 2001). Also, a coordinated weathervaning control for
two vessels in a tandem configuration based on task space concept
was introduced (Kim et al., 2017).

After the successful implementation of the DP system in station-
keeping applications in open water, studies on the potential use of
the DP system in the Arctic region were initiated in the 2000s. One
of the successful station-keeping trials in ice fields using the DP
system was an Arctic drilling expedition conducted in 2004 with a
multiple-vessel approach under the auspices of the Integrated
Ocean Drilling Program (IODP) (Moran et al., 2006). In this drilling
expedition, a converted Arctic drillship, the Vidar Viking, conducted
a drilling operation with ice management support from two ice-
breakers, the Sovetskiy Soyuz and the Oden, as shown in Fig. 1. Ac-
cording to the ice management concept, one of the icebreakers first
manages the oncoming ice by breaking large floes into smaller ones
at a far enough distance (approximately 500 m to 1 km) upstream.
Simultaneously, the second icebreaker manages the ice between
the drillship and the first icebreaker by breaking it again to reduce
the size of ice floes and keeps the drillship relatively free of ice to
enable it to maintain the station using the DP system.

Inspired by the work of Moran et al. (2006), several studies have
been conducted on DP systems in the ice condition. Jenssen et al.
(2009) showed that the average level and dynamic components
of the ice forces increase with ice concentration and floe size.
Therefore, ice management, which converts large ice floes into
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smaller ones using icebreakers, can effectively reduce global ice
loads acting on DP vessels. Several ice management methods using
icebreaking action and the wake from thrusters of icebreakers were
introduced (Wilkman et al., 2009). Both of the above studies indi-
cated that ice management is a crucial and essential process for
station-keeping in ice-covered waters. Another investigation of DP
vessels under managed ice conditions was conducted through a
model experiment campaign (Kjerstad et al., 2015), which showed
the mean ice load level was strongly dependent on the encounter
angle with the ice drift. Moreover, it was found that the managed
ice cover characteristics, such as ice thickness, ice concentration,
and ice floe size distribution, affected both the mean ice load level
and ice load variation. DP operation in level ice conditions was
studied experimentally and numerically to examine the feasibility
of DP operation without support from icebreaker fleets (Metrikin
et al., 2015).

Most of the previous studies on DP in the ice condition have
focused on the newly observed DP vessels’ responses to sea ice and
the effect of ice management operations. Less attention has been
paid to the DP control algorithm itself in the sea ice condition. This
study focuses on developing a new control algorithm for the ice-
vaning of DP vessels in the sea ice environment. Icevaning control
aims to ensure that a DP vessel maintains its position while its
heading is kept toward the ice drift direction so as to improve the
operational safety and reduce the overall thruster power con-
sumption by having minimum external disturbances naturally. The
proposed icevaning DP controller is designed in the task space
associated with surge and sway motions around a vessel’s virtual
pivot point, separated from the yaw motion in the null space.
Therefore, icevaning can be performedwithout the need for explicit
disturbance observations and measurements. There are no or
minimal sensor requirements for observing environmental condi-
tions, including sea ice.

The remainder of this paper is organized as follows. The
modeling of the Arctic DP vessel is simply summarized in Section 2.
The detailed introduction of the icevaning control algorithm and its
formulation are given in the same section. The proposed icevaning
control algorithm was applied to DP model testing in managed ice
conditions. The model tests were conducted in the ice tank of the
Korea Research Institute of Ships and Ocean Engineering (KRISO),
and the details of the experimental setup and procedures are
summarized in Section 3. The results of icevaning control from the
ice model testing are given in the same section. Finally, the paper
ends with a summary and conclusions in Section 5.

2. Icevaning dynamic positioning

An icevaning control algorithm for DP of Arctic vessels is
formulated. The proposed icevaning controller is designed in the
task space associated with the surge and sway motions around a
virtual pivot point of the vessel, separated from the yaw motion in
the null space. Thus, icevaning can be performed without explicit
disturbance observations and measurements. The detailed pro-
cedure is described in the following.

2.1. Modeling of an Arctic DP vessel

In general, a marine vessel has six degrees-of-freedom (6DOF)
motions: three translational movements in the surge, sway, and
heave direction; and three rotational motions in the roll, pitch, and
yaw direction. However, in DP applications, the 3DOF motions of a
vessel on the horizontal plane are considered. Hence, the motion of
the ship is represented using a 3DOF planar model covering surge,
sway, and yaw motions. Fig. 2 shows the coordinate systems to
represent the 3DOF motions of a DP vessel in the horizontal plane.



Fig. 1. Example of Arctic DP; drilling platform Vidar Viking in the foreground, and icebreakers Oden and Sovetskiy Soyuz in the background smashed the drifting sea ice to keep the
position of the drilling platform stable (Moran et al., 2006) (Source: IODP).

Fig. 2. Reference frames: the Earth-fixed frame (e-frame, feg) with the origin Oe and
the body-fixed frame (b-frame, fbg) with the origin Ob.
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The low-frequency 3DOF equations of motion describe the
surge, sway, and yaw dynamics of the offshore vessel. The resulting
horizontal motion model is described in terms of the position

vector h ¼ ½x; y; j�T in the earth-fixed frame feg and the velocity

vector n ¼ ½u; v; r�T in the body-fixed frame fbg as

_h¼RðjÞn (1)

M _nþCðnÞnþ DðnÞn ¼ tenv þ t (2)
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RðjÞ¼
2
4 cosj �sinj 0
sinj cosj 0
0 0 1

3
5 (3)

where tenv is the environmental forces acting on the vessel and t is
the control force generated by the vessel’s thruster system.M is the
system inertia matrix consisting of the rigid-body mass and hy-
drodynamic added mass. CðnÞ is the Coriolis-centripetal matrix and
DðnÞ is the damping force coefficient matrix (Faltinsen, 1993;
Fossen, 2011). The slowly changing environmental forces tenv
acting on a vessel are generated by wind, wave, and current in the
open water condition as well as ice-induced loads in the Arctic
condition, as shown in

tenv ¼ tcur þ twind þ twave þ tice: (4)
2.2. Icevaning control in task space with a virtual pivot

To realize the auto-icevaning function, the task space concept is
adopted in this study (see Fig. 3). In robotic arm control applica-
tions, only the task motion is a primary interest to control, and the
self-motion is considered a redundant option to control
(Goldenberg and Chan, 1988). If the task space control algorithm is
applied to maintain the position of the end-effector, then the robot
arm only maintains the position of the end-effector regardless of
how freely the robot arm’s actuators in the other joints move under
the effects of disturbing external forces. To implement the task
space concept in icevaning control, the surge and swaymotions at a
specific point on the vessel in the xy-plane in the body-fixed frame
are regarded as themotions in the task space, while the yawmotion
of the vessel is regarded as the motion in the null space. Only
motions in the task space (i.e., surge and sways) are regarded as the
control target for controller design, while the motion in the null
space (i.e., yaw motion) is considered as the redundant motion of
the DP vessel. Therefore, if task space control with the vessel is
realized, then the vessel will maintain the position of the control



Fig. 3. Task and null spaces of a DP vessel for icevaning control and of a robot manipulator.
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target regardless of how the vessel’s yawmotion changes under the
effects of external forces. This automatic direction change of the
vessel can be performedwithout the need for explicit external force
observations.

The motion z in the task space is defined in the following form:

z¼ f ðh;p0Þ¼
�
xþ xp0 cosj� yp0sinj
yþ xp0 sinjþ yp0 cosj

�
(5)

where z ¼ ½ xz; yz �T is the motion in the task space defined in the
earth-fixed frame, which is the control target for the icevaning
pivot point. h ¼ ½ x; y; j �T is the motion of the vessel expressed in
the absolute frame, and p0 ¼ ½ xp0 ; yp0 �T is the location of the
control target expressed in the body-fixed frame. The motion z in
the task space can be rewritten in matrix form as

z¼ szhþ Rzp0: (6)

The corresponding motion in the null space is defined as

n¼ gðhÞ ¼ j: (7)

The derivation of Eq. (5) with respect to time yields

_z¼ sz _hþ _Rzp0

¼
"
_x� xp0rsinj� yp0rcosj
_yþ xp0rcosj� yp0rsinj

#
: (8)

Considering the relationship between n and _h from Eq. (1), the
motion of the DP vessel can be written as

_z¼ Jðj;p0Þn (9)

where

Jðj;p0Þ¼
�
cosj �sinj �xp0 sinj� yp0 cosj
sinj cosj xp0 cosj� yp0 sinj

�
: (10)

The generalized inverse of the transform matrix Jðj;p0Þ can be
obtained as (Ben-Israel and Greville, 2003)

n¼ JT
�
JJT

��1
_zþ

�
I� JT

�
JJT

��1
J
�
_n: (11)

In order to stabilize the task motion, a nonlinear vectorial
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backstepping technique is applied, which is widely used to control
various nonlinear systems (Khalil and Grizzle, 1996).

A nonlinear vectorial backstepping control law for the auto
icevaning is designed for the following nonlinear model of the DP
vessel.

_z¼ Jðj;p0Þn; (12)

M _nþCðnÞnþ DðnÞn ¼ t: (13)

Assuming xz-plane symmetry in fbg, the individual components
in the dynamics model can be written as follows

M¼MRB þMA

¼

2
6664
m 0 0
0 m mxbbg

0 mxbbg Iz

3
7775þ

2
4�X _u 0 0
0 �Y _v �Y _r
0 �Y _r �N _r

3
5; (14)

CðnÞ¼CRBðnÞ þ CAðnÞ

¼

2
6664
0 0 �m

�
xbbgr þ v

�
0 0 mu

m
�
xbbgr þ v

�
�mu 0

3
7775

þ
2
40 0 Y _vvþ Y _rr
0 0 �X _uu
�Y _vv� Y _rr X _uu 0

3
5; (15)

DðnÞ¼DL ¼
2
4�Xu 0 0
0 �Yv �Yr
0 �Nv �Nr

3
5: (16)

wherem is the mass of the vessel, Iz is the moment of inertia about
z-axis in fbg, and xbbg is the x position of the center of gravity

expressed in fbg. MA, CAðnÞ, and DL are the added mass matrix at
zero frequency, the Coriolis and centripetal force coefficient matrix,
and the linear damping coefficient matrix following the notation
SNAME (SNAME, 1950) respectively. The variables u, v, r are the
component of the velocity vector n expressed in fbg.

The objective of icevaning control is to maintain the position of
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the control point on the vessel at the target location without
explicit control of the vessel’s heading angle, which can be
expressed as

z/ zd; n/0 as t/∞ (17)

where zd is the desired station-keeping position in the task space.
2.3. Control system design steps

The control plant model of the DP vessel in Eq. (12) and Eq. (13)
has the second-order system form, and the backstepping technique
is performed as explained in the following steps.

STEP 1: Define the error and backstepping variables.

The error to be minimized is defined as the first backstepping
variable.

y1 ¼ e ¼ zd � z (18)

where y1 is the first backstepping variable and e is the error for the
controller. Furthermore, the second backstepping variable is
defined as

y2 ¼ n� a1 (19)

where the y2 is the second backstepping variable and a1 is a virtual
control to stabilize the first backstepping variable.

STEP 2: Stabilize the 1st backstepping variable.

The first Lyapunov function candidate (LFC) to stabilize the first
backstepping variable can be chosen as

V1 ¼
1
2
yT1KPy1 >0 (20)

and the derivative with respect to time of the first LFC can be
derived as

_V1 ¼ yT1KP _y1

¼ yT1KP

�
_zd � J½y2 þa1�

�
(21)

where KP ¼ KT
P >0 is a constant gain matrix, and a1 is the virtual

control to stabilize the first backstepping variable. In order to sta-
bilize the first backstepping variable y1, the virtual control a1 is
designed as

a1 ¼ Jyy1 (22)

where Jy is the pseudo-inverse of the transformation between the
general motion and the task motion, which is defined as Jy ¼
JTðJJTÞ�1 from Eq. (11). Thus, substitution of Eq. (22) into the Eq. (21)
yields

_V1 ¼ � yT1KPy1 � yT1KPJy2 þ yT1KP _zd: (23)

Here, �yT1KPy1 is the only negative definite term in the time
derivative of the first LFC. This means that the virtual controller a1
stabilizes the fist backstepping variable.

STEP 3: Stabilize the 2nd backstepping variable.
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The second LFC is chosen according to the concept of the kinetic
energy of a mechanical system as

V2 ¼V1 þ
1
2
nTMn>0 (24)

where M is M ¼ MT >0 and _M ¼ 0. The time differentiation of V2
along the trajectory y1 and n yields

_V2 ¼ _V1 þ nTM _n: (25)

By substitution of Eq. (23) and Eq. (13), the derivative of the
second LFC becomes

_V2 ¼ � yT1KPy1 � yT1KPJy2 þ yT1KP _zd

þnT½t�CðnÞn�DðnÞn�: (26)

The nonlinear control law is designed as

t¼ JTKPy1 þ JTKD _e� JTKD _zd � n

jjnjj22
yT1KP _zd (27)

whereKD ¼ KT
D >0 is a constant gainmatrix. Then, the derivative of

the 2nd LFC becomes

_V2 ¼ � yT1KPy1 � yT1KPJy2

þnTJTKPy1 � nTJTKD _z� nTCðnÞn� nTDðnÞn: (28)

Finally, by substitution of Eq. (19) and Eq. (22), the time deri-
vation of V2 yields

_V2 ¼ � _zTKD _z� nTCðnÞn� nTDðnÞn: (29)

In order to determine the stability of the systemwith the chosen
control law in Eq. (27), the degree of negativity of _V2 in Eq. (29)
should be examined. The first right-hand term in Eq. (29) is

_zTKD _z > 0; c ns0 (30)

and the second term is

nTCðnÞn¼0; c n: (31)

Also, the last dissipative damping term is

nTDðnÞn > 0; c ns0: (32)

Consequently,

V2ðz; n; tÞ>0; V2ð0Þ ¼ 0; and _V2 � 0;

c z; n with t >0: (33)

Therefore, the closed-loop system dynamics with the control
law in Eq. (27) is uniformly and globally asymptotically stable by
the LaSalle-Yoshizawa theorem (Khalil and Grizzle, 1996).
2.4. Thrust allocation

For the thrust allocation, the minimum power consumption
algorithm was utilized (Kim et al., 2013). In order to consider all
kinds of thruster in the thrust allocation, the generalized thrust that
represents thrust in x- and y-components in fbg is defined as
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f ¼ �
fx1 fy1 fy2 fx3 fy3 /

	T
; (34)

where fxi and fyi are the control forces along the x- and y-axis in fbg
produced by the ith thruster. It should be noticed that the 2nd

thruster is a tunnel thruster which produces thrust in a fixed di-
rection, here in y-direction. Thus, only the fy2 component is
included in the generalized thrust vector f . With the generalized
thrust (34), the thrust allocation problem can be stated as follows:

minimize
f

f TWf

subject tot� Tf ¼ 0;
(35)

where W is a weighting matrix for the generalized thrust compo-
nents. t is the required force and moment to control the DP vessel
expressed in fbg, and t is obtained from the DP controller. T is the
thruster configuration matrix that transforms the generalized
thrust into fbg. It is worthy to mention that normalized thrust
usage for each thruster can be achieved by choosingW wisely such
like selecting the components ofW as the inverse of the maximum
value of the available thrust for each thruster. To solve the opti-
mization problem in Eq. (35), the Lagrangian is defined with the
Lagrange multiplier l as follow:

Lðf ; lÞ¼ f TWf þ lT ðt�Tf Þ: (36)

To find the extreme value of the Lagrangian in Eq. (36), set

vL

v
h
f T lT

iT ¼
�
2Wf � TTl
t� Tf

�
¼

�
0
0

�
: (37)

After rearranging Eq. (37) with vector f and l, linear matrix
equation can be obtained

�
2W �TT

T 0

��
f
l

�
¼
�
0
t

�
: (38)

Hence, the optimal generalized thrust can be calculated with a
inverse of the matrix as follow:

�
f
l

�
¼
�
2W �TT

T 0

��1�0
t

�
: (39)

From the calculated optimal generalized thrust f , the command
for each thrust is calculated with simple vector calculus in the x-
and y-axis in fbg.
3. Model test in an ice tank

A series of Arctic DP model tests were conducted in the ice tank
of the KRISO to examine the feasibility and performance of the
proposed control algorithm. The ice tank of the KRISO has the
following dimensions: 42m length, 32m width, and 2.5m depth. A
sketch of the ice tank is given in Fig. 4.
3.1. Managed ice preparation

The sea ice condition was generated by first creating a level ice
sheet in the ice tank. The level ice sheet covered the entire water
surface in the ice tank with a predetermined ice thickness and
flexural strength. After generating one whole ice sheet, the ice
sheet was cut to form several ice channels. In each channel, the
predetermined area of the ice sheet was removed from the ice
channel to realize the ice concentration ratio, which is the ratio of
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the area of the ice-covered surface and the whole area of the
channel, including ice floes and water. Then, in each ice channel,
one big ice sheet was broken into small pieces of ice floes to obtain
the ice floe distribution in the ice channel. The model ice was
manufactured according to the standard procedure of the ice tank
operation at KRISO (Jeong et al., 2017). The properties of the
managed ice and the drifting speed of the ice field, which are the
main parameters for managed ice in the model test, are listed in
Table 1; the generated managed ice in the ice tank is shown in
Fig. 5. The ice fields for all tests in this study were generated
carefully to have the ice field characteristics specified in Table 1
following the standard ice manufacturing procedure of KRISO’s
ice tank. It is very important to generate an ice field having the
required physical characteristics for every ice model test because
different ice field characteristics leads to different mean ice loads
acting on the vessel.

3.2. Model testing procedure

To conduct the model testing, the Arctic DP model test system
was designed and realized as shown in the schematic diagram in
Fig. 6. The model-sized azimuth and tunnel thrusters were devel-
oped. Each thruster system has a load cell to measure the thrust
delivered by the thruster action to the vessel model in real time,
and thus it is possible to estimate the global ice load acting on the
vessel during the station-keeping operation. An optical 6DOF mo-
tion measurement system was installed on the carriage system to
measure the motion of the Arctic offshore vessel model.

It is assumed that the ice loads caused by ice floes drifting is the
only external force for the Arctic DP vessel in this study. The drifting
of ice floes was simulated by running the DP vessel through the
stationary ice floe field instead of flowing the ice floes toward the
DP vessel. During the model test, the DP vessel was always in front
of the carriage system to enable the optical measurement system to
measure the 6DOF motion of the model vessel. DC servomotors
actuated the propulsion system andwere controlled by the RPS and
azimuth command through TCP/IP communications in real time.
The relative position of the vessel model from the carriage as well
as its heading were measured using the optical motion measure-
ment system.

3.3. Arctic DP vessel model

An Arctic floating production unit was used for manufacturing
the Arctic DP vessel. This vessel was assumed to have two tunnel
thrusters and three azimuth thrusters at the fore and aft of the
vessel, respectively. The DP vessel has the following basic di-
mensions: 244m length and 57mwidth; the nominal draft is 18.6m.
The model scale 1/40 was applied in the model testing. The two
tunnel thrusters installed at the fore and three azimuth thrusters
installed at the aft of the vessel are shown in Fig. 7. The thruster
information and configuration are summarized in Table 2. The
maximum steering speeds for propeller rotation and azimuth ac-
tion are chosen to be 284.6 RPM=s and 9.5�=s, respectively.

4. Test results

The Arctic DP model tests under the conditions listed in Table 1
without ice drift direction change were conducted in the ice tank of
KRISO. The station-keeping test with the DP systemwas performed
with two control algorithms: the proposed icevaning control al-
gorithm and a conventional DP control algorithm. A time-series of
snapshots taken during the model test is shown in Fig. 8, where the
Arctic DP vessel maintained its course well in the ice field channel.

The control gains were determined considering the system



Fig. 4. Ice tank of KRISO; 42 m long, 32 m wide, and 2.5 m deep.

Table 1
Properties and drifting condition of the managed ice in full scale.

Property Unit Value

Average ice thickness m 1.4
Flexural strength kPa 800
Frictional coefficient � 0.05
Ice density g=cm3 0.88 � 0.90
Nominal size m� m 6 � 6
Ice concentration ratio � 9/10
Drift speed kts 1
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characteristics initially and then tuned experimentally. To be more
specific about the initial control gain setup, the proportional gains
Fig. 5. Managed ice field channel with 9/10 ic
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were selected to achieve a desirable frequency response having the
natural period 20s for all motions, and the derivative gains were
selected to be 70% of the critical damping. Table 3 shows the control
gains used in icevaning control and conventional DP control.

The model test results with the proposed icevaning control al-
gorithm are shown in Figs. 9e16. The planar motion responses of
the control target point and the control references in time series are
depicted in Fig. 9. Note that the control reference for yaw motion is
not provided because the yaw motion of the vessel was considered
as the null space and was not actively controlled. It can be observed
that the position of the vessel was stably maintained within a
reasonable range. The fore-end point of the vessel was chosen as
the control target point, as shown in Fig. 11. It is shown that the
vessel hardly deviated from the given reference under the given sea
e concentration and the Arctic DP vessel.



Fig. 6. Experimental setup for the Arctic DP in the ice tank of KRISO.

Fig. 7. The thruster systems installed in the Arctic DP vessel.

Table 2
The thruster information and configuration in full scale.

No Thruster Type X[m] from mid-ship Y[m] from center-line Max. power[kW] Max. thrust[kN]

1 Tunnel 91 0 3000 330
2 Tunnel 86 0 3000 330
3 Azimuth �113 �6.5 5500 875
4 Azimuth �113 6.5 5500 875
5 Azimuth �122 0 5500 875
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ice condition. The watch circle shown in Fig. 10 represents the
maximum offset distance of the control point from the mean po-
sition of the motion is approximately 1.89 m, which confirmed
satisfactory station-keeping performance of the proposed ice-
vaning control. The thruster responses for thrusters No.1 and No.5
are shown in Figs. 12 and 13, respectively, as the representatives for
thrusters. The command and response to the rotational speed of the
thruster’s propeller are also depicted in the figures. The derived
thrust, which was calculated from the rotational speed of the
215
propeller with the thrust-RPS relation; and the measured thrust,
which was directly measured by the load cell inside the model
thruster system, are shown in the same figure. The calculation of
thrust from the propeller rotational speed followed the methods
suggested by the International Marine Contractors Association
(Association et al.). The side thrust, which was generated by the
tunnel thruster and denoted as Fy, is shown in Fig. 12. The thrust
generated by the azimuth thruster, which is divided into Fx and Fy
force components, is denoted as F in Fig. 13. The total thrust, which



Fig. 8. Time series snapshots taken during the Arctic DP model test under the con-
ditions of Table 1 conducted in the ice tank of KRISO.

Table 3
Control gains for the icevaning controller and the conventional DP controller.

Item Icevaning Conventional DP

KP for surge [N=m] 271 271
KP for sway [N=m] 387 387
KP for yaw [Nm=+] e 15
KD for surge [Ns=m] 1207 1207
KD for sway [Ns=m] 1725 1725
KD for yaw [Nms=+] e 68

Fig. 9. Planar motion of the DP vessel in managed ice condition with icevaning control.

Fig. 10. Watch circle of the DP vessel in managed ice condition with icevaning control:
the radius of the watch circle is 1.89 m.
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is the summation of the thrust generated by each thruster, is
depicted with the yaw motion of the vessel in Fig. 14. In addition,
the total power, which is the summation of the power derived from
each thruster’s thrust using the simplified thrust-power relation, is
216
presented in Fig. 15. The energy consumption for Arctic station-
keeping was estimated from the total power sum data and



Fig. 11. Foot-print of the DP vessel in managed ice condition with icevaning control.

Fig. 13. Response of thruster No.5 in managed ice condition with icevaning control.
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represented in terms of gigawatt hours (GWh). Finally, the global
forces and moment, which were delivered from the thruster’s ac-
tion to the vessel, are depicted in Fig. 16.

Another set of model test results with the conventional DP
control based on the proportional-derivative (PD) control
Fig. 12. Response of thruster No.1 in manage
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algorithm are shown in Figs. 17e24 for comparisonwith the results
of the proposed icevaning control algorithm. The planar motion
responses of the control target point and the control references in
time series are shown in Fig. 17. The control reference for yaw
motion is available in this figure, unlike the figure depicting the
icevaning control case, because the control reference for yaw mo-
tion is required with the conventional DP control algorithm. It can
be observed that the vessel station was stably maintained within a
reasonably small error range. The mid-point of the vessel was
chosen as the control target, as shown in Fig. 19. The vessel hardly
d ice condition with icevaning control.



Fig. 14. Sum of thrusts of all thrusters in managed ice condition with icevaning control.

Fig. 15. Sum of powers of all thrusters in managed ice condition with icevaning
control.

Fig. 16. Forces and moment delivered by all thrusters in managed ice condition with
icevaning control.

Fig. 17. Planar motion of the DP vessel in managed ice condition with conventional DP
control.
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moved from its reference position and heading under the given sea
ice conditions with the conventional DP control algorithm. The
watch circle of the Arctic DP vessel with the conventional controller
is depicted in Fig. 18, where the radius of the watch circle is 1.10 m.
The thruster responses for thrusters No.1 and No.5 are shown in
Figs. 20 and 21, respectively. In addition, the command and
response of the propeller action as well as the derived and
measured thrusts are shown in the figures. The total thrust sum and
the total power sum with yaw motion are depicted in Figs. 22 and
23, respectively. Fig. 24 shows the global forces and moment pro-
duced by all the thrusters’ actions.

It can be concluded that the station-keeping performance of the
proposed icevaning controller and conventional DP controller un-
der the same sea ice conditions are comparable. The radius of the
watch circle was found to be 1.89 m and 1.10 m for the icevaning
controller and conventional DP controller in Figs. 10 and 18,
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respectively. The margin of the position keeping in dynamic posi-
tioning operation is usually selected 5% of the water depth in open
water condition without ice. In this study, the same rule for
determining the watch circle was applied, and the water depth is
assumed 200m. Thus, the maximum watch circle diameter was
selected as 10m in this study. With this assumption, the two con-
trollers showed reasonably good performance in the position
keeping operation. Figs. 9 and 17 show the planar motion of the
vessel in surge, sway, and yaw directionwith the control references.
The maximum error of 9.37m and 2.67m in surge and swaymotion
is observed with the icevaning controller. In the case with the
conventional DP controller, 5.26 m, �0.73 m, 0.94� of maximum
error in the surge, sway, and yaw direction is observed. Slightly
different mean yaw angles are observed for both control algo-
rithms: 0.72� by the icevaning control and �0.34� by the



Fig. 18. Watch circle of the DP vessel in managed ice condition with conventional DP
control: the radius of the watch circle is 1.10 m.

Fig. 19. Foot-print of the DP vessel in managed ice condition with conventional DP
control.

Fig. 20. Response of thruster No.1 in managed ice condition with conventional DP
control.

Fig. 21. Response of thruster No.5 in managed ice condition with conventional DP
control.

Y.-S. Kim and J. Kim International Journal of Naval Architecture and Ocean Engineering 13 (2021) 208e222
conventional DP control are observed. Similar heading (yaw) vari-
ation of the vessel is observed for both controllers: 0.37� � 1.23� by
the icevaning controller and �0.94� � 0.19� by the conventional DP
controller are observed. The figures show the steady-state time
trajectories of the pivot point of DP under ice-induced disturbance
219
forces and moments acting on the vessel. The proposed icevaning
control algorithm basically has a PD control structure, as shown in
equation (27). Also, the conventional DP control algorithm has a PD
control structure. Therefore, the steady-state errors are shown in
tests with both control algorithms. In addition, the mean direction
of the ice induced disturbance forces is aligned with the surge di-
rection of the vessel in the both control test cases. This leads large
errors in the longitudinal direction. The traces of vessel motion in
Figs. 11 and 19 shows that the Arctic DP vessel maintained its po-
sition and heading successfully with the icevaning control algo-
rithm and the conventional DP control algorithm.

However, the control actions of the thruster system by the two
control algorithms are significantly different. The thruster usage by
the conventional DP control algorithmwas considerably larger than
that of the icevaning control algorithm. A comparison of the total
thruster usages by the two control algorithms in Figs. 14 and 22
shows that the proposed icevaning controller requires less thrust



Fig. 22. Sum of thrusts of all thrusters in managed ice condition with conventional DP
control.

Fig. 23. Sum of powers of all thrusters in managed ice condition with conventional DP
control.

Fig. 24. Forces and moment delivered by all thrusters in managed ice condition with
conventional DP control.
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than the case with the conventional DP controller. Large fluctua-
tions of the generated thrust will pose a burden on the generators
of the DP system and cause extra wear and tear of the mechanical
parts of the thrusters. Even the mean value of the total thrust
generated by all the thrusters has a significant gap: 1.9MN with the
icevaning controller and 2.5 MN with the conventional DP
controller. The mean and maximum values of the required power
with the icevaning controller are lower than those with the con-
ventional DP controller, as shown in Figs. 15 and 23; the mean and
maximum power are 10.7 and 35.4 MW for icevaning controller,
and 17.0 and 42.8MW for conventional DP controller. Moreover, the
energy consumed to perform station-keeping under sea ice con-
ditions are 38.6 and 61.2 GWh for the icevaning control algorithm
and conventional DP control algorithm, respectively. Therefore, the
220
experimental results confirm that the proposed icevaning control
algorithm performs better than the conventional DP control algo-
rithm for station-keeping of the Arctic vessel in the managed ice
condition.

The superior performance of the icevaning control algorithm
over the conventional DP control algorithm can be explained with
phenomenological ice load dynamics (Kjerstad et al., 2015). A sig-
nificant difference between the two control algorithms can emerge
when the fore of the DP vessel makes contact with the ice floes.
With the proposed icevaning control algorithm, the vessel passes
the ice floes along its hull by moving its heading, as illustrated in
Fig. 25(a). These heading changes while maintaining the control
target position at the fore of the vessel generate aft motion and
causes the vessel to perform a shaking-off-like motion. As a result
of this shake-off motion, no ice mass accumulates around the
vessel. However, in the case of the conventional DP control algo-
rithm, the vessel pushes the ice floes around its fore while main-
taining its heading, as depicted in Fig. 25(b). Consequently, strong
ice floe contact networks are formed and large ice mass accumu-
lates around the vessel, which increases the counteracting force to
maintain the station of the vessel.
5. Conclusion

The design and validation of an efficient and stable icevaning
control algorithm for DP vessels in sea ice conditions were con-
ducted in this study. A systematic procedure to design an icevaning
control algorithm based on the task space with a nonlinear vecto-
rial backstepping control scheme was formulated. Moreover, the
experimental procedure of model tests in an ice tank for evaluating
the performance of DP vessels in sea ice conditions was developed,
and an actual experiment was performed to validate the feasibility
of the proposed algorithm.

The proposed algorithm was designed in the task space associ-
ated with the surge and sway motions around a virtual pivot point
of the vessel, separated from the yaw motion in the null space.
Therefore, the icevaning operation can be performed with no need



Fig. 25. Different phenomena in building up ice load with the proposed icevaning control and the conventional DP control algorithm.
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for explicit assessment of environmental disturbances including ice
load estimation, which is practically unachievable.
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