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ARTICLE INFO ABSTRACT
Keywords: Wind-assisted ship propulsion is one of the solutions for reducing greenhouse gas
Wind-assisted ship propulsion emissions by generating additional thrust using renewable wind power. Various

technologies utilizing wind power to generate thrust are being developed and adopted
by the industry. In addition to the thrust, side forces are also generated as secondary
Course control outputs, and they significantly affect ship motion. Although many studies have been
Ship speed control conducted on the effects of sails on ship dynamics and energy consumption, the impact
of control strategies of wind-assisted ships on energy consumption has not been clearly
identified. This study aimed to determine the bearings of different control strategies on
ships in terms of motion and energy. When the heading control strategy is adopted,
rotor sails can reduce energy consumption by up to 10%. However, course- and speed-
controlled ships without any wind-assistance devices can reduce energy consumption
by 15%, and a further reduction of up to 30% can be achieved through rotor sails
depending on the wind direction. When the control of the rotor sails was changed from
a stand-alone controller to a ship dynamics-integrated controller, the energy
consumption can be reduced by approximately 1-2% for course- and speed-controlled
ships.

Heading control

Energy consumption

1. Introduction

Most large cargo ships in operation today use fossil fuels, which significantly increases greenhouse gas
emissions. Hence, the International Maritime Organization (IMO) introduced regulations to reduce of
emissions. According to the last revision of these regulations [1], the aim was updated to achieve net-zero
emissions by 2050.

Wind-assisted ship propulsion is one of the options that reduce the dependence on fossil fuel through
renewable energy. Three main types of wind-assisted propulsion systems exist: rigid wind sails, rotor sails,
and kites. The design, operation, economics and life-cycle aspects of each system to efficiently utilize wind
power are still under development. Ouchi et al. [2] proposed a sail with a crescent-shaped airfoil as the main
propulsor and conducted several simulations to predict its energetic performance. Another type of wind sailing
systems is the rotor sails. Rotor sails, invented by Anton Flettner in 1920s and also known as Flettner rotors,
generate lift and drag forces by rotating when they are exposed to winds according to the Magnus effect. Many
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studies have been conducted to understand and improve the performance of rotor sails to reduce greenhouse
gas emissions. Kwon et al. [3] conducted a parametric computational fluid dynamics study to understand the
effects of the aspect ratio and the ratio of the disk diameter to the cylinder diameter on the generation of lift
and drag forces and torque. In another study, Chen et al. [4] conducted wind tunnel experiments on two rotor
sails and investigated the aerodynamics of the rotor sails depending on the spin ratio, main dimensions of the
sail and Reynolds number. The total force generation characteristics of the two rotor sails changed
significantly owing to the interaction between them depending on the apparent wind angle and spin ratio,
especially when the rotors were aligned with the wind direction. Tillig and Ringsberg [5] considered rotor
sail-assisted ships and evaluated their efficiencies by considering different rotor sail layouts and ship routes.
Guzelbulut et al. [6] proposed a model-based framework to predict the performance of rigid wind and rotor
sails. Zhang et al. [7] compared wind sail- and rotor sail-assisted ship propulsion technologies in terms of
thrust generation mechanisms and evaluated them by integrating a nonlinear ship dynamic model into the
control algorithms. In addition to the performance of a single rotor sail, the interaction between rotor sails was
investigated through wind tunnel experiments by Bordogna et al. [8].

Ship-speed control, irrespective of the wind-assisted devices, can have different forms, whereby the ship
speed can be either optimized or used as is. Whenever the ship route is fixed, and the sea states and weather
conditions that are forecast to be encountered are, known a priori, a method to minimize energy consumption
along the route can be devised. For example, Li et al. [9] performed particle swarm optimization to determine
the optimal speed profile along the route, thereby justifying the commonly adopted strategy of decreasing
speed in heavy seas. Taskar and Anderson [10] showed that up to 45% reduction in fuel consumption can be
achieved by reducing the ship speed by 30% depending on the particular ship and environment. Zincir [11],
investigated the effect of slow steaming considering not only environmental aspects but also fuel and
operational expenses. The study observed that slow steaming is an effective action for reducing fuel
consumption and total costs by up to 50.1% and 23.3%, respectively. Alternatively, for a given route and ship
speed, Ma et al. [12], employing operational data for a very large crude carrier (VLCC), estimated the power
savings that could have potentially been obtained by adopting four cambered hard sails, where the operational
data determined the route, ship speed, encountered sea state and weather conditions. The hard-sail angle of
attack was set as the angle maximizing thrust while maintaining the set course through an autopilot, and the
ensuing power reduction was evaluated. Such an approach, that is, to taking the ship speed as a given, is useful
when a comparison with the experimental data is required. Otherwise, considering the speed as a variable
extends the optimization space. However, in such scenario, a thrust-maximization approach as adopted by Ma
et al. [12] to set the optimal hard-sail angle of attack does not necessarily provide the lowest required propeller
power for two key reasons: First, as Ma et al. [12] indicated and Kramer and Steen [13] investigated in detail,
the hard sail itself results in indirect resistance because it produces a drift force that has to be compensated for
by the rudder, which, in turn, generates additional resistance; second, an increase in thrust results in an increase
in ship speed and hull resistance. These two reasons imply that the propulsion system as a whole should be
considered as the object of optimization to reduce the overall required propeller power. In particular, both
course and sail angle should be targeted for the net-power minimization and increased efficiency of hard sails.
This is the subject of this investigation.

As a further example of such mutual effects, according to Ghorbani [14], the fixed-speed operations of
wind-assisted ships achieved through controllable pitch propellers are more efficient than variable-speed
fixed-pitch operations, which is an effect of the increase in hull resistance with ship speed.

Although the main function of a wind-propulsion system is to produce thrust, the generation of side
forces is inevitable. During the voyage, thrust and side forces are generated depending on the apparent wind
speed, direction, and manner in which the sails are controlled. Side forces cause the ship to deviate from the
target route, and this deviation should be compensated for by controlling the rudder angle. Elger et al. [15]
used several models to predict the drift, rudder angle, and corresponding forces using an equilibrium equation.
Kim et al. [16] implemented a proportional-integral-derivative (PID) controller to determine the rudder angle
based on heading control and investigated the effect of rudder rotational speed on ship speed. Similarly, Li et
al. [17] considered a PID controller for a trimaran to counter the disturbances caused by oblique stern waves
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by integrating a Maneuvering Modelling Group (MMG) model and computational fluid dynamics simulations.
Yanru et al. [18] studied the optimal control strategies for managing frequently changing course and speed
conditions. Yingjie et al. [19] implemented a line-of-sight algorithm with rudder control and investigated the
control aspects of wind-assisted ships. Although many studies have been conducted on heading- and course-
controlled wind-assisted ships, their focus has been on the accuracy of control systems, rather than the energy
aspects of control strategies. According to Geertsma et al. [20], an integrated control approach to the
propulsion and power systems of ships plays an important role in efficient operation based on a comprehensive
review of mechanical, electrical, and hybrid propulsion and power systems.

In this study, a case study was conducted to understand the effects of control strategies on the energy
performance of ships, to determine which controlling action is suitable for wind-assisted ships, and to quantify
the improvement in ship dynamic and sail-integrated controller over a stand-alone controller. First, a ship
dynamic model was created, and both heading and course control strategies were employed by the autopilot.
Subsequently, wind-assisted devices were tested for both strategies to assess their effectiveness with a stand-
alone sail control. Finally, a controller integrating wind-assisted device and ship dynamics was devised and
implemented, demonstrating holistic control as the best option.

2. Methods

In this study, different control strategies for ships and rotor sails were employed using a ship dynamics
model.

2.1 Ship dynamics modelling

The ship dynamics model used in this study was created considering two coordinate systems. An earth-
fixed coordinate system (xo — yo — zog) was used to calculate the position and the equations of motion were
defined in the ship-fixed rotating and translating coordinate system (x — y — z) whose center is the mid-ship
position, as shown in Fig. 1. The center of gravity is located at (xg, 0, 0) in the ship-fixed coordinate system
x—y-—2).

X0

r 3

00 *Yo
Fig. 1 Definition of earth reference frame and ship-fixed reference frame.

The ship dynamics were investigated based on the model developed by the MMG, as reported by Ogawa
et al. [21] using three degrees-of-freedom: surge, sway and yaw [22]. Ship motion was calculated using Eq.
(1), where m, m., m, are the mass and added mass components in x- and y-directions, respectively; u, v, and
are the surge, sway, and yaw velocity components of the mid-ship position, respectively; ¢ and J. are the
moments of inertia due to the mass and added mass according to the center of gravity, respectively; X, Y and
Npn are the force and moment components in the x-, y-, and z-directions in the ship reference frame,
respectively:
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(m+myu— (m+my)v,r —xegmr? =X
(m+ my)vm +(m+mur +xemr =Y (1)
(Ig + x2m + ] )7 + xgm(¥y, + ur) = N,,

The total forces generated are broken down, as shown in Eq. (2), where the subscript H refers to the
forces generated by hull hydrodynamics, R to rudder hydrodynamics, P to the propeller, hull/wind to hull-
wind interaction, sull/wave to hull-wave interaction, and sail to the sail:

X=Xy+Xp+Xp+ Xhull/wind + Xhull/wave + Xsair
Y=Yy +Yr+1p+ Yhull/wind + Yhull/wave + Ysaur 2)
Ny = Ny + Np + Np + Nhull/wind + Nhull/wave + Nsair

The target ship in this study was KVLCC2. The main particulars of the ship and height, Hwr, diameter,
Dyowr, and end plate diameter of the rotor sails, De,00r, Were given in Table 1. The length, breadth and draft of
the ship are denoted by L, B, and d, respectively. The diameter of the propeller is denoted as Dp. The

displacement volume of the ship is denoted by V. The position of the center of mass according to the ship-

fixed reference frame at the mid-ship position is denoted by xg. The area of the rudder is denoted as Syudder.
The block coefficient of the ship is denoted as Cs. The wind-assisted ship propulsion system used in this study
was the rotor sails. The lift, drag and power characteristics of the rotor sails was determined using the
prediction model described in previous studies [5,23].

Table 1 Main particulars of the KVLCC2. [24]

Parameters Value Parameters Value Parameters Value
L (m) 320 7(m®) 312600 Hyotor (M) 30
B (m) 58 xG (m) 11.2 Dotor (M) 5
d (m) 20.8 Srudder (M?) 112.5 De rotor (M) 10
Dp (m) 9.86 Cs 0.81

The hydrodynamic forces, rudder force, propeller thrust, hull-wind and hull-wave interactions, and sail
forces were determined using Egs. (3-15). The hull hydrodynamics forces, Xu, Yn, and Ny, were calculated
using the hydrodynamic derivatives, X', Y'n, and N'y, which were experimentally determined through
polynomial regression as given in Eq. (3), where p is the density of water, L,, is the ship length between
perpendiculars, d is the draft, and U is resultant ship speed:

XH = (1/2)prdezXII'I(vT’n,T’)
Yy = (1 /z)prdUZYé(v,'n,r') 3)
NH = (1/2)pL%de2NIZI(UT’n,T’)
Rudder forces were defined based on the interaction parameters (zz, ax and xg), rudder normal force
(Fn), and rudder angle (9), as given in Eq. (4):

Yp = —(1+ay)Fycosé ()
Np = —(xg + ayxy)Fy cosd

The propeller generates only thrust force in the x-direction as given in Eq. (5), which is determined by
the thrust reduction factor (¢p), rotational speed (np), thrust coefficient (K7):
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Xp=(1- tP)PnIZJDgKT(]P)
Np = 0
Additionally, it requires a torque (Q), as given in Eq. (6), which is determined by the density of water
(p), rotational speed (np), diameter of the propeller (Dp), and torque coefficient (Kp):

— 2n5

The coefficients of thrust and torque, K7 and Ko, are defined as polynomial functions in Egs. (7) and (8)
with respect to advance ratio (Jp), which is defined in Eq. (9), where wp denotes the wake coefficient:

Kr =ko+kiJp+ kz]zg (7
KQ = qu + kql]P + qujg (8)
Jp = 22 ©)

The polynomial coefficients are listed in Table 2. The variation in the wake coefficient depending on
the geometric inflow angle (Sp), is defined in Eq. (10), where wpy is the wake coefficient during straight motion
(fp=0), and C; and C; are experimentally determined coefficients:

(1 =wp)/(1=wpo) =1+ (1 —exp(=C,|BpD)(C; = 1) (10)
Table 2 Coefficients to describe the relation between Jp, K1, and Ko
Parameters Value Parameters Value
ko 0.2931 kqo 0.03071
ki -0.2753 kqi -0.01856
k2 -0.1385 kg2 -0.02045

The forces owing to the environment such as the interaction between the hull and wind and between the
hull and wave are calculated using in Egs. (11) and (12) through non-dimensional parameters:

Xyui-wina = (1/2)pairAFVAZ CXA(QA)
Yiuu-wina = (1/2)pairALVAZCYA(9A) (11)
Nyui-wina = (1/2)pairALLpp VAZ CNA(QA)

Xnun-wave = ng12/3LppCXW(U,Tv,XO)
Youii-wave = ng12/3LppCYW(TmXO) (12)

Nyutii-wave = ng12/3L%JpCNW(Tv,X0)

The interaction between hull and wind is defined using the density of air, (pair), lateral and frontal
projected areas of the ship above sea (4, and Ar, respectively) apparent wind speed, (V4), and force coefficients
(Cx4, Cya, and Cya), which depend on the apparent wind direction (64). The hull-wave interaction is defined
based on the density of water (p), the gravitational acceleration (g), the significant wave height (H;/3), and the
wave force coefficients (Cyy,, Cyw, Cyw) Which depend on ship speed (U), mean wave period (7,), and
direction (o). The coefficients related to the interactions among the hull, wind, and waves were obtained from
previous studies [25,26].

Another component is the rotor sails, as one of the wind sail systems, which generates lift (L), and drag
(D), forces. L and D are given by the density of air, apparent wind speed (V), projected area (4), and the lift
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and drag coefficients (c. and cp), which are functions of the spin ratio (SR), which is the ratio of the tangential
speed of the rotor, given by the product of the rotational speed, (@), and radius of rotor sail (R), to the inflow
air speed (V,), as shown in Egs. (13)-(15):

Lyotor = (1/2)pairVAZACL(5R)

(13)
Dyotor = (1/2)pairVAZACD(5R)

Xsqit = D cos(8,) — Lsin(6,)
Ysait = D sin(6,) + L cos(8,) (14)
Nsqit = Ywap X Xsqir

wWXR
SR = " (15)
In this study, the fifth-order polynomial regression models used in a previous study conducted by Tillig
and Ringsberg [5] were adopted to predict the lift and drag coefficients of the rotor sail, ¢, and cp, depending
on SR. Subsequently, the generated lift and drag forces were transformed into the ship-fixed coordinate system.

Further details regarding the MMG model for wind-assisted ships can be obtained in published papers
[6,27].

2.2 Control strategies for wind-assisted ships

For control of the ship movement, both heading and course control strategies were included in the study,
as shown in Fig. 2. A route comprises a series of waypoints. Heading control involves turning the ship towards
the next waypoint by rotating the rudder, thus mitigating drift forces and perturbations that would otherwise
cause the ship to go off course. This strategy does not directly aim to minimize drift but to guarantee that the
next waypoint is reached, which results in a curved trajectory in between waypoints. On the other hand, in the
course control strategy, the ship follows a straight course between waypoints by fully counteracting the drift
forces through the overcompensation of the heading angle, i.e., it turns beyond the angle at which it points to
the next waypoint.

Wind Wind

l Direction l Direction
= s - __» /\\/

Heading towards next waypoint Speed vector towards next waypoint

(— . h— .

Moves with drift
(a) (b)

Fig. 2 Comparison of (a) heading and (b) course control strategies

Regarding wind assistance systems, many studies have focused on maximizing the net thrust power
generated by the sails, discarding the generated side forces, which plays a major role in determining resistance.
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Conversely, this study proposed and investigated a control strategy that integrates ship dynamics and sails by
including the side forces acting on a ship. The five cases listed in Table 3 were considered.

Table 3 Description of the case study

Ship Ship control Sail control
Case 1 No Sail Heading Control, F}xed Propeller i
Revolution
Case 2 4 Rotor Sails Heading Control, F}xed Propeller Ne‘F Ppwgr
Revolution Maximization
Case 3 No Sail Course and Speed Controller -
Case 4 4 Rotor Sails Course and Speed Controller NeF P.OWE.:I
Maximization
Case 5 4 Rotor Sails Course and Speed Controller Ship-Integrated
Controller

2.2.1 Heading and Course Control

In the heading control strategy, the ship is assumed to navigate from one waypoint P; to the next Pi+;.
The difference between the ship heading y and the heading to the next waypoint vy is calculated as heading
error Y., and the rudder angle is determined by feedbacking the heading error and using a PID controller, as
shown in Fig. 3. In Cases 1 and 2, in which a heading controller is used, the rotational speed of the propeller
is assumed to be constant. Voyage time changes with changing environmental conditions on the ship and sail,
which results in differences in energy consumption.

Pi+1
9"').

Fig. 3 Definitiion of heading error

In Cases 3, 4 and 5, the course and ship speed are controlled. As shown in Fig. 4, the ship navigates
from P; to Pi+;. A lead ship, which is indicated by the dashed line, follows a straight path between waypoints
at a constant speed, and its position along the path is the position at time #+7.f, where ¢ is the current time and
Ther1s the lag imposed to make it the leading ship. The lead ship can be on the next leg, that is the segment
between the next pair of waypoints. The heading error (y.) and speed error (u.) are defined in Egs. (16) and
(17):

Y, =¥ — atan (u) (16)

xref—x

\/(xref_x)z"'(Yref_Y)z
Tref

Uy =U

(17)
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The rudder angle and propeller revolution rate are determined using PID controllers. The propeller
revolutions change in response to different environmental conditions, thereby affecting the energy consumed.
However, in contrast to the heading control strategy, the voyage time is roughly conserved.

Xo - -
P (x, y)
o t X,
e Yo
P;

(2) (b)

Fig. 4 Description of course and speed controlling strategy and (b) the close-up view between lead ship and real ship.

2.2.2 Control of rotor sails

The thrust and side forces generated by rotor sails depend on the spin ratio. Therefore, it is necessary to
determine the spin ratio that minimizes the fuel consumption for a given wind speed and direction.

Two control strategies were considered in this study, as shown in Fig. 5. In the first method, only the
thrust generated by the sails is considered and ship dynamics are not considered. In contrast, the second
approach utilizes a surrogate model to predict the propeller power depending on the environment and spin
ratio of the rotor sails, using the MMG model to include the ship dynamics to operate the rotor sails optimally.

Crotor,y
U g
| J > rotor,x ﬁ ® > rotor,x
O o>
AP W®
max Fx,rotor Xu-— Protor min Ppropeller(AWS,AWD,SR)
(a) (b)

Fig. 5 Overview of (a) the thrust maximized control and (b) ship dynamics-integrated control of rotor sails.

The first method for determining SR maximizes the difference between the thrust power and power
necessary to operate the rotor sail (Prow0r), as shown in Fig. 5, whereas the second method minimizes the power
of the propeller. The first method is referred to as “net power maximization”, where the objective of the
optimization is to maximize the propulsive power by determining SR, whereas the second method is referred
to as “ship-integrated controller”.

To implement the latter approach, a model of propeller power as a function of SR for a ship travelling a
straight course at a given apparent wind speed (4WS), and apparent wind direction (A WD) was created. To
build the propeller power model, we conducted 456 simulations under the conditions listed in Table 4.
Subsequently, AWS and AWD were calculated, and a fourth-order polynomial regression function was fitted
to the simulation results to predict the propeller power, where the coefficients were determined using the least-
squares method.
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Table 4 Environmental conditions used in the simulation database of the power prediction model

Parameters Datapoints
True wind speed, TWS (m/s) [4.4,9.8,15.7,22.7]
True wind direction, TWD (°) [0, 10, 20, 30, ..., 150, 160, 170, 180]
Spin ratio, SR [0,1,2,3,4,5]
3. Results

In Cases 1 and 2, a heading-controlled ship with a fixed propeller revolution was used to investigate the
effect of sails on the ship dynamics and performance, as shown in Fig. 6. As the propeller revolution was kept
constant, the additional thrust generated by the sails increased the ship speed from 7 to 8 m/s, which resulted
in a change in the voyage time between the waypoints. In addition to the change in ship speed, the
implementation of rotor sails on a heading-controlled ship increased the drift angle owing to generated side
forces. When it comes to the energy aspects of having 4 rotor sails on heading controlled ships, rotor sails
contributed to a reduction in voyage time by generating thrust forces and it can be concluded that the total
reduction in energy by sails was approximately 8% at the maximum in heading control cases, under the
environmental conditions of the Beaufort scale of 7 at different wind directions.

4400 : : : - . 1.2 T
x Case 1
4300} _ 7 m/sconstant speedline _ _ _ _ * Case2| 1t
¥ ox o* x
t 3
—~ 4200 * 1 0.8
L * ®
2 % * =)
£ 4100 * . @ 0.6
iy * ® z
[ * * e
> 4000 x x x x A = 04l
I a
g : .
> 3900 x * 02
x x
t 3 x *x ®
3800 r 8 m/s constant speed line 1 or
3700 : : : : : -0.2 : : : : -
0 30 60 90 120 150 180 0 30 60 920 120 150 180
True Wind Direction (deg) True Wind Direction (deg)
(a) (b)
Percent Energy Reduction for Heading Controlled Ship
0°
30° 330°
8
60° 6 300°
4
2
90° 270°
120° 240°
150° 210°
180°
(c)

Fig. 6 Variation in (a) voyage time and (b) drift angle depending on the true wind direction with and without rotor sails, and (c)
percent energy reduction achieved by rotor sails

However, the distance between waypoints can affect energy performance owing to divergence from a
straight route. To examine the effect of the distance between waypoints, simulations were repeated by
increasing the distance between waypoints from 30 to 100 km, and it was found that an increase in voyage
length slightly reduced the drift angle and improved the effectiveness of rotor sails by contributing to the
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reduction in energy consumption more than that achieved by a shorter distance between waypoints, as shown

in Fig. 7.

1.2

T
———Case1-
—— —Case2-

T
100 km
100 km

Percent Energy Reduction for Heading Controlled Ship
0°

30°

Case 1-30 km
Case 2 - 30 km

330° [~ - =100 km
8 ——30 km

081

0.6

0.4r

Drift (deg)

0.2

0 30 60 90 120 150 180 150 180° 210
True Wind Direction (deg)
(a) (b)

Fig. 7 Effect of changing the distance between waypoints on (a) drift and (b) percent power reduction

When the heading-controlled ships (Cases 1 and 2) and course- and speed-controlled ships (Cases 3 and
4) were compared, regardless of whether rotor sails were adopted, the course- and speed-controlled ships
exhibited slightly larger drift angles, as shown in Fig. 8. Moreover, the course- and speed-controlled ships,
irrespective of the wind-assisted device used, consumed significantly less energy on average than the heading-
controlled ships, thus demonstrating the paramount importance of a holistic control strategy. In addition, as
expected, according to Fig. 8(b), the addition of wind-assisted devices further reduced the average power,
resulting in a maximum reduction of 30% compared with the heading-controlled ships without any rotor sails,
which was achieved with four rotor sails installed on a course- and speed-controlled ship.

Percent Energy Reduction Compared to Case 1
1.2 T T T T T 0°
30° 330°
30

1+

60° 20 300°

0.8
10
0.6
90° 270°

0.4

Drift (deg)

0.2

0F

-0.2

0 30 60 90

120

True Wind Direction (deg)

(2)

150

120°

150°

240°

210°
180°

Case 2
Case 3

(b)

Fig. 8 (a) Drift angle depending on true wind direction, control strategies, and rotor sails, and (b) reduction in energy
consumption compared with heading controlled ships without any rotor sail.

In Case 5, the control strategy of the rotor sails was changed by considering the ship dynamics to
improve their effectiveness. The spin ratio was determined by minimizing the propeller power at each time
step using the average propeller power model described above, including the effects of side forces, drift, and
resistance due to the sway speed, etc. Additionally, ship integrated controller for rotor sails mounted on a
course- and speed-controlled ship slightly increased the drift angle for most of true wind directions, as shown
in Fig. 9. When course- and speed-controlled ships without any rotor sails (Case 3) was considered as a
reference, the installation of rotor sails with net power maximization strategy was observed to reduce energy
consumption by up to 25%, and the energy consumption could be reduced further using ship integrated
controller for rotor sails. The contribution of the ship integrated controller became clearer under the influence
of side forces by further reducing the average energy consumption.
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14 Percent Energy Reduction Compared to Case 3

0°
Case 3 30° 30 330°
Case 4
Case 5
60° 20 300°
5 10
Q
Z
:f;:' 90 270
a
120° 240°
02- . . . . . . . . 150° 210°
0 20 40 60 80 100 120 140 160 180 180°
True Wind Direction (deg)
(a) (b)

Fig. 9 (a) Drift angle depending on the true wind direction and rotor sail control strategies, and (b) percent energy reduction
depending on the sail control strategies.

4. Discussion

To date, studies have focused on the design and implementation of different wind-assisted propulsion
technologies to utilize wind power as a secondary propulsion technology. However, the effects of the different
propulsion technologies depend on their control. An investigation was conducted to identify how the control
of a ship and its wind assisted devices affect its energy consumption. Two ship control strategies were
considered: a heading controller with a fixed propeller revolution and a course- and speed-controller. For
control of wind-assisted devices, a stand-alone controller that maximizes the thrust power generated by the
sails and a ship dynamics-integrated controller were compared.

In Case 1, a heading-controlled ship without sails was investigated using fixed propeller revolutions.
Depending on the wind direction, different side forces were generated, which caused divergence from a
straight path. When the distance between the waypoints increased, the heading error became less sensitive,
and a larger deviation from a straight route was expected. This reduced the aggressiveness of the control
action, resulting in a reduced drift angle and lower fuel savings, as shown in Fig. 7. The same trend was
observed when rotor sails were installed, as in Case 2. Furthermore, when wind sails were installed, at the
same distance between waypoints, larger drift angles were observed owing to the larger side forces generated
by the sails.

In Case 3, course- and speed-control was implemented for a ship without any sails. Unlike in Case 1,
the ship followed a straight route, and an increase in the drift angle was generated to balance the side forces
and yaw moment, as shown in Fig. 8. The increase in drift owing to the larger side forces was evident when
the sails were installed, as in Case 4. For energy consumption, implementing a course- and speed-controller
on the ship regardless of whether the ship was equipped with sails provide a greater contribution to the average
power reduction than implementing four rotor sails on heading-controlled ship with fixed propeller
revolutions. The main reason for this behaviour lies in the difference in the handling of the additional thrust
or resistance, which occurred owing to varying environmental and operational conditions: controlling the ship
speed with its course enables adjustments of the ship speed based on the position of the lead ship. However,
pure heading control of wind-assisted ships keeps the propeller revolutions constant, thus resulting in an
increase in ship speed due to the additional sail thrust. This increases the resistance and reduces the
effectiveness of the sails. It should be noted that this study did not consider variations in engine efficiency due
to engine speed. Moreover, the trade-off between engine efficiency and the number of rotor sails should be
further investigated.

Another important problem in the control of wind-assisted ships is determining the rotational speed of
rotor sails. The aerodynamics of rotor sails are typically characterized by their spin ratio. The main strategy
for determining the spin ratio is to maximize the thrust power generated by the sail. However, rotor sails
generate side forces, which affect ship dynamics and performance, in addition to thrust. In this study, a ship-
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integrated controller was proposed to include the effects of ship dynamics. Ship-integrated control had a better
operating point to minimize the average power although larger drift forces were generated. An integrated ship
dynamics controller provides a prediction of how much power reduction can be achieved depending on the
operating and environmental conditions instead of maximizing the sail thrust power directly.

In Case 5, integrating the course- and speed-control for navigation and using a ship integrated control
strategy for the rotor sails proved to be the most energy-efficient solution. It is important to emphasize that
such holistic control strategies can significantly reduce the energy consumption of ships by deploying each
subsystem under the overall optimal operating condition instead of the optimal condition for each subsystem.
In future studies, the simulation model will be extended to investigate the integration of the main engines,
shaft generators, auxiliary engines, other power sources, sinks, and converters.

In addition to the energy aspects of different control strategies, it is also necessary to consider the
operational aspects. The performance of the different control strategies depends on the accuracy and
robustness of the sensing system. Less accurate speed and position data may cause improper propeller
revolution, which may increase the ship speed and result in higher energy consumption. In addition, if the
sensing system fails, the controller action may not be properly set. Thus, sensor fusion algorithms, such as
Kalman filter, should be incorporated into the proposed control strategies in future studies to analyze and
mitigate the risk of failure.

In this paper, various strategies for controlling ship motion and sail operation are discussed to understand
the importance of control strategies for the energy consumption of wind-assisted ships. Although simulation-
based results provide significant insights for predicting the potential benefits, it is necessary to validate the
amount of savings through a component-wise validation or full-scale sea trials. In this regard, a recent study
conducted by Thies and Ringsberg [28] compared sea trials and simulation predictions and revealed that sea
trials contain larger uncertainties than models. Thus, a component-wise validation is necessary to validate the
proposed approach in future studies.

This study had some limitations. First, the rolling effect owing to the side forces generated by the sails
was not included. In future studies, the rolling motion and roll-related hydrodynamic force components will
be included in the model to predict the resistive forces more accurately. Second, the interaction between the
rotor sails was not considered in this study. In future studies, high-fidelity interaction models should be
incorporated to understand the effects of different arrangements of the four sails would affect the energy
consumption characteristics of wind-assisted ships.

5. Conclusions

The efficiency of wind-assisted ships depends significantly on the weather and sea conditions to which
the ship is exposed during the voyage. Therefore, route optimization is important for wind-assisted ships. In
this study, we focused on control strategies that aim to follow a given route with an unconstrained ship speed
in terms of energy consumption. Heading control with a fixed propeller speed and course control with a ship
speed controller with and without rotor sails were compared to identify the impact of ship motion control
strategies. In addition to motion control strategies, the control of rotor sails was also analyzed considering a
stand-alone rotor sail controller that maximizes the net power of sails and a ship dynamics-integrated
controller that includes the effect of side forces, hull dynamics, and the resistance due to drift and rudder. The
following conclusions were drawn:

* The heading control strategy enables a ship to deviate from the straight route between two waypoints

and a smaller drift angle occurs compared with the course control strategy. Analogously, because the course
control strategy does not allow deviations from the straight route, larger drift angles occur to compensate for
the effects of the side forces.

* Course control with a fixed ship speed addresses environmental disturbances more effectively and uses
wind-assisted propulsion systems as substitutes for propeller power. Therefore, the energy consumption is
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reduced by up to 30% with four rotor sails, whereas heading control with a fixed propeller speed can reduce
the energy consumption by up to 8%.

* When ship dynamics is integrated with the sail controller through a surrogate model, the operating
point of the sails changes slightly, and the energy consumption can be further reduced by up to 1%-2%.

This study had several limitations. Energy consumption was evaluated using the propeller power, where
engine efficiency was not considered. When the propeller speed is significantly reduced, the engine efficiency
decreases, and the expected reduction in energy consumption may not be achieved. In future studies, not only
the main engine but also other power system components, such as shaft generators, auxiliary engines, and
battery systems. will be incorporated into the model to seek an optimal holistic control strategy for wind-
assisted ships. It is worth mentioning that the presented results were obtained by considering the target ship
KVLCC2. When the target ship and number of sails change, the improvement in each controller may exhibit
different improvements in fuel consumption. The aerodynamic interactions between sails were not considered
in this study. In future studies, we plan to include the interaction effects of sails and utilize them in a ship
dynamics-integrated controller.
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