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ABSTRACT

Prediction of the pressure distribution on a planing craft in waves deeply affects its structural design and safe operation.
In this paper, the possibility of pressure prediction for the planing craft in waves is studied. A combined method is
formulated by which craft motions in waves are computed using a 2.5D method, and the impact pressure is anticipated
by the equivalent wedge method. Experiments are conducted to record the vertical acceleration and pressure time
trends on a model. Comparing the results of the combined method with the experiments indicates that this approach
successfully predicts the heave and pitch motions and the time evolution of the acceleration and pressure. The method
presents good estimations for the peaks of the acceleration and pressure. Using the combined method, a parametric
study on maximum peak acceleration and pressure is also conducted for various forward velocities and wave heights.
It has been shown that the combined method is a fast and reliable tool for maximum peak pressure prediction. The
method may be employed for structural design and optimization.

Keywords: impact pressure; acceleration; 2.5D method; equivalent wedge method; planing craft.

INTRODUCTION
Accurate prediction of the pressure distribution on
a planing craft plays a major role in the design of a safe
structure. Both instantaneous impact pressure and mean
force are important for a structure exposed to the impact
of water. A very sharp peak of short duration is the most
important feature of the impact pressure and acceleration.
The impact totally disappears in heave and pitch motions.
Therefore, when a method correctly predicts the motions, it
does not guarantee that the pressure distribution, especially
the peak pressure, has been evaluated properly.
Various methods such as experimental, semi-empirical,
numerical and computational fluid dynamics (CFD) methods
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have been employed to analyse the dynamics of planing craft
in waves. Fridsma [1] experimentally examined the motions of
different prismatic planing models in regular waves. Savitsky
et al. [2] presented relations for added resistance, vertical
acceleration, and buoyancy force in the wave, using the results
of Fridsma [1]. Martin [3] introduced a linear model for the
dynamics of planing craft in the frequency domain. The linear
model presented by Martin was the first model utilised for
the dynamics of planing craft. Zarnick [4], based on Martin’s
model, developed a nonlinear mathematical model for the
planar motion of planing craft in the time domain. Many
researchers, including Hicks et al. [5], Akers [6], Van Deyzen
[7], Sayeed [8], Ruscelli [9], and Pennino [10], have attempted
to improve the Zarnick model.

Based on the reviewed literature, the 2.5D method
(developed by Zarnick [4]) is a fast and reliable means for
the prediction of the heave and pitch motions and the vertical
acceleration of planing craft in waves [7]. The 2.5D method
computes the motion in waves based on momentum changes
and does not provide an estimation of the pressure. As far as
the pressure distribution on the planing craft is concerned,
Von Karman [11] and Wagner [12] presented an analytical
method based on potential theory for the two-dimensional
(2D) wedge in water entry. Many researchers developed
Wagner’s method further [13, 14]. They only estimated the
pressure on 2D wedges in water entry, and few studies have
addressed the pressure distribution on a planing craft in
waves. Smiley [15, 16] recorded the pressure distribution on
V-shaped planing craft having a range of dead-rise angles at
several trim angles in calm water. Gray et al. [17], according to
the results of Smiley, developed a regression formula for threedimensional pressure distribution on a V-shaped prismatic
planing craft. Rosen and Garme [18] experimentally measured
the bottom pressure on a high-speed craft in waves. Rosen
[19] presented an interpolation method for calculating the
pressure distribution in waves. Camilleri et al. [20] conducted
full-scale trials on a high-speed craft in waves and studied
the pressure, accelerations, and strain time trends.
Despite providing valuable insights into the pressure
distribution on planing craft by the experimental and
numerical methods, the analytical/regression approach is more
attractive to engineers for structural design and optimisation.
Several regression formulae based on experimental, analytical,
and numerical methods were introduced to estimate the
impact pressure on planing craft. They are extensively applied
for structural design in the rules of classification societies [21].
Allen et al. [22] presented a regression method to calculate
the impact pressure for structural design. Razola et al. [21]
re-formulated and evaluated the impact pressure using the
Allen method [22]. They combined the 2.5D method and
a pressure shape function modelling technique. Ghadimi et al.
[23] presented a mathematical model based on 2D+t theory for
predicting the pressure distribution of a hard-chine planing
craft in planing and semi-planing modes. Ghasemi et al. [24]
developed a mathematical model based on the Savitsky model
to study the performance of stepped planing hulls. Jones
and Allen [25] proposed the “equivalent wedge method” to
estimate the pressure distribution for given motion in waves.
The equivalent wedge method includes the three-dimensional
flow effect. It seems that the equivalent wedge method is more
realistic than the shape function technique. The above review
indicates that few analytical/regression methods of pressure
estimation on planing hulls are available, while it is crucial
for structural design. The available methods are also under
development to better comply with the real sea environment.
Following Razola et al.’s [21] approach, this study introduces
pressure calculation on planing craft in waves by combining
the 2.5D method and the equivalent wedge method. The 2.5D
method is a reliable method for motion and acceleration
prediction. One should note that a good estimation of
acceleration by the 2.5D method does not necessarily

mean a good estimation of the pressure distribution on the
structure. On the other hand, the equivalent wedge method
is a robust method to estimate the pressure distribution,
if motion as input is appropriately calculated. That is why
a combination of the 2.5D method and the equivalent wedge
method is employed.
In this study, a computer code is initially developed based
on the 2.5D method. Then, the 2.5D method is combined
with the equivalent wedge method to calculate the pressure
distribution on any points on the craft. Furthermore, a model
test is conducted to record accelerations and pressure for
validation of the combined method results. Finally, using
the combined method, a parametric study is carried out on
the maximum peak acceleration and the maximum peak
pressure of a planing craft.

THE COMBINED METHOD FOR
CALCULATING THE IMPACT PRESSURE
In this section, a draft of the 2.5D method is first presented.
Then, the equivalent wedge method, proposed by Jones
and Allen [25], is reviewed. Finally, these two methods are
combined.
REVIEW OF THE 2.5D METHOD
Having considered practical planing craft lengths and
the sea wavelengths, it is assumed that the wavelengths are
generally larger than the craft length and the wave slopes
are small. Additionally, craft are V-shaped, hard chine with
constant forward speed encountering regular head waves.
Fig. 1 shows a schematic of a planing craft in the wave.
Two coordinate systems are considered; an earth-fixed
coordinate system (x, z) that represents craft forward (x-axis)
and downward (z-axis) motions, and a body-fixed coordinate
system (ξ, ζ) where ξ is parallel to the keel-line, and ζ is
perpendicular to it. Thrust force (T), normal force (N), drag
force (D) and weight of craft (W) are the main forces exerted
on the craft. The normal force is the sum of the hydrodynamic
and buoyancy forces.
By the use of Newton’s second law in the earth-fixed
coordinate system, the following equations of motions are
obtained for two degrees of freedom pitch (T) and heave (zCG):

ݖܯሷீ ൌ ܶ௭ െ ܰܿ ߠݏ  ߠ݊݅ݏܦ ܹ

(1)

ߠܫሷ ൌ ܰݔ െ ݔܦௗ  ܶݔ

(2)

where M and I are the craft mass and moment of inertia,
respectively. xc, xd and xp are the vertical distances of the
forces N, D and T from the centre of gravity, respectively.
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Fig. 1. Definition of coordinate systems and forces on a craft

According to the 2.5D method, the planing craft forces in
waves are the sum of a series of two-dimensional forces on its
2D wedge sections. The hydrodynamic force perpendicular
to the unit length of each 2D section, f, is calculated from
the following equation [4]:

݂ ൌ െቄ


௧

ሺ݉ ܸሻ  ܥǤ ߩܾܸ ଶ ቅ

(3)

where ma, CD,C , b and V are the added mass coefficient,
cross-flow drag coefficient, beam and vertical velocity of
each section, respectively. The cross-flow drag coefficient
is CD,C = cosβ for wedge sections [26], where β is the deadrise angle. The buoyancy force of a 2D wedge section is
a coefficient of the submerged volume relative to the static
water level surface as f B = −aρgA , where a is the buoyancy
force coefficient (a=0.5 [26]), and A is the submerged area of
the wedge section.
The instantaneous hydro-mechanic forces exerted on
the wetted length (l) of the craft are an integration of the
instantaneous forces on the 2D sections along the wetted
length:

ܨ௭ ሺݐሻ ൌ  ݂ܿ ߦ݀ߠݏ   ݂ ݀ߦ

(4)

The hydro-mechanic moment about CG is also calculated
by integrating the product of the normal force per unit length
and the corresponding moment arm along the wetted length:

ܨఏ ሺݐሻ ൌ  ݂ሺߦǡ ݐሻߦ݀ߦ    ݂ ߦ݀ߦǡ

ሺെܳ ܿߠݏሻݖሷீ  ሺ ܫ ܫ ሻߠሷ ൌ ܨఏᇱ
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ܨ௭ᇱ ൌ ܨ௭ െ ቀሺܯ ܿ ݏଶ ߠሻݖሷீ െ ሺܳ ܿߠݏሻߠሷቁ

(8)

ܨఏᇱ ൌ ܨఏ െ ቀሺെܳ ܿߠݏሻݖሷீ  ܫ ߠሷ ቁ

(9)

Equations (8) and (9) are solved by using the Runge–Kutta
integration.

REVIEW OF THE EQUIVALENT WEDGE METHOD
In the equivalent wedge method, a 3D planing hull is
divided into a set of incremental wedge portions. It is assumed
that each portion is a part of an equivalent prismatic wedge,
which has the same width, dead-rise angle, and trim. The
parameters such as submerged depth and dead-rise angle
are determined in the middle section of the portion. The
centreline pressure distribution of the prismatic wedge
is calculated using the trim, dead-rise angle, beam, and
wetted length. The pressure distribution on the centreline
of the portion is a portion of the pressure distribution of the
prismatic wedge, as seen in Fig. 2. The transverse pressure
distribution is computed using the centreline pressure.

(5)

By assuming xc=0 and ignoring D sin T, g due to relatively
small T, two coupled non-linear differential equations are
concluded:

ሺ ܯ ܯ ܿ ݏଶ ߠሻݖሷீ െ ሺܳ ܿߠݏሻߠሷ ൌ ܨ௭ᇱ  ܹ

where Ma, Qa, and Ia are the added mass of the craft, pitchinduced added mass to heave, and pitch-added moment of
ᇱ
inertia, respectively. Finally ܨ௭ᇱ , and ܨఏ are calculated as
follows:

(6)

(7)

Fig. 2. Pressure distribution on the centreline of an equivalent wedge

The prismatic wedge is composed of chine-wet and chinedry sections (see Fig. 3). The centreline pressure distribution of
the prismatic wedge in the wet-chine sections of the prismatic
wedge is estimated as follows [17]:

ଵ
ଶ

ܲ
ߩܸ ଶ

ൌ ቈͳ െ ቆ

ߤ െ ܿߠݏ
ͳ െ ߤܿ ߠݏ ߠ݊݅ݏඥͳ െ ߤଶ

ቇ ܿߚݏ

Owc
(10)

where T, β and V are the trim angle, dead-rise angle and
vertical relative velocity of the equivalent wedge, and μ
is equivalent to the longitudinal coordinate of a section
(−1 ≤ μ ≤ 1). μ = −1, μ = cosT and μ = 1 represent sections of
the transom, maximum pressure and fore end of the waterline
of the prismatic wedge, respectively.
The centreline pressure on the dry-chine sections of
the prismatic wedge is obtained by averaging the pressure
distribution predicted by Eq. (10) with the centreline
distribution predicted by immersing wedge theory (Eq. (12)).
The transverse pressure distribution is computed using the
centreline pressure. It was presented in [17] for the section
with wet-chine as follows:

ߝ ଶ
ܲ
ൌͳെቀ
ቁ
ͳ  ߝ
ܲ

Ot 

tan E
S tan T

(18)

where Ot and Owc are the total wetted length and the wetted
chine region length relative to the beam, respectively (see
Fig. 3).

(11)

where n = (π − 2β)/π, Pc is the pressure on the keel, and ε is
equivalent to the transverse coordinate of a point on a section
(0 ≤ ε ≤ π/2). ε = π/2 and ε = 0 represent η = 0 and η = C,
respectively.The transverse pressure distribution for dry-chine
sections is computed as follows [17]:

Fig. 3. Equivalent prismatic wedge

THE COMBINED METHOD

ߨ  ߙ
ܲ
ͳ
ൌቈ
െ
 ଶ ߠǡ
ଶ
ଶെͳ
ሺݓ
Τ
ሻ
ߟ
ͳΤʹ ߩܸ
ඥͳ െ ሺߟ Τ ݓሻ

(12)

ඥ
ଶ ߚ   ܭଶ ଶ ߠ
ߨ
ߙ ൌ ିଵ ቌ ඨ ଶ
ቍǡ
ʹ  ܭെ ʹܭଶ ߚ െ  ܭଶ ଶ ߚଶ ߠ
ܭൎ

ߨ
͵ଶ ߚ ߚ ߚଶ ߚ
ቆͳ െ
െ
ቇǡ
ʹ
ͳǤߨ ଶ
͵Ǥ͵ߨ

(13)

(14)

Τ

గ Τଶ
ߟ
ൌ ݇ ߚ න ሾሺͳ  ߝ݊݅ݏሻ ሺܿߝݏሻଵି ߝሿ݀ߝǡ
ʹܾ
ఌ

(15)

గ Τଶ
ͳ
ൌ Ͷ ߚ න ሾሺͳ  ߝ݊݅ݏሻ ሺܿߝݏሻଵି ߝሿ݀ߝ
݇


(16)

A procedure is developed to implement a combination
of the 2.5D method and the equivalent wedge method for
estimation of the pressure distribution on a planing hull. The
procedure is shown in Fig. 4 and a summary of the procedure
steps is as follows:
1) Planing craft specifications, in a certain regular wave, at
given forward speed, are input data to this method.
2) The hydrodynamic forces and hydrodynamic moment
are calculated as a function of time using Eqs. (8) and (9).
3) Accelerations, velocities and displacements are calculated
through solving Eqs. (6) and (7) using the Runge–Kutta
method,
4) Velocities and displacements are substituted into Eq. (10)
and Eq. (12) to estimate the pressure distribution.

where ρ and w are the water density and half of the wetted
width. w is presented as follows:

w
c

Ot  [
, [ >Owc
Ot  Owc

(17)
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Fig. 4. Procedure of the combined method for the pressure prediction

EXPERIMENTAL SET-UP
To validate the combined method, a set of experiments
on a planing craft in waves is conducted in the towing tank
of the National Iranian Marine Laboratory (NIMALA) [27].
A planing hull with a hard chine V-shape, variable dead-rise
angle and length of 23 meters is chosen for the experiment
[28]. A model of 1 m is manufactured based on the main
particulars given in Table 1. Fig. 5 shows the body plan and
the position of the pressure transducers. Five PCB-102B04
pressure transducers are mounted at specified places on
desired sections for recording the hydrodynamic pressure,
and a Triaxial mini (5 mg) high sensitivity PCB-356A32
accelerometer is mounted at the centreline of Sec. 2 for
recording the vertical acceleration. Following Zeraatgar et
al.’s [29] recommendation, the data are recorded at a sampling
rate of 25 kHz.
Tab. 1. Main particulars of the planing hull model
Description
Length between perpendiculars (m)

Symbol

Value

LBP

0.936

Moulded breadth at chine (m)

B

0.197

Draft at aft perpendicular (m)

TA

0.064

Draft at fore perpendicular (m)

TF

0.041

Longitudinal centre of gravity (m)

Δ
LCG

0.372

Vertical centre of gravity (m)

VCG

0.040

Pitch radius of gyration (m)

Kyy

0.291

Displacement (kg)

8

6.5
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Fig. 5. Body plan of the planing hull model, and the position of pressure
transducers on the model (measures are in millimeters)

Experimental Procedure
According to ITTC recommended procedures for
seakeeping tests (Procedure 7.5-02-05-04), the model is towed
at the intersection of the longitudinal centre of gravity and
the thrust line. The model is restrained in surge, sway, roll
and yaw and free to pitch and heave (Fig. 6). To adjust the
towing direction, first tests are performed in calm water at
a speed of 6 m/s to record the rise-up and trim of the model.
These are measured as 3.6 cm for rise-up and 3.0 degrees for
the trim angle.
Tests are conducted in regular waves having a height of
3.5 cm and wavelength of 300 cm at a speed of 6 m/s. The
model under testing is shown in Fig. 7. The pressure and
acceleration are recoded in analogue form and transferred

to the signal conditioner to be amplified. The amplifier has
three gain factors: 1, 10 and 100. Knowing the approximate
pressure in advance, the gain factor of the signal conditioner
is appropriately selected. This kind of amplification prevents
measurement of low pressure using a pressure transducer with
a large measurement range, which may induce large error. The
measured pressure is filtered employing the moving average
with caution so that no physical peaks are lost.

test results in regular waves. Fridsma’s A-model, presented
in Table 3, is considered for the heave and pitch evaluation
of the combined method. In Fig. 8, the heave and pitch of
the combined method are compared with Fridsma’s results,
where Cλ is the wavelength coefficient defined as Cλ=(L/λ)
[CΔ/(L/b)2]1/3, CΔis the load coefficient defined as Δ/(ρgb3),
and Δ, b, L and λ are the displacement, beam, hull length
and wavelength, respectively. As can be seen, the results of
the combined method are in good agreement with Fridsma’s
experiment.
Tab. 3. Characteristics of Model A of Fridsma [1]
L (m)

L/b

β(deg)

CΔ

LCG

Kyy

V / L

1.143

5

20

0.608

0.41L

0.25L

6

ZCG/H

Fig. 6. Towing mechanism

Combined Method

Fridsma

Fridsma

1,5
θ/2π/H/λ

1,5

1
0,5

Combined method

1
0,5
0

0
0,00

0,10

0,20

0,30

0

0,40

0,1

0,2

0,3

0,4

Cλ

Cλ
(a)

(b)

Fig. 8. A comparison of the predicted dimensionless a) heave and b) pitch
motions with the experimental data reported by Fridsma [1]

A detailed insight into the validation of the combined
method is achieved by comparing the acceleration and
pressure with the experiment. A comparison of the vertical
acceleration between the combined method and the
experiment is shown in Fig. 9. The acceleration trend is
almost repeating in each encounter period, which is about
0.37 seconds. In Table 4, an average of 30 acceleration peaks
is presented for the combined method and the experiment.
The relative differences are -3.6% and +0.44% for the negative
and positive peak accelerations, and 9.4% for the average
positive peak duration. The low relative differences show that
the method accurately anticipates the peaks of accelerations.
Therefore, the combined method is regarded as a reliable
method for predicting the impact acceleration.

Fig. 7. Model under testing in NIMALA towing tank

RESULTS AND DISCUSSION
VALIDATION OF THE COMBINED METHOD

30

Table 2. Rise-up and trim of the model, the combined method in comparison
with experiment
Title

Rise-up (cm)

Trim (degree)

Experiment

3.6

3.0

Combined method

3.3

2.8

Difference (%)

-8.3

-6.6

Experiment
Combined Method
25

20

Acceleration (m/s2)

The model attitude in the calm water recorded in the
experiment is compared with the results of the combined
method in Table 2. The combined method broadly complies
with the experiment.

15

10

5

0

-5

-10

Due to the failure of the potentiometer in the experiment
for heave and pitch measurement, the combined method
results are compared with the available data, Fridsma’s [1]

0

0.5

1

1.5

2

2.5

Time (s)

Fig. 9. A comparison between predicted and recorded acceleration at Sec. 2
(V=6 m/s, H=3.5 cm, Lw=300 cm)
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Tab. 4. Average of the negative and positive peak acceleration and average of
the positive peak duration
2.5D Experiment Difference %

Ave. of negative peak acc. (m/s2)
Ave. of positive peak acc. (m/s2)
Ave. of positive peak duration (s)

-7.2
22.6
0.053

-7.0
22.5
0.048

-3.6
0.44
9.4

6
4
2
0

15

P (kPa)

0.5

1

0.5

1

0.5

1

1.5

2

1.5

2

2.5

8
6
4
2
0
-2
0

Time (s)

Fig. 11. Comparing predicted pressure by the combined method with the
experiment at (a) Point#4, and (b) Point#5 (V=6 m/s, H=3.5 cm, Lw=300 cm)

In Table 5, the averages of high and low peak pressure at
five locations are shown in an encounter period. It presents
the results of the combined method and the experiment
for average pressure and relative differences for the five
considered points. The differences of the high peak ranges
from +1.3% to -39.2%, while the differences of the low peak
range from -15.1% to -66.6%. This means that the combined
method tends to have a random error for the high peak, but
shows a biased error for the low peak.
The combined method considerably underpredicts the
high peak pressure at Sec.1, point #2, as described above.
However, for the other points, the differences are not as large
as at point #2. Despite this discrepancy, the developed code
is utilised for the parametric study.

2.5

Parameter

Combined
method

Experiment

Difference %

Sec. 1, point #1

15
10

P (kPa)

2.5

10

0
0

2

Tab. 5. The average low and high pressure peaks for the combined method
and experiment

Combined Method

5

-5

1.5

12

P (kPa)

The major concern of this study is the prediction of
pressure distribution by the combined method, especially
the impact pressure. In Fig. 10 and Fig. 11, the predicted
pressure at several points on Sec. 1 and Sec. 2 is compared
with the experiment. The combined method results and the
recorded pressure time trends are both repeating in each
encounter period and have the same number of peaks. They
both show a high peak pressure and a low peak pressure in
each encounter period. The calculated and recorded results
show almost the same instant for both peaks. Within an
encounter period, between the high peak and low peak and
between the low peak and the next high peak, the general
trends are almost the same. Hence, it may be concluded that
the time trend of the combined method follows the same
trend as the experiment.
As observed in Fig. 10 and Fig. 11, the pressure in the
experiment is positive during the first part of an encounter
period and negative/positive for the second part. The negative
pressure most likely happens as the sensor fully emerges.
Although the pressure predicted by the combined method
is positive during the first part of each encounter period, it
returns to zero in the second part of the same period. This
is because, in the combined method, it is presumed that the
pressure is zero in air.
Experiment

Combined Method

8

-2
0

10

Experiment

10

P (kPa)

Parameter

12

Ave. High Peak (kPa)

9.740

Ave. Low Peak (kPa)

3.143

8.716

11.7

3.701

-15.1

5
0
-5

0

0.5

1

1.5

2

Sec. 1, point #2

2.5

15

Ave. High Peak (kPa)

6.925

11.383

-39.2

Ave. Low Peak (kPa)

2.306

5.160

-55.3

Ave. High Peak (kPa)

5.748

5.674

1.3

Ave. Low Peak (kPa)

2.640

3.640

-27.5

P (kPa)

10
5
0
-5

Sec. 1, point #3
0

0.5

1

1.5

2

Time (s)

Fig. 10. Comparing predicted pressure by the combined method with the
experiment at a) Point#1, b) Point#2, c) Point#3 (V=6 m/s, H=3.5 cm,
Lw=300 cm)

2.5

Sec. 2, point #4
Ave. High Peak (kPa)

10.480

10.280

1.9

Ave. Low Peak (kPa)

1.105

3.306

-66.6

Sec. 2, point #5
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Ave. High Peak (kPa)

4.420

5.777

-23.5

Ave. Low Peak (kPa)

0.777

2.273

-65.8

Tracing of two-peak pressure in one encounter period
Recalling Fig. 10 and Fig. 11, it is observed that two peaks
occur, i.e. a high peak and a low peak for an encounter period.
For both the experiment and the combined method, the
pressure between the high peak and the low peak is positive.
However, between the low peak and the next high peak, the
combined method returns to positive/zero pressure, while
the experiment records positive/negative. The high peak
pressure occurs as soon as the water surface passes the sensor.
After the sensor is fully submerged, the pressure instantly
drops. It further reduces as the chine becomes wet. Increase
(decrease) of relative velocity gradually increases (decreases)
the pressure. To find out the reason for the low peak, the
above conditions have to be traced.
Fig. 12 shows the submergence (H), vertical position of
the chine and point #4, time trends of calculated pressure
(P) and vertical relative velocity (V) on sensor 4. The vertical
relative velocity for the point #4 at the considered condition is
always positive. This means that the combined method always
has the water entry condition for this case. Let’s consider the
equation of relative velocity as follows:

ܸ ൌ ݔሶ ீ  ߠ݊݅ݏെ ߠሶ ߦ  ሺݖሶீ െ ݓ௭ ሻܿߠݏ

Parametric study
The fast pressure calculation made possible by the combined
method makes it a powerful tool for conducting a parametric
study on the acceleration and pressure. A parametric study
on the craft specified in Fig. 5 and Table 1 is performed for
different forward speeds and wave heights. The considered
cases and corresponding running attitudes are presented
in Table 6. In addition, Fig. 13 shows the sections and
points where the pressure and acceleration are calculated,
respectively.
Tab. 6. The considered cases and corresponding running attitudes
No.

H/B

Forward speed
(m/s)

Mean trim
(deg)

Mean rise-up
(cm)

1-1
1-2
1-3
1-4
1-5
2-1
2-2
2-3

0.3404
0.3404
0.3404
0.3404
0.3404
0.222
0.167
0.111

4.0
4.5
5.0
5.5
6.0
5.0
5.0
5.0

7.4
6.2
5.6
4.9
4.4
6.2
6.3
6.3

1.5
1.8
2.2
2.4
2.5
2.5
2.5
2.5

(19)

where ݔሶ ீ is the forward speed of the model (6 m/s for this
case) and wz is the vertical velocity of the wave profile. In
Eq. (19), the term ݔሶ ீ  ߠ݊݅ݏis always positive and dominant
in comparison with the other terms. That is why the relative
velocity is always positive for the considered point. Certainly,
however, this may not happen for all points on the model.
In Fig. 12, an encounter period is selected to investigate
the pressure peaks. In this figure, line t1 is the beginning of
water entry of the sensor, t2 is the instant of chine wetting, t3
is the start of chine-wet to be chine-dry and t4 is the instant
when the sensor fully emerges from the water. The high peak
occurs at an instant when the sensor is fully immersee in the
water. Then, the chine becomes wet at t 2, and the pressure
gradually drops due to the gradual decrease of the relative
velocity. The low peak occurs between t3 and t4 when the chine
becomes dry again. After t4, the sensor fully emerges from
the water and zero pressure occurs. Analysis of the physical
phenomena on the pressure sensor fully supports the two
peaks of pressure in one encounter period.

(a)

12
Submergence (H)
Chine Position
Point 4 Position
Point 4 Pressure
Relative Velocity (V)

High Peak

H (cm), P (kPa),V (m/s)

10

(b)
Fig. 13. (a) Longitudinal coordinate of sections and (b) positions of pressure
calculation points (measures are in millimeters).

8
Wetted Chine Region
6

4

Low Peak

2

0
0.8

1

1.2

t1 t2

t3 t4
Time (s)

1.6

1.8

Fig. 12. Time series of submergence, predicted pressure and reletive velocity

2

Vertical acceleration
The mean peak acceleration versus Froude number (Fn) are
plotted in Fig. 14 for several sections. The term “mean peak”
is defined as the average value of ten peaks from a single wave
record. All sections show a rapid increase in the maximum
peak acceleration as the Froude number increases. For
the considered planing hull, a 46% increase of the Froude
POLISH MARITIME RESEARCH, No 1/2021
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dead-rise angle distribution is shown in Fig. 16. As can be
seen, the dead-rise angle starts at the transom by 11 degrees
and increases slowly to 20 degrees to x/L=0.6, then rapidly
increases to 50 degrees at x/L=0.9 and remains at 50 degrees
to x/L=1.0.
60
50
deadrise (deg)

number results in about a 120% increase of the maximum
peak acceleration. It is also observed that the acceleration
increases from the aft sections to the fore sections. In the
case of Fn=1.8, a section at x/L=0.3 has the maximum
peak acceleration of 20 m/s2, while a section at x/L=0.7 has
50 m/s2. As one may expect, both the parameters of the Froude
number and the location of the section significantly affect
the maximum peak acceleration.
The acceleration versus the distance from the transom
is shown in Fig. 15 for different wave heights at the forward
speed of 5 m/s (Fn=1.6). The maximum peak acceleration
rapidly increases from aft to fore, for all wave heights similar
to the Froude number. In addition, an increase in wave height
significantly increases the maximum peak acceleration.
The maximum peak acceleration of about 11 m/s2 occurs at
x/L=0.7 at a wave height of H/B=0.111, while it increases
to 45 m/s2 at H/B=0.28, more than four times.

40
30

20
10
0
0,0

0,2

0,3

0,4

0,5
x/l

0,6

0,7

0,8

0,9

1,0

Fig. 16 Dead-rise angle distribution of the model.

60
Section 1
Section 2
Section 3
Section 4
Section 5

50

Amax (m/s2)

0,1

40

On the other hand, the vertical relative velocity is typically
higher far from the centre of gravity. Fig. 17 shows the peak
of vertical relative velocity at different positions for a range of
wave heights. The peak of vertical relative velocity increases
with the increasing wave height and approaching the fore
of the craft.

30
20

1,6

10

H/B=0.111
H/B=0.167

1,4
0

H/B=0.222
1,2

1,4

1,6

1,8

2,0

Fn

Fig. 14. Mean peak accelerations for different Froude number and positions
at H/b=0.28
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1,0

H/B=0.280

1,0
0,8
0,6
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40
Amax (m/s2)

0,4

H/B=0.111
H/B=0.167
H/B=0.222
H/B=0.280
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35

0,2
0,0
0,2

30

0,3

0,4

0,5

0,6

0,7

0,8

X (m)
25
20

Fig. 17. Peak vertical relative velocity at different positions at V=5 m/s

15
10
5
0
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0,3
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0,8
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Fig. 15. Mean peak accelerations on craft sections for several wave heights
at V=5 m/s

PRESSURE
Three parameters, including local dead-rise angles,
local vertical relative velocity and the chine-wet/chinedry condition, govern the maximum peak pressure. The
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Overall, the pressure is a function of both the relative
velocity and a dead-rise angle of more than a first-order.
Therefore, the pressure at the fore part should increase due to
a higher vertical relative velocity and should decrease due to
a higher dead-rise angle, at the same time. The contradiction
between the two effects may result in a non-monotonic
pressure distribution. Additionally, the chine-wet condition
drops the pressure to atmospheric pressure at the chine and
significantly reduces the pressure in places near the chine.
The sections located on aft to amid-ship frequently become
chine-wet.
In Fig. 18, the maximum peak pressure of five sections at
five points across each section (y/b=0, 0.2, 0.4, 0.6, 0.8) for

a range of wave heights are presented. Fig. 18 (a) demonstrates
the maximum peak pressure on the keel-line as a function
of the wave height along the keel length. The pressure along
the craft’s length is divided into two parts, the aft part from
x/L=0.3 to the amid-ship and the fore part starting from the
centre of gravity to x/L=0.7. At H/B=0.111, the pressure from
the transom to the amid-ship increases, while from amid-ship
to fore perpendicular it rapidly decreases. This trend changes
as the wave height increases. For example, at a wave height
of H/B=0.28, the pressure rapidly increases from x/L=0.3
to x/L=0.65 and continues with an almost constant value.
Approximately the same trend can be seen in Fig. 18 (b),
a point on the hull close to the keel line.
As the y-coordinate of the point under consideration
increases, shown in Fig. 18 (a) to Fig. 18 (d), a tendency of
pressure decrease is observed, especially for the fore part of
the craft length. The aft part of the craft has almost the same
pressure. Fig. 18 (d) and (e) (y/b= 0.6 and 0.8) show a tendency
to yield the zero pressure for some sections located on
x/L= 0.7. The tendency to zero pressure is most likely related
16

16

H/B=0.111
H/B=0.167
H/B=0.222
H/B=0.28

12
10

H/B=0.111
H/B=0.167
H/B=0.222
H/B=0.28

14
12
Pmax (kPa)

14

Pmax (kPa)

to the unsubmerged condition of the sections at the fore.
Furthermore, the maximum pressure curves have a fracture
and decrease all at once ahead of x/l=0.6, as seen in Fig. 18
(a) to (e). This is because of the steep increase of the dead-rise
angle in these sections.
An important engineering solution to keep the pressure
and acceleration low in the fore part of the planing craft
is to keep the dead-rise angle constant from transom to
amid-ship, but with a rapid increase from amid-ship to
the fore perpendicular. This study shows that this solution
works effectively, and sometimes less pressure at the fore
perpendicular is observed. It may be recommended to employ
a kind of parametric study to find out the best geometry of
the craft for the elimination of high-pressure especially in
the fore of a craft.
Moreover, the results indicate that the combined method
may be employed as a powerful tool to modify planing hulls
design to achieve an even pressure distribution along the
length of the planing craft.
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Fig. 18. Maximum pressure at a) y/b=0, b) y/b=0.2, c) y/b=0.4, d) y/b=0.6 and e) y/b=0.8 relative to the distance from the transom at V=5 m/s.
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CONCLUSIONS
In this study, a computer code is developed based on
combining the 2.5D method with the equivalent wedge
method for calculation of the impact pressure on planing
hulls in waves. The computer code also calculates heave and
pitch motions as well as acceleration. A planing model was
tested in calm water and regular waves with a wave height
of 3.5 cm and wavelength of 300 cm at a speed of 6 m/s, and
the recorded acceleration and pressure were compared with
the results of the combined method. The calculated results in
comparison with model experiment show a good agreement
for heave and pitch motions, and acceleration. The pressure
trend resulting from calculation is also in good agreement
with the experiment, while the pressure peaks have relatively
low agreement with the experiment. The combined method is
utilised for a parametric study on acceleration and pressure
for various velocities and wave heights. The parametric
study reveals that the pressure and acceleration are evenly
distributed along the craft, if the dead-rise angle is constant
from transom to amid-ship, and gradually increases from
amid-ship to the fore perpendicular. This study suggests that
the optimum deadrise angle distribution along a planing
craft should be extracted from an analysis similar to that
presented in this paper.
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PREDICTION OF SHIP MOTIONS IN IRREGULAR WAVES
BASED ON RESPONSE AMPLITUDE OPERATORS EVALUATED
EXPERIMENTALLY IN NOISE WAVES
Sebastian Bielicki
Maritime Advanced Research Centre, Gdańsk, Poland

ABSTRACT

The most common methods for predicting ship roll motions in a specified sea state are direct measurements of motions
in a representative irregular wave realisation (time domain) or calculations of motions from response amplitude
operators (RAOs) in the frequency domain. The result of the first method is valid only for the tested sea state, whilst
the second method is more flexible but less accurate. RAO-based predictions are calculated assuming a linear model
of ship motions in waves. RAO functions are usually evaluated by means of tests in regular waves for a limited number
of frequencies and a constant wave amplitude. This approach is time-consuming and the discrete form of the RAO
functions obtained for a limited number of frequencies may lead to discrepancies in the prediction of seakeeping and
often does not allow the actual amplitude of the response in resonant frequency to be determined. Another challenge
is the appropriate selection of wave amplitude for tests due to the considerable influence of viscous damping on roll
response in irregular sea waves. There are alternative methods for the experimental determination of RAO functions
and one of them is presented in this study. The presented approach allows RAO functions to be evaluated in one run
by the generation of irregular waves characterised by a white or coloured noise spectrum. This method reduces the
experiment duration, with almost continuous RAO characteristics obtained. The flat (white noise) and linear (coloured
noise) wave spectral energy characteristics are considered in the experiment and the obtained predictions are compared
with the results of accurate measurements in irregular waves.

Keywords: seakeeping, roll motions, noise, ship motions, experiments

INTRODUCTION
There are significant challenges concerning the safety
and operability aspects of a ship. These issues are especially
important for severe sea conditions during operations in
open sea. Some may focus on dynamic positioning issues
and the influence of ship propulsion systems, such as bow
tunnel thrusters on ship motions [1], while others may focus
on operability based on the assessment of ship motions
as a response to wave excitations [2]. In the last decade,
a large number of computational analyses concerning
ship motions in waves have been published [3, 4, 5, 6, 7, 8].
However, experiments at the model scale along with full-scale
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trials [9] are still the most accurate approaches for checking
operability criteria, but the cost of model tests sometimes
limits the number of considered cases. This study focuses on
an experimental approach to roll motion prediction as it plays
a very important role in the assessment of ship operability [2],
as well as having a significant influence on ship safety during
operations in severe seas [10]. These motions are mostly
important for station keeping vessels in the offshore industry
during operations in the vicinity of platforms in open seas.
Roll motion is the response motion of a vessel exposed to
sea waves. The most appropriate method for the prediction
of ship response in a seaway is to carry out an experiment in
irregular waves representing the considered sea conditions.

However, this method is usually limited to only a couple of
representative sea states. This approach is applicable if the
operability is not the main goal of the analysis, meaning that
the ship’s seakeeping characteristics are regarded as long term
and over long distances. For this purpose, the assumption of
a linear response of the marine system to random excitation
was developed in the first half of the twentieth century.

The linear response characteristic Y_η known as the RAO is:

Yη(ω) =

(3)

By rearranging Eq. (3), the response amplitude is:

ηA(ω) = ζ A(ω)Yη(ω)

(4)

and by combining Eqs. (2)–(4), the response spectrum may
be shown as:

THEORETICAL BACKGROUND
The response of ship motions to ocean waves is considered
as an input/output system with a known linear characteristic
(Fig. 1). This characteristic is called the response amplitude
operator (RAO) and is a function of wave frequency [11].
The response motions are irregular like sea waves. By taking
a known wave energy spectrum into consideration with
a known ship’s response frequency characteristic (RAO), the
response spectra can be calculated. With response spectra,
the statistical properties of this response can be found.

Sζη(ω)dω =

ζ (ω)Y (ω).

(5)

Furthermore, when considering Eq. (1), the response
spectrum is:

Sζη(ω)dω = Sζ(ω) dωY (ω).

(6)

The wave and the ship’s response are random processes
with a Gaussian distribution function around a zero mean
[13]; thus, the root mean square value of signal is expressed by:

ηRMS =

(7)

where the zeroth moment in Eq. (7) is:

m0η = ∫0∞Sζη(ω)dω.

(8)

The above is valid as the response amplitude ηA is
proportional to the wave amplitude ζA.
The linearized equation of response motion is [12]:

(M + A) + B + Cη = FW

Fig. 1. Linear relationship between wave (input) and motions (response)

Based on an ocean wave representation in spectral form,
the wave energy in the frequency domain is given by [12]:

Sζ(ω)dω =

ζ (ω)

(1)

where:
Sζ
– density of wave energy
dω
– differential of angular frequency
ω
– wave angular frequency
ζA
– wave amplitude
and by analogy, the energy spectrum of the response is:

Sζη(ω)dω =

η (ω)

where:
Sζη
– density of response energy
ηA
– response amplitude

(2)

(9)

where for linear motions, FW is the wave force acting on
a particular direction, and for angular motions, FW is the
moment about the axis of rotation. The M + A component is
the sum of the inertia properties, such as the mass for linear
motions and the moment of inertia for rotations and added
mass A. The B and C components are hydrodynamic damping
and restoring coefficients, respectively. Furthermore, Eq. (9)
may be normalised by M + A to reach:

+ vφ + ω η = f W

(10)

where vη and ωη are the dimensionless damping coefficient
and natural frequency, respectively. The damping coefficient
must have a linear characteristic so that the assumption of the
proportionality of the response and excitation is valid. This
assumption gives a good approximation for all motions except
the roll when the nonlinear viscous damping is significantly
higher than the damping occurring from the generation of
waves. However, the roll motion damping nonlinearity may
be included in the equation of motion, if it depends only on
the amplitude of the resulting roll motion.
Equation (6) is key to predicting roll motions in the
considered sea state with a specified spectral energy
POLISH MARITIME RESEARCH, No 1/2021
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density Sζη(ω). The transfer function of roll motions Yζφ is
usually established by experiments in regular waves with
a constant amplitude or slope, whilst the RAO of roll motion
is a narrow band and the tests are carried out for multiple
frequencies ω within a certain range around the resonant
frequency ωφ. Since viscous damping phenomena depend on
the level of roll amplitude, the constant wave amplitude- or
slope-based RAO must be corrected to the expected response
in the considered sea state. This means that predictions from
regular wave experiments should be complemented by the
characteristics of roll damping established either by roll
decay test or other ones. This approach is thus rather timeconsuming, so this study presents an alternative, less timeconsuming method for RAO evaluation.
Equation (6) may be modified to the form:

SNφ(ωi ) = SN(ωi )Y (ωi )

(11)

where the input to the system here is the noise energy density
spectrum SN (ω), which may have a constant value over the
frequencies ω (white noise (WN)) or may proportionally
increase (blue noise (BN)) or decrease (pink noise (PN)) with
the frequencies ω. The dω part of the equation is always greater
than zero and might be deleted. By transforming Eq. (10), the
RAO can be found as:

Yφ(ωi ) =

.

where dimensionless damping is found as vφ =
.
Equation (13) simplifies the ship roll response because sway
and yaw coupling is neglected and the contribution of the
diffraction component might be compensated by the modified
Froude-Krylov heeling moment reduction factor [14]:
(14)

where the coefficients β 0 and β1 in function are determined
by least squares approximation of the RAO evaluated by noise
measurements according to Eq. (13). In addition, it is shown
that the damping of roll motions in noise waves is equal to
the damping in the demanded sea state with the same total
energy, meaning that the root mean square (RMS) values
of the input waves (noise and wind wave spectral form) are
equal. The next key feature of the proposed method is that
changes in damping are assumed linear, related to the RMS
of the generated noise signal. This means that to find the
damping coefficient for the prediction of roll motions, the
RMS of the generated noise waves should lay within the RMS
values of the demanded sea states. The damping coefficient
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As far as we have a linear characteristic for the damping
coefficients from noise measurements, the number of runs
may be limited.

MODEL TESTS

(13)

κφ(ωi ) = β0e –β1ω2

Fig. 2. Linear characteristic of roll damping coefficient

(12)

The discrete roll motion RAO, in dimensionless form,
where the roll angle is related to the wave slope angle αA = kζA,
can be further approximated by [14]:

Yαφ(ωi ) =

can be read from the linear characteristic of the RMS values,
as shown in Fig. 2.
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Model tests were carried out for three models of vessels.
The tests were carried out in a Maritime Advanced Centre
(CTO) towing tank no. 2 equipped with a flap type wave
maker and active wave absorber. The rectangular shape tank
has a length of 50 m, a breadth of 7 m and an adjustable
depth, which for the purposes of the current analyses was set
to represent deep water conditions. The models were tested
only in beam seas. The main dimensions of the hull models
are presented in Table 1.
Tab. 1. Main particulars of tested hull models
HM#01

HM#02

HM#03

Lpp [m]

3.585

3.553

3.212

B [m]

0.708

0.770

0.952

T [m]

0.196

0.205

0.363

CB [–]

0.92

0.78

0.70

Tφ [S]

2.47

2.16

3.02

Scale factor

53.0

24.0

17.0

The models were tested in different irregular waves
representing the demanded sea states and appropriate noise
wave realisation [15], [16]. One of the models was tested in
regular waves. The detailed configuration of the test cases is
presented in Table 2.

Fig. 3 Experimental setup in CTO towing tank no. 2
Tab. 2. Test configurations
Wave
(HM#01)

RMS
[mm]

Peak Period
[s]

(ITTC)

Wave
(HM#02)

RMS
[mm]

Peak Period
[s]

(JONSWAP)

Wave
(HM#03)

RMS
[mm]

Peak Period
[s]

(JONSWAP)

I1.1

12.8

2.43

I1.2

28.8

1.42

I1.3

16.8

1.85

I2.1

27.2

2.45

I2.2

46.5

1.87

I2.2

36.0

2.70

I3.1

36.0

2.48

I3.2

55.9

2.00

I3.2

48.4

2.90

I4.2

89.9

2.53

(Noise)

(Noise)

(Noise)

WN1.1

21.3

WN1.2

37.6

WN1.2

24.4

WN2.1

25.9

WN2.2

46.3

WN2.2

36.0

WN3.1

9.9

WN3.2

23.8

WN3.2

48.4

WN4.1

30.2

PN1.2

38.4

PN2.2

47.0

BN1.2

36.7

BN2.2

23.1

(Regular)
R0.1

25.3

During the tests model was set in perpendicular to wave
propagation direction. The wave probe was positioned in
front of the model, 10 m fore from wave generator, and the
measured wave train was undisturbed by model itself. The
hull motions in 6DOF (degrees of freedom) was measured
with the use of 6 motion capture cameras system. Hull model
was restrained in sway and surge motions by the soft spring
anchoring system mounted to model at the centre line at the
water level. The test set up is presented in Fig. 3
The tests in regular waves were carried out in constant
regular wave double amplitude of 1/50 of the model length [17].
This level of regular wave amplitude is recommended
by procedures issued by the International Towing Tank
Conference (ITTC) [17].
The irregular waves were set to represent a wide variety
of irregular waves with the most popular wave spectra,
such as the ITTC – two parameter Pierson-Moskowitz [18]
and JONSWAP [19]. The general parameters representing
the generated wave spectra are presented in Table 2 and an
example of a measured wave spectrum and its theoretical
representation is presented in Fig. 4.
The noise spectra were prepared to obtain a narrow band
width as the expected RAO will be within the range of wave

Fig. 4. Spectra of wind waves (top – I2.1 ITTC, bottom – I3.2 JONSWAP)
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Fig. 5. Comparison of noise measurements – white, HM#02 (left) vs. pink, HM#02 (right)

frequencies. In addition, the amplitude of signal was tuned
to the energy of noise within the range of the demanded sea

20
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energy. Examples of the generated noise amplitude spectra
with certain RMS values are presented in Fig. 5 and Fig. 6.

Fig. 6. Comparison of noise measurements – blue, HM#02 (left) vs. white, HM#03 (right)

Fig. 7 presents the relationship between the RMS values
of the generated noise waves and the damping coefficients
achieved from the approximation of RAOs by Eq. (13).

Figures 7–10 present the RAO functions evaluated from
the results of measurements in noise waves.
POLISH MARITIME RESEARCH, No 1/2021
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Fig. 7. Relation between damping coefficient and wave RMS
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Fig. 8. HM#01, approximated transfer functions

Fig. 10. HM#03, approximated transfer functions

Fig. 9. HM#02, approximated transfer functions
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UNCERTAINTY ANALYSIS
Uncertainty analysis (UA) was analysed in two types: Type
A and Type B [20]. The RAO curves which were used to final
predictions were subjected to UA. The source of errors in
Type B analysis is mainly the wave probe error ε(ζ) evaluated
in probe calibration process and motion tracking system
angular precision error ε(φ) provided by manufacturer. The
probability distribution of expected value as well as its errors
is assumed here as rectangular (uniform) thus uncertainty
of measured signal is given by formula:

u(ζAW) =

(15)

u(φA) =

(16)

Fig. 11 Relative RAO uncertainty HM#01

The value N in formulas (18) and (19) is the number of
harmonics in considered amplitude spectrum.
The dimensionless RAO function Yφ might be calculated
by formula (3), and is established by indirect measurements.
The combined uncertainty is calculated then by partial
derivatives of formula (3) as follows:

uB(Yφ) =

(17)

Fig. 12 Relative RAO uncertainty HM#02

The main source of errors in Type A uncertainty here
is the deviation from approximated and measured RAO
characteristics, thus the Type A uncertainty u A(Yφ) is
equal to root mean square error of approximation given
by equation (16).
The total uncertainty is then calculated as root of sum
squared uncertainties of Type A and B:

u(Yφ) =

(18)

The percentage of total uncertainty in maximum RAO
value Yφ( f RES ) at resonant frequency f RES is calculated from
formula:

· 100%

ΔYφ

(20)

where root mean square function of roll motions is calculated
from combined formulas (6), (7) and (8) as follows:

φRMS =

(21)

and the total uncertainty of RAO function is found from:

ΔYφ = ∫ u(Yφ)dω
24

Uncertainty of roll RMS from direct measurements in
irregular waves is equal to:

(19)

and it is presented in Fig. 11 to Fig. 13 as a function of wave
frequency
Finally the uncertainty of predicted RMS values of roll
motions, from approximated RAO of noise measurements,
are calculated as combined uncertainty from formula:

u(φRMS) =

Fig. 13 Relative RAO uncertainty HM#03

(22)
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u(φRMS) =

(23)

RESULTS OF ANALYSES
Equation (13) with modified Froude-Krylov coefficients
fits very well to the RAOs evaluated from noise wave
experiments. The values of the damping coefficients lie on
a straight line in all considered configurations of the tests
(Fig. 7). Table 3 presents the results of predictions from
direct measurements in the modelled sea waves compared to
the predictions calculated from the RAOs. The predicted and
measured RMS values were then plotted against each other
(Fig. 14). The straight red line depicts the ideal correlation
between prediction and measurements, while the grey lines
represent ±5% margin of the actual values.

Tab. 3. Comparison of roll motion RMS values (measurements in irregular waves and noise RAO-based predictions)
Noise

u(φRMS)

Irregular

u(φRMS)

Regular

Description

I1.1

2.42

0.04

2.23

0.06

1.67

HM#01

I2.1

3.63

0.09

3.36

0.06

3.57

I3.1

4.15

0.13

4.13

0.06

4.75

I1.2

0.95

0.05

1.01

0.06

N/A

I2.2

5.21

0.10

5.01

0.06

N/A

I3.2

7.46

0.13

7.14

0.06

N/A

I4,2

8.62

0.24

8.75

0.06

N/A

I1.2

0.92

0.07

1.01

0.06

N/A

I2.2

4.99

0.14

5.01

0.06

N/A

I3.2

7.15

0.18

7.14

0.06

N/A

I4,2

8.47

0.32

8.75

0.06

N/A

I1.2

0.90

0.04

1.01

0.06

N/A

I2.2

5.04

0.08

5.01

0.06

N/A

I3.2

7.34

0.11

7.14

0.06

N/A

I4,2

8.92

0.19

8.75

0.06

N/A

I1.3

0.41

0.05

0.34

0.06

N/A

I2.3

4.77

0.15

4.54

0.06

N/A

I3.3

6.51

0.32

7.25

0.06

N/A

HM#02.BN

HM#02.PN

HM#02.WN

HM#03

The predicted and measured values were analysed by
means of Pearson’s correlation factor Rf o and the root mean
square error (RMSE) given by [21]:

Rf o =

yf i yoi

RMSEf o =

(24)
(25)

where

Rf o =

yf i, yoi =

(26)

The Rf o correlation coefficient quantifies the statistically
linear correlation between observations (measurements) Yo
and predictions Yf. The squared value of Rf o varies within
between 0 and 1.

CONCLUSIONS
The method presented in this study may be used as an
alternative experimental approach to evaluate RAOs. The
experiments were carried out in irregular waves with wide
bandwidth spectra of colour noise character. The approach
might be considered as similar to that proposed by (Bielicki,
Bednarek and Kraskowski [22]) where the noise measurements
were applied to find predicted roll motions in considered sea
states. The approach presented in [22] approximates RAO
functions to noise measurements and Froude-Krylov moment
in Eq. (13) is calculated basing on different formulae with

Fig. 14. Correlation plot of measurements against prediction

correction depending on the level of noise input signal. The
damping factor is obtained there from roll decay tests and
adjusted to considered sea state by iteration. The method
presented here allows to apply modified Froude-Krylov
moment from Eq. (14), which arises from measurements.
POLISH MARITIME RESEARCH, No 1/2021
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Besides the damping coefficient is found from the least
square approximation of Eq. (13) directly – it exclude the
necessity of roll decay tests. Finally the main outcome of the
method presented here is that the damping coefficient varies
linearly with the RMS values of noise generated waves. The
last feature allows to predict roll motions in variety of sea
states basing on limited measurements in noise waves. Thus
the predicted roll motions in multiple sea state conditions
fit reasonably well with measurements in selected irregular
waves (sea conditions), as confirmed by a squared Pearson’s
correlation above 0.99 and a RMSE below 0.25 [deg]. The
noise wave-based measurement may be extended for other
motions, like heave and pitch.

ship in high irregular seas.,” Journal of Marine Science and
Technology (Japan), tom 25(2), pp. 426–454, 2020.
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9. J. Jiao, C. Chen i H. Ren, „A comprehensive study on
ship motion and load responses in short-crested irregular
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Engineering, tom 11, nr DOI: 10.1016/j.ijnaoe.2018.07.003,
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ABSTRACT

Wind energy is a clean and renewable source of energy. This study seeks to explore the potential for utilising wind power
for merchant ships. A new type of Flettner rotor (rotating cylinder) mounted on the superstructure of a ship is proposed
and numerically simulated. The construction and installation of the rotating cylinder is designed and a numerical
simulation of the ship-mounted cylinder is carried out, using the commercially available CFD code Ansys Fluent to
obtain parameters such as lift and drag coefficient of the cylinder in different conditions. Specifically, it is found that
the cylinder type superstructure can play a certain role in reducing the effect of friction by comparing traditional and
cylindrical superstructures; the rotating cylinder can generate auxiliary thrust for the ship. After analysis, the wind
speed around the cylinder and spin ratio will have a direct influence on its thrust effect; there is an inflection point in
the lift coefficient with the increase of α; the thrust coefficient (8.63) reaches the maximum environmental wind speed
at 10 m/s and spin ratio is 2.5. For the rotating cylinder, the greater the environmental wind, the greater the thrust
contribution generated under the same spin ratio conditions. The maximum thrust can reach 750,000 N; the cylinder’s
auxiliary propulsion contribution shows a better advantage in α = 2.0. The effective power generated by the cylinder
reaches a maximum of 2,240 kW for environmental wind speed = 20 m/s and α = 1.0.

Keywords: Ship propulsion; Flettner rotor; Wind energy; Rotating cylinder; Numerical simulation

INTRODUCTION
Due to the increased volume of seaborne cargo
transactions around the world, the number of merchant
ships is increasing. Ships not only consume a large amount
of fuel during a voyage but they also produce exhaust
gas, polluting the environment by burning fuel. In order
to reduce harmful emissions from ships and promote the
application of new cleaner energy, IMO puts forward higher
requirements for emissions from ships. “Green ship” has
become the current trend in the development of the ship
industry and it is has become urgent to find new, alternative
clean energy [1–3]. Wind energy is a kind of renewable energy
with the advantages of abundant reserves, wide distribution
and pollution-free [4, 5]. The wind energy over the ocean is
more abundant because the sea is open and wind friction
28
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is small. There are great advantages for the application of
wind energy to ships sailing in the ocean.
In terms of wind energy utilisation by ships, scholars at
home and abroad have carried out many related studies,
including: traditional sails, Flettner rotor auxiliary propulsion,
kite auxiliary propulsion, and airfoil sail auxiliary propulsion
[6–9]. Among them, the Flettner rotor is a reasonable system,
regarding the utilisation of wind energy on ships. It has
a history of more than one hundred years of research. This
kind of rotor propulsion is usually called “Flettner rotors”. The
first time such equipment was installed on a ship was in the
early 1920s. Flettner rotors are mainly installed on the deck
of a ship. One side of the Flettner rotors forms a low pressure
area and the other side forms a high pressure area, so that it
can generate lift (like a sail) to boost the ship, also known as
the Magnus effect.

Nomenclature
D
H
A
ρ
v
Vship
Ven.
Va

Diameter of cylinder
Height of cylinder
Cross-sectional area of cylinder
Fluid density
Kinematic viscosity is 1.45*10–5 Pa/s
Ship speed
Environmental wind speed
Apparent wind speed

Re =
Utan

Reynolds number
Tangential velocity of cylinder

α=
ω
y+

Spin ratio
Angular velocity of rotating cylinder
A non-dimensional wall distance

Flettner rotors have been installed on some ships around
the world and have been put into practical use. In 1924–1926,
the German ship Buckau first installed a rotor device and
conducted a sailing test, as shown in Fig. 1(a). An interesting
example is the fact that the wind energy company Enercon
launched a Flettner-driven cargo ship, named “E-Ship 1”.
Compared with traditional cargo ships of the same size, in
2010 the Flettner rotors on “E-ship 1” (developed by Enercon)
saved as much as 25% of the fuel that would normally be
used (https://www.evwind.es/2013/07/30/enercon-rotorsail-ship-e-ship-1-saves-up-to-25-fuel/34733). Since its
maiden voyage in 2010, E-Ship 1 (developed for transporting
Enercon wind turbine components) has covered more than
170,000 sea miles, as shown in Fig. 1(b). Then, in November
2014, a 9,700 ton ro-ro ship “Estraden” (owned by the Finnish

CL
CT
CD
CH
Cf
T
PT
CM
Pmotor
Pef.
p
p∞

Lift coefficient
Thrust coefficient
Drag coefficient
Heel coefficient
Friction coefficient
Thrust
Thrust power
Moment coefficient
Power consumption
Effective power
Static pressure
Free flow pressure

Cp =

Pressure coefficient

shipping company Bore) adopted Norsepower’s Flettner
rotor plan. The ship sailed back and forth between the
Netherlands and the United Kingdom, potentially saving 5%
of fuel, as shown in Fig. 1(c). In January 2018, the 6,400 ton
bulk carrier “Afros” (customised by the Greek shipowner
Victoria Steamship) installed four Flettner rotors. In April
2018, Flettner rotors were installed on the “Viking Grace,”
owned by Viking Cruises; they were 24 m high and 4 m
in diameter, and it became the world’s first passenger ship
using Flettner rotors technology. There are also practical
applications of Flettner rotors on oil tankers. In August
2018, Maersk announced that two Flettner rotors, with
a height of 30 m and a diameter of 5 m, were installed on
an L2 tanker. This is the largest Flettner rotor in a practical
application so far, as shown in Fig. 1(d).

a)

b)

c)

d)
Fig. 1. Flettner rotors in actual applications
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There are also many practical cases in the application of
Flettner rotors on medium and large merchant ships. Flettner
rotors have become effective aids for ship navigation. Many
experiments and numerical simulations have also been
carried out on the utilisation of Flettner rotors to achieve
ship propulsion. Bordogna et al. [10] studied a series of
large wind tunnel tests on Flettner rotors, with the aim of
better understanding the effect of the Reynolds number on
the aerodynamic performance of Flettner rotors and, for
aerodynamic performance, a velocity ratio of 2.5 was a key
point. Marco et al. [11–13] assessed the impact of aspect ratio,
spin ratio and end plate diameter on Flettner rotor performance;
endplates installed on the Flettner rotor had a good effect. In
reference [14], the relative position and velocity ratio of two
Flettner rotors were tested and the conclusion was drawn
that the velocity ratio and relative position were the decisive
factors determining the influence of aerodynamic interaction
on the performance of Flettner rotors. The flow structures
with different Reynolds Numbers and different spin rates
were discussed. Laminar and turbulence flow models were
compared by Karabelas et al. [15]. Craft et al. [16] proposed
that a superstructure disc on the rotors can result in a slight
increase in the lift coefficient at high RPM. Traut et al. [17]
studied numerical models of two wind power technologies,
Flettner rotors and a towing kite, and proposed a technical
method for evaluating the contribution of wind energy to ship
propulsion, applying it to five different shipping routes. Salter
pointed out a way of using Flettner rotors to achieve high-lift
coefficients and high lift-drag ratios [18]. A study of a rotating
cylinder with an endplate was conducted by Badalamenti and
Prince [19], where spinning and stationary endplates were
considered. The results of the study show that, although the
endplate can significantly enhance the lift and improve the
lift-to-drag ratio, the ultimate lift coefficient is always reached
regardless of the endplate conditions.
According to the conditions generated by the Magnus effect,
the magnitude of the Magnus force not only depends on the
wind speed and the angular velocity of the Flettner rotors, but
it is also affected by the wind-receiving area of the Flettner
rotors. For Flettner rotors using the Magnus effect, a larger
wind-receiving area produces greater boosting force [20–23].
In order to use wind energy more effectively and produce better
boosting effects for ships, most Flettner rotors are installed in
pairs on ships. The diameter range of the cylinder is between
1.5 m and 5 m, the height range is 15 m to 40 m and, in general,
the number of Flettner rotors is 2 to 6 [24, 25]. However,
a large number of Flettner rotor installations will increase the
additional load capacity of the ship and will also occupy the
ship’s deck space. Installing multiple cylinders will reduce the
ship’s effective cargo space, especially for ships with high deck
space utilisation; this reduces the economic value of merchant
ships, such as container ships [26, 27].
It will be of great significance if a rotating cylinder can be
designed that can not only assist the navigation of the ship
but also save space on the ship’s deck. Based on the above
discussion, this article proposes a new type of Flettner rotor
installation and method of use, such that the rotating cylinder
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and superstructure are cleverly combined and a transparent
cylinder is set on the outer side of the ship’s superstructure.
On the basis of not affecting the original functions of the
superstructure, a huge-sized Flettner rotor and a new type
of rotating cylinder was created. This can increase the windreceiving area of the rotating cylinder so that the wind energy
can be used to a greater extent and there is no need to install
a separate cylinder on the deck. This saves installation space
and it will not affect the layout of deck cargo spaces and
machinery, or the loading and unloading of ships. This new
type of vertical rotating cylinder uses the Magnus effect, as
shown in Fig. 2. Harnessing the power of wind to generate
thrust increases efficiency by reducing fuel consumption,
bunker costs and harmful emissions. The new rotating cylinder
can be installed on newly built ships, which will generate
a large amount of thrust to assist the ship’s navigation. In
general, Flettner rotors can use a small proportion of ship
auxiliary power to achieve rotation; its potential to save main
engine fuel consumption can reach 3% to 25%. It has economic
value for merchant ships.

THE STRUCTURE OF THE NEW ROTATING
CYLINDER AND ITS INSTALLATION
The Flettner rotor usually works in lateral winds and the
amount of thrust that it generates mainly depends on wind
and ship speed. For merchant ships, the beneficial effects of
the actual installation and use of the Flettner rotor depends
on the size of the ship, the sailing area, and the operational
profile. In order to analyse and evaluate the contribution of the
new of type rotating cylinder, a 100,000 ton tanker ship was
selected as an example of a ship fitted with a rotating cylinder.
The number of superstructure floors of the merchant ship is 6.
In order to avoid disturbing the observation of the ship’s crew
on the navigation deck, the highest edge of the cylinder is set
up at the lower edge of the navigation deck; the lowest edge
is set up at the upper edge of the superstructure on the first
floor. This design does not affect the passing function of the
personnel between the superstructure and the main deck. In
addition, the navigation deck is circular and its diameter equal
to the width of the ship, to ensure that the driver can easily
watch the berthing process. Therefore, the specific structure of
the new rotating cylinder is: a circular, hollow cylinder made
of transparent material and enveloped in the middle part of
the superstructure. It is driven by a motor to achieve rotation
around the axis, and to obtain better rotor performance without
affecting the original function of the superstructure. There is
an endplate on the top of superstructure, as shown in Fig. 2.
When the ship is sailing on the sea, the rotating cylinder is
affected by lateral winds, which causes it to produce Magnus
thrust. Besides this, the use of transparent materials for the
rotating cylinder material can ensure sufficient light into the
superstructure. There are emergency stop buttons on each floor
of the superstructure; emergency stop buttons and life-saving
hammers are installed on the floors near the lifeboat. The first
purpose of this design is to make an emergency stop when the

rotating cylinder is in danger, the second is to stop the rotating
cylinder when the ship encounters a dangerous situation; the
relevant personnel then smash the transparent materials with
a life-saving hammer to escape the scene in time.
The new rotating cylinder has great advantages. On the one
hand, a major feature of the cylinder is its large diameter. This
structure increases the wind-receiving area of the cylinder.
It can be seen from the conditions that produce the Magnus
effect force that increasing the wind area of the rotating
cylinder also increases the lift of the cylinder. On the other
hand, due to the windward surface usually being flat to the
traditional ship’s superstructure, the wind friction caused by
the ship’s sailing process is relatively large. When a rotating
cylinder is set in the ship’s superstructure. The crosssection of a cylinder is a circle and its sides are approximate
streamlined. Therefore, the cylinder can reduce the friction
of the superstructure. The shape of the superstructure will
be compared and demonstrated in Section 4.1. Last but not
least, all kinds of merchant ships have superstructures and the
rotating cylinder can be appropriately improved, so the new
rotating cylinder is suitable for many types of merchant ships.
The more common 100,000 ton class of ship was selected
in this analysis, with the oil tanker “Bei Hai Wei Wang” of
COSCO SHIPPING being the typical ship specifically used;
some of its parameters are shown in Tab. 1. Generally, the
height of a single deck of a merchant superstructure is 3.05 m,
the height of the cylinder (H) is equal to about 4 decks in the
middle of the superstructure (H = 12.5 m). In order to use the
space as effectively as possible and to increase the area of the
rotating cylinder, its diameter (D) should be as close to the
width of the ship as possible; take D = 40 m. Moreover, the
new rotating cylinder can ensure the normal basic functions
of the ship’s superstructure; the cylinder here is a cylinder
with a diameter of 40 m and a height of 12.5 m. The endplate
diameter is 42 m.

Tab. 1. Parameters of “Bei Hai Wei Wang”
Parameters

Value

Parameters

Value

Type

Aframax

Draft (m)

11.90

Length overall (m)

243.00

Deadweight (ton)

104404

Breadth moulded (m)

42.00

Main engine power (kW)

15260

Depth (m)

20.63

Maximum speed (knots)

15

PHYSICAL AND NUMERICAL MODELS
PHYSICAL COMPUTING MODELS
When the ship is subjected to the effects of environmental
wind (Ven.), the ship will be subjected to the Magnus effect
force due to the existence of the rotating cylinder. If a sensor is
installed to monitor the wind in real time, the starting, stopping
and steering of the rotating cylinder can be adjusted in time with
the change of wind direction, so as to ensure that the Magnus
force on the cylinder is maximised along the ship’s direction
of travel. In order to explore the potential of the new rotating
cylinder as a ship booster, it is important to consider that the
wind acting on the cylinder is a vector sum of the environmental
wind and the ship speed. According to Eq. 1, the apparent wind
speed in the vicinity of the cylinder can be calculated as Va, in
Fig. 3(a). In the following simulation, both the lateral wind
perpendicular to the ship and the ship’s speed are considered;
the ship’s speed is fixed at 5 m/s (about 10 knots).

Fig. 3. Diagrams of apparent wind (a) and ship force (b)

The thrust (CT) and heel coefficients (CH) vary with the
size and direction of the angular velocity of the cylinder and
the apparent wind speed during the ship voyage. They are
transformed by the lift coefficient (CL), the drag coefficient
(CD) and the angle θ between the apparent wind speed and
heading, as realised in Fig. 3. The equations Eq. (2) and (3)
for calculating CT and CH are given [9].

Va = Ven. – Vship

Fig. 2 .The new rotating cylinder and its installation position on the ship

(1)

CT = CL ✳ sinθ – CD ✳ cosθ

(2)

CH = CL ✳ cosθ + CD ✳ sinθ

(3)

In the ship, the thrust force FT and side force from the
heel FH are calculated based on the thrust coefficient CT, heel
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coefficient CH, air density ρ, apparent wind speed Va, and the
sail area A according to equations (4) and (5). The diagram
of ship forces is given in Fig. 3(b).

FT = 0.5 ✳ ρ ✳ A ✳ Va2 ✳ CT

(4)

FH = 0.5 ✳ ρ ✳ A ✳ Va2 ✳ CH

(5)

The power consumed by the motor rotating the cylinder
and the lift, drag acting on the cylinder together determine
the power value that can be generated by the rotating cylinder.
The thrust obtained from the cylinder is calculated as a vector
and projection of the lift and drag along the ship’s course.
The amount of power generated by the thrust and the
power consumed by the motor are calculated, and they are
given by the equations (6) and (7), where CM is the Moment
coefficient [17].

PT = T ✳ Vship

(6)

Pmotor = 0.5 ✳ ρ ✳ A ✳ Va3 ✳ CM ✳ α

(7)

The effective power Pef. is calculated as the difference
between the power delivered by the rotating cylinder and
the power that is consumed by the motor to rotate it.

Pef. = PT – Pmotor

(8)

NUMERICAL MODELS
The purpose of the modelling was to simulate the lift,
drag, thrust coefficient and other data of the rotating cylinder
installed onto the ship’s superstructure. This experiment used
the CFD software ‘Fluent’ to carry out simulation calculations.
The three-dimensional computational domain containing
the rotating cylinder was established to obtain more accurate
results. The SIMPLE algorithm was used to solve the N-S
control equations and the two-order upstream scheme was
chosen to ensure accuracy. The turbulence model chosen was
the Realizable k-ε model [28–30]. The RANS equation was used
as the basic equation for solving the computational domain
around the rotating cylinder, which included the continuity
Eq. (9) and the momentum Eq. (10). The simulations were
performed in an unsteady way.

·U=0

where ρ is the density of fluid; U is the relative velocity; μ is
liquid viscousness; is static pressure; δij is Kronecker delta;
is the mass force term; – ρ
is apparent stress owing
to the fluctuating velocity field, generally referred to as the
Reynolds stress.
COMPUTATIONAL DOMAIN
AND BOUNDARY CONDITIONS
As shown in Fig. 4(a), the entire computational domain
is shaped as a rectangle with a length of 22.5D, a width of
17.5D, and a height of 12.5D, where D is the diameter of
the rotating cylinder, and the Cartesian coordinate system
origin is centred at the bottom of the cylinder. The whole
computational domain is arranged by coupling structured
and unstructured grids, specifically tetrahedral grids near the
ship; the grids around the rotating cylinder are encrypted; and
layer boundary grids on the surface of the rotating cylinder
are established [31, 32]. The other regions use structured
grids, as in Fig. 4(b). Furthermore, the grid set up allowed
a non-dimensional wall distance (y+) value approximately
equal to 1.0; the Max-Skewness is 0.84 and the blocking ratio
is about 1.2%.
The computational domain is shown in Fig. 4(a). The right
side and the front side of the ship are the inlet boundary,
which adopts the velocity inlet boundary condition. The
environmental wind direction is positive along the y-axis
and the ship’s sailing direction is positive along the x-axis;
the wind speed condition is the apparent wind speed Va and it is
referenced to the above-mentioned apparent wind in Fig. 3(a).
The outlet boundary adopts the pressure outlet boundary
condition and the value is one atmospheric pressure. The wall
is used at the top and bottom of the computational domain.
The 1.5D range near the cylinder surface is the rotating area
(circle), as shown in Fig. 4(b). The cylinder surface is a nonslip wall with a certain roughness and the cylindrical circle
area is turned in a counter-clockwise direction.

(9)

Fig. 4. Computational domain and boundary conditions

(10)
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The 1.5D diameter rotating area is used to simulate the
domain generated by the rotation of the cylinder, which is
especially suitable for rotational movements [33]. It should
be noted that the time step of the simulation is a function of

the angular velocity (ω). For the convergence of the numerical
scheme, according to experience, there is a limitation on
the maximum cell-based Courant-Friedrichs-Lewy (CFL)
number in a time step [11]. Therefore, a larger angular velocity
should correspond to a smaller value of time step.
GRID INDEPENDENCE ANALYSIS
AND COMPARISON DATA VALIDATION
The grid independence study is performed by using
four different grid densities with approximately 3,500,000,
4,000,000, 4,500,000 and 6,000,000 elements. The pressure
coefficient Cp is used for comparing different grids when
verifying the numerical method. The other conditions for this
comparative validation were: 5-level wind, spin ratio α is 2,
and Re is 3.08*107. The Cp data curves, corresponding to the
four grids, are shown in Fig. 5 and Table 2 shows the result
of grid independency validation. It is concluded from the
comparative analysis that the grid reaches 4,500,000 elements
and further increases in grid density do not significantly
affect the results. The error of the Cp is less than 0.4% when
compared with the case of 6,000,000 elements. Therefore,
the calculation of the efficiency and accuracy are taken into
account and the numerical simulation is based on a grid of
about 4,500,000 elements [34].
Tab. 2. Results for grid independency validation
Element
number

Average–Cp
(35–40 s)

Error of
average–Cp

Description

Scale
Coarse

3,500,000

–0.747

1.1%

Grid
independence
validation

Medium

4,000,000

–0.730

1.2%

Fine

4,500,000

–0.736

0.4%

Very fine

6,000,000

–0.739

0

et al. using the CFD grid processing method and simulation
procedure in the paper. The specific experimental conditions
of the cylinder were H = 3.73 m, D = 1 m and Re = 1.0*106 [10].
The results of the numerical simulation should be compared
with experimental data. The simulation results are shown in
Fig. 5(b) “Experimental data vs CFD simulation results” and
it can be seen that the two results are generally consistent.
Therefore, similarly, our simulations have some reliable
accuracy in the study.

ANALYSIS OF THE RESULTS
To verify the characteristics and boosting effect of the
new rotating cylinder, the characteristics of the rotating
cylinder and the traditional superstructure (middle section)
will be compared in Section Comparison of different types
of superstructure. In Section Discussion on spin ratios and
wind levels, the parameters of cylinder lift coefficient, drag
coefficient, and thrust coefficient corresponding to different
spin ratios under wind speed conditions of 5, 6, 7 and 8
levels, are investigated. In Section Energy contribution to
ship navigation, the contribution of the rotating cylinder to
the ship’s boosting is studied. In order to verify the influence
of the variation of Reynolds number on the cylinder, a brief
discussion is made in Section The influence of Reynolds
number on the performance of the new rotating cylinder.
In order to obtain more realistic simulation results, the
following apparent wind speed is the result of considering the
combined effects of ship speed and environmental wind speed
(see Fig. 3(a)). The ship speed is approximately 10 knots and
environmental wind speed regulations are shown in Table 3.
Tab. 3. Environmental wind speed

In addition, since the objective conditions limited
the experimental validation of the device, we simulated
the example for the experiments performed by Bordogna

Fig. 5. Validation of the numerical method
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COMPARISON OF DIFFERENT TYPES
OF SUPERSTRUCTURE
COEFFICIENTS OF FORCE FOR
ROTATING CYLINDER AND TRADITIONAL
SUPERSTRUCTURE
The traditional superstructure consists of 4 to 6 floors; the
middle 4 floors of the superstructure can be approximated
into a rectangular shape, without considering the Navigation
deck and the first-floor superstructure. In order to compare
the effects of the new cylinder superstructure with the
traditional superstructure on the ship’s navigation, the
friction coefficients (Cf ) and heel coefficients (CH) generated
by the different types of superstructure are investigated under
5-level wind conditions. The volumetric parameters of the
three superstructure types (traditional type, cylinder type
and rotating cylinder type) are given in Table 4, and the three
volumes are equal. The superstructure of the new rotating
cylinder type is proposed in this paper, it is modified or added
to the middle 4 floors of the superstructure on the basis of not
affecting the function of the ship’s superstructure.
The friction coefficient (Cf ) graph and the average
friction (Ff ) bar graph for three types of superstructure are
shown in Fig. 6(a). As can be seen, the friction coefficient
of the traditional and cylinder superstructure is positive
in 20 s, i.e. the friction generated by the superstructure
of the ship’s navigation process has always existed. The
traditional type produces an average friction of 94,877.73 N;
the cylinder’s average friction is 4,833.31 N. Moreover, the
friction coefficient of the traditional type is greater than the
friction coefficient of the cylinder type. So, cylinder type
superstructure has a certain effect on reducing wind friction
compared to the traditional type. It is worth noting that
the friction coefficient at 20 s is negative about the rotating
cylinder type; its average friction of –151,520.34 N indicates
that the superstructure of rotating cylinder type produced
a forward thrust.

Tab. 4. Three types of superstructure
Type

Size (m)

α

Traditional

35*35*12.5

0

Cylinder

40*12.5

0

Rotating cylinder

40*12.5

2.0
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15,700

In Fig. 6(b), the heel coefficients (CH) and average heel
forces (FH) for the three types of superstructures are shown,
respectively. Three types of superstructure heel coefficient
are positive, the cylinder type superstructure produces
the smallest heel coefficient and the heel coefficient of the
rotating cylinder type is the largest. By observing the three
types of heel force it can be seen that the average lateral
force of the traditional, cylinder, and rotating cylinder
type superstructures are 55,772.91 N, 16,060.64 N and
79,515.39 N, respectively. Due to the additional friction
generated by the rotating cylinder superstructure, as a result
of Magnus forces acting on the rotating cylinder of α = 2.0,
the heel force for a rotating cylinder of the same size is
greater than for a cylinder of α = 0.
PRESSURE DISTRIBUTION AROUND THE
SUPERSTRUCTURES
The three types of pressure distribution around the
superstructures are given using the CFD-post processing
function. Fig. 7 shows the wind pressure area around the
superstructures on the mid-plane (in the middle of the
cylinder in the z-axis).
It can be seen that the high-pressure area in all three
figures is mainly located below the superstructures (because
the y-axis direction is the environmental wind inlet, which
has a value of 10 m/s). The maximum wind pressure in the
high-pressure area of the traditional type superstructure
can be seen as 95 Pa in Fig. 7(a). In Fig. 7(b), the maximum
wind pressure around the cylinder type superstructure is
92 Pa and its high-pressure area is smaller. Fig. 7(c) shows

Fig. 6. Forces and force coefficients of the three types of superstructure
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Volume (m3)

a)

b)
c)
Fig. 7. Wind pressure area around the three kinds of superstructures on the mid-plane

the wind pressure around the rotating cylinder, which is
also the main object of the simulation. The comparison
with the other two graphs shows that the pressure of the
rotating cylinder type and cylinder type superstructure
are clearly different; the right side of the rotating cylinder
(the direction of the ship’s navigation) is a low pressure
area, so, the whole rotating cylinder will be subjected to
pressure along the x-direction. Due to the rotation of the
cylinder, there is the Magnus effect around it, which creates
a beneficial pressure differential. The ship is fitted with
a rotating cylinder to take advantage of the lateral wind,
which helps the ship move forward.

DISCUSSION ON SPIN RATIOS
AND WIND LEVELS
THE EFFECTS OF DIFFERENT SPIN RATIOS
ON THE LIFT AND DRAG COEFFICIENT
FOR THE ROTATING CYLINDER
According to the relevant studies [11, 16], the environmental
wind speed and the ship speed, as well as the angular velocity of
the cylinder, have a significant influence on the lift coefficient
of the rotating cylinder. The variation of the spin ratio (α)

Fig. 8. The force coefficient of the rotating cylinder
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affects the contribution of the rotating cylinder to navigation.
In order to study the contribution of the rotating cylinder
with different spin ratios, the changing effects of the spin ratio
on the same rotating cylinder at different wind levels will be
discussed separately. Specifically, the rotating cylinder lift
coefficient (CL), drag coefficient (CD), thrust coefficient (CT),
and heel coefficient (CH) is given to analysis and discussion.
The force coefficient of the rotating cylinder is shown in Fig. 8.
Fig. 8 is the point line graph of the lift coefficient, drag
coefficient, thrust coefficient and heel coefficient for a rotating
cylinder in 5, 6, 7, and 8 level wind conditions. From the figure,
it can be seen that the spin ratio has a significant impact on the
force coefficient of the cylinder. Fig. 8(a) is the rotating cylinder
lift coefficient graph. Wind levels of 5 and 6 correspond to
the lift coefficient gradually increasing with an increase in
spin ratio and the maximum lift coefficient can reach 14.53.
Wind levels of 7 and 8 correspond to the lift coefficient and
inflection points can be seen, wind level 7 corresponding to the
lift coefficient’s maximum value of 9.71, which appears when
the spin ratio is 2.5. Level 8 corresponds to the maximum value
of lift coefficient appearing at a spin ratio of 2.0.
Fig. 8(b) shows the drag coefficient of the rotating cylinder,
the curves corresponding to wind levels 6, 7 and 8, showing
an overall upward trend as the spin ratio increases. In the case
of level 5 wind, the drag coefficient appears to be the smallest
value when the spin ratio is 1.5, after which the coefficient
becomes larger. By observing the directional
trend of the drag coefficient curve, it can be
assumed that, due to the Magnus effect, the
drag coefficient becomes larger and larger as
the spin ratio continues to increase. This trend
of increasing drag coefficient is consistent
with the results of Liu et al. [25].
In Fig. 8(c), it can be seen that the thrust
coefficient first increases and then decreases
with the increase in spin ratio for the rotating
cylinder. The four kinds of wind inflection
point are different. That is to say, the thrust
coefficient of a cylinder has the best value
with a change of spin ratio. This means that
the thrust coefficient becomes smaller with
an increase in environmental wind speed, but
it does not mean that the cylindrical thrust
contribution to the ship becomes smaller.
Fig. 8(d) shows the curves of heel coefficient
for the rotating cylinder. It can be seen that
the heel coefficients increase as the spin ratio
increases, but their curve steepness becomes
progressively smaller. At the same spin ratio,
the heel coefficient of the rotating cylinder
becomes smaller as the apparent wind speed
increases. In addition, the maximum value of
the thrust coefficient in Fig. 8(c) is 8.63 under
the 5-level wind condition. The maximum
value of heel coefficient in Fig. 8(d) is 2.16,
which shows that the thrust contribution to
the ship brought by the installation of the
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rotating cylinder is much larger than the heel force generated
by it. This also shows that the new type of rotating cylinder is
very beneficial to the ship’s sailing.
PRESSURE AROUND THE ROTATING CYLINDER
AT DIFFERENT SPIN RATIOS
In order to better analyse the pressure values around the
cylinder for different spin ratios, the pressure graphs are
given spin ratios of 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 in a level 6
wind, respectively. As shown in Fig. 9, wind pressure area and
contours are plotted around the cylinder on the mid-plane
for different spin ratios. This Reynolds number is 3.59*107.
It can be seen from the figure that a low pressure area
appears on the right side of the cylinder; the presence of
this pressure difference causes a thrust along the ship’s
sailing direction. Fig. 9(a) shows the pressure distribution
for the spin ratio of 0.5, compared with the other images,
the pressure difference around the cylinder along the x-axis
direction in Fig 9(a) is the least obvious; it can be seen from
the pressure contour in the figure that its maximum pressure
difference is 515.7 Pa. In addition, as the spin ratio increases,
the pressure difference around the cylinder along the x-axis
direction becomes larger. At the spin ratio equal to 2.0, the
maximum difference of the contour is reached at 900.3 Pa.
This indicates that there is an optimal value of the spin ratio

(a) α = 0.5

(b) α = 1.0

(c) α = 1.5

(d) α = 2.0

(e) α = 2.5
(f) α = 3.0
Fig. 9. Wing pressure area and contours plotted around the cylinder
on the mid-plane for different spin ratios

of the new rotating cylinder of about 2.0. It can also be proved
that the spin ratio is one of the main factors influencing the
Magnus effect of the cylinder, by comparing the pressure.
So, it is necessary to change the angular velocity of the
rotating cylinder in real time according to the change of the
environmental wind.
THRUST CONTRIBUTION OF ROTATING
CYLINDER

Fig. 10. Thrust of rotating cylinder

Fig. 10 shows the thrust curves of the rotating cylinders,
corresponding to different wind levels for the six kinds of
spin ratio conditions. As can be seen from the figure, the
greater the environmental wind speed, the greater the thrust
contribution generated by the cylinder in the same spin ratio.
When the spin ratio is 0.5, the thrust is the smallest. In the
four kinds of wind levels, the spin ratio of 2.5 corresponding
to the cylinder thrust has been greater than the spin ratio
of 3.0. The thrust corresponding to α = 1.5 and 2.0 shows
a steeper rise when the wind level increases. Finally, the two
thrusts reach their maximum value of more than 750,000 N
under the wind level 8 conditions. At the same time, this
set of curves shows that it is not the larger spin ratio that
corresponds to the rotating cylinder’s thrust contribution. On
the contrary, the rotating cylinder shows a better advantage
when α = 2.0.

wind conditions of levels 5, 6, 7 and 8, respectively. On the
whole, the thrust power shows a tendency to increase and
then decrease as the spin ratio increases; the maximum
thrust power for wind levels of 5 and 6 are 1,649,351 W and
2,057,131 W respectively at the spin ratio of 2.5; the maximum
thrust power for wind levels of 7 and 8 are 2,669,711 W and
3,763,193 W at the spin ratio of 2.0.
More valuable than the thrust power of information is
the effective power of the rotating cylinder, since it considers
the removal of the motor power (Pmotor). In combination with
the analysis in Fig. 11 and Table 5, it can be seen in Fig. 11(a)
that the maximum effective power value is 1,125,122 W
at a spin ratio of 1.5. In Fig. 11(b), the maximum effective
power value is 1,436,422 W at a spin ratio of 1.5 under level 6
wind. Similarly, the maximum effective power in Fig. 11(c)
is 1,827,413 W. However, as can be seen in Fig. 11(d), the
maximum effective power corresponding to level 8 occurs
at a spin ratio of 1.0, which is 2,248,611 W. A comparison of
the maximum effective power in the four cases shows that the
maximum effective power of the rotating cylinder becomes
larger as the environmental wind speed increases. Table 5
shows that, when the maximum effective power occurs, the
effective power of the rotating cylinder can reach 75 to 85%
of its thrust power, which also shows that the contribution of
the rotating cylinder to the ship’s propulsion is much larger
than the energy consumed by its own rotation.
Tab. 5. Value comparison of maximum power
Wind
level

Maximum
effective
power (W)

Spin ratio

Thrust
power (W)

Effective
power/
Thrust power

5

1,125,122

1.5

1,331,002

85%

6

1,436,422

1.5

1,775,421

81%

7

1,827,413

1.5

2,464,121

74%

8

2,248,611

1.0

3,006,123

75%

ENERGY CONTRIBUTION TO SHIP NAVIGATION

THE INFLUENCE OF REYNOLDS NUMBER
ON THE PERFORMANCE OF THE NEW
ROTATING CYLINDER

The power consumed by an electric motor and the lift and
thrust acting on the cylinder determine the power of the main
engine that a rotating cylinder can replace. It is necessary to
study the actual energy contribution of the rotating cylinder
to the ship. Due to the existence of the Magnus effect, the
rotating cylinder generates positive thrust that provides the
ship’s navigation. The thrust power (PT) and effective power
(Pef.) of the rotating cylinder corresponding to different spin
ratios are analysed in Fig. 11.
As shown in Fig. 11, the four bar graphs indicate the
thrust power and effective power corresponding to the

The experimental study by Bordogna et al. showed that
the Reynolds number is one of the factors affecting the
lift coefficient and drag coefficient of a rotating cylinder
[10, 15]. We conducted a simple comparative analysis of
the lift coefficient, drag coefficient and thrust value of the
new rotating cylinder under several different Reynolds
number conditions. The specific simulation still refers to the
ship’s sailing speed of 5 m/s and the air kinematic viscosity
v = 1.45*10-5 Pa/s. Fig. 12 shows the lift coefficient and drag
coefficient of the rotating cylinder when the spin ratio is
1.5 and 2.5.
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(b) 6 level

Fig. 11. The thrust power and effective power of the rotating cylinder

Fig. 12 shows the parameter comparison graph of
the rotating cylinder under different Reynolds number
conditions, in which the bar graph shows the lift coefficient
and drag coefficient; the point line graph is its thrust. The
spin ratios in Figs. 12(a) and (b) are 1.5 and 2.5, respectively.
It can be seen from the figure that, as the Reynolds number
increases, the lift coefficient of the rotating cylinder gradually
decreases, and the drag coefficient gradually increases; the
thrust curve of the ship shows an upward trend. When
the spin ratio is 1.5, the maximum thrust of the rotating
cylinder reaches 730,492 N as the Reynolds number reaches

D Į 

5.69*107. When the spin ratio is 2.5, the maximum thrust
reaches 691,213 N.
OTHER ENVIRONMENTAL WIND SPEED
DIRECTIONS
In this section, the thrust coefficients and thrust forces
of the rotating cylinder along the ship’s sailing direction
are plotted for several cases where the heel angle (θ) of the
environmental wind speed is 0, 60, 90, 120 and 180 degrees,
respectively. The results are shown in Fig. 13(a) and Fig. 13(b).

D Į 

Fig. 12. The lift, drag coefficient and thrust values of the rotating cylinder under different Reynolds number
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Specifically, the ship’s speed is maintained at 5 m/s and the
environmental wind speed is the more common 5-level wind,
10 m/s. When the heel angle is 0 and 180 degrees, the spin
ratio of the cylinder is 0; in other cases, the spin ratio is
taken to be 2.0.
From Fig. 13, we can see that the thrust coefficient and
thrust force are different for different wind directions under
the same value of environmental wind. When the heel angle of
environmental wind is 0°, the ship is sailing upwind and the
thrust coefficient is –0.66. The thrust is also negative, which
is normal. When θ = 120°, the thrust coefficient reaches its
maximum value of 12.7. However, the maximum value of
thrust is 311,233 N when the heel angle is 90°. Similarly, the
thrust coefficient and the thrust of the rotating cylinder show
a trend of increasing and then decreasing with the increase of
the heel angle of the environmental wind. In addition, when
θ = 180° (i.e. the ship is sailing downwind and the device is
not rotating), the cross section of the cylinder can be regarded
as a traditional sail and its thrust coefficient is 0.55, which is
smaller compared to the rotating cylinder. This also proves
the advantages of the Flettner rotor in ship propulsion.

CONCLUSIONS
This research proposes a new type of rotating cylinder and
its installation method: the superstructure and Flettner rotor
are combined organically, which creates a rotating cylinder
installed on the superstructure. The Magnus force generated by
the Magnus effect provides part of the thrust of the ship. A ship
model with a rotating cylinder outside the superstructure is
established and related simulations are carried out to obtain
the performance of the new rotating cylinder under different
wind levels and different spin ratios. Simulations show that
the new rotating cylinder has a significant effect and it can
produce greater thrust power. Specifically, a typical ship was
chosen (a 100,000 ton oil tanker) and the rotating cylinder
with a diameter of 40 m was designed. Through numerical
simulation, the maximum effective power that the new

ș
(a)

rotating cylinder can provide is about 2,240 kW. The specific
conclusions are as follows:
1. By comparing and discussing the force coefficient and
surrounding pressure of the traditional superstructure,
cylindrical superstructure, and rotating cylinder
superstructures, it was found that, under the three equal
volume conditions, the traditional superstructure and the
cylinder superstructure have friction, and the cylinder
superstructure has a certain effect on reducing wind drag
compared to a traditional design. It is worth noting that the
rotating cylinder has the Magnus effect, which generates
thrust for the ship.
2. The lift and thrust coefficients of the rotating cylinder under
different wind levels are compared. There are inflection
points of the lift coefficient and the thrust coefficient as the
spin ratio increases. The inflection points of different wind
levels correspond to different spin ratios; this indicates that
both the wind speed around the rotating cylinder and the
spin ratio will have a direct impact on the boosting effect
of the rotating cylinder. When the wind level is 5 and the
spin ratio is 2.5, the thrust coefficient reaches its maximum,
which is 8.63. In addition, as the spin ratio increases, the
drag coefficient and the heel coefficient generally tend to
increase.
3. When comparing the pressure around the rotating
cylinder with different spin ratios at the level 6 wind
condition, it can be seen that the pressure changes with
the change of the spin ratio. At the spin ratio equal to
2.0, the maximum difference of the contour appears to
be 900.3 Pa in Fig 9.
4. Under the same spin ratio conditions, the greater the
environmental wind speed, the greater the thrust
contribution generated by the rotating cylinder. With an
increase in the wind level, the thrust corresponding to the
spin ratio equal to 1.5 and 2.0 shows a greater steepness
of rise. Under the level 8 wind condition, the thrust of
the two reaches their maximum, exceeding 750,000 N. In
addition, it is not that a larger spin ratio contributes more
to the thrust of the corresponding rotating cylinder. On the

ș
(b)

Fig. 13. The thrust coefficient and thrust of the rotating cylinder for other environmental wind speed directions
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contrary, when the spin ratio is 2.0, the rotating cylinder
shows a better advantage.
5. As the spin ratio increases, the thrust power of the rotating
cylinder first increases and then decreases. Higher wind
levels correspond to higher thrust power peaks. In
addition, the spin ratios corresponding to the maximum
effective power under the four wind levels are different: the
maximum effective power of the level 8 wind is the largest
and the corresponding spin ratio is 1.0; the other three spin
ratios are 1.5. It is worth noting that when the maximum
effective power appears, the effective power of the rotating
cylinder can reach about 75 to 85% of the thrust power
it generates. This also shows that the contribution of the
rotating cylinder to the navigation of the ship is far greater
than the power consumed by its own rotation.
6. After comparing the influence of the Reynolds number on
the force coefficient and thrust of the new rotating cylinder,
it was found that: when the Reynolds number increases, the
lift coefficient of the rotating cylinder decreases, and the
drag coefficient increases; the ship thrust curve shows an
upward trend. In addition, the thrust coefficient and thrust
force are different for different wind directions under the
same value of environmental wind from Fig. 13.
The object of this research is a rotating cylinder installed
on the superstructure of a ship. Simulations mainly verified
the influence of several common wind levels and spin ratios
on the new rotating cylinder. The results proved that there
is a good feasibility for the installation of the new rotating
cylinder on ships. The research can provide a theoretical basis
for later engineering experiments and installation.
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HEAVE MOTION OF A VERTICAL CYLINDER
WITH HEAVE PLATES
Ewelina Ciba
Gdańsk University of Technology, Poland

ABSTRACT

The shape of a vertical cylinder resembles the classic form of a spar platform. Spar platforms are floating platforms
that are successfully used in waters of great depths and have several advantages that mean they are readily used in
the oil industry. Many of these advantages are also relevant to their application for offshore wind turbines, which is
currently being considered. In the hydrodynamic analysis of spar platforms, the determination of their hydrodynamic
coefficients plays an important role. They can be determined based on the free decay test. The study presents a method
for determining the hydrodynamic coefficients of an object based on the free decay test. The results of free oscillation
calculations with the help of numerical fluid mechanics tools are presented and compared with the results of the
experiment and analytical solution. The application of determined coefficients and their significance for floating
platforms are discussed. The influence of change in the form of an additional damping element on the behaviour of
spar structures is shown.

Keywords: spar platforms, heave plates, damping coefficient, added mass coefficient

INTRODUCTION
A spar is a type of floating platform designed for great
depths. The structure of a spar platform is a vertical cylinder
with positive buoyancy with an appropriate system of
anchoring the platform to the seabed. They are always stable
because their centre of buoyancy is above the centre of gravity.
They can be used as mobile drilling rigs and their cable system
(catenary) is easy to install, use and carry [1].
However, with long wave periods, the phenomenon of
resonance may appear, which is largely influenced by damping
related to water viscosity [2, 3]. In [4], several alternative hull
shapes that improve the damping in the vertical movement of
the structure are presented. The best of the presented solutions is
a heave plate, a damping plate attached to the floating structure
that has a distinct advantage in reducing the motion response of
a floating structure by increasing the added mass and damping.
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This solution has become very popular and consistent results
of analyses of its effectiveness can be found in the literature.
The increase in the added mass, the damping coefficient and
the related increase of the natural period under the influence
of the heave plate have also been confirmed [5, 6, 7].
Conventional offshore structure behavior calculations in
offshore conditions are based on the potential theory and
do not take into account viscous damping. This is a good
approximation, but in some cases the viscosity should be
included. Especially for the near resonance frequency [8]. The
importance of viscosity also increases with the presence of
edges in the structure, which was demonstrated by comparing
the behavior of the hemispherical, rounded base and flat base
structures in [9]
The resulting vortices and their impact on the drag
coefficient depending on the geometry of the heave plate
are shown e.g. in [10] or [11].

A good technique is to supplement linear theories with
viscous drag coefficients obtained from experimental studies
or calculations using the RANSE (Reynolds-Averaged Navier
Stokes) model with turbulence models. This approach is
described in [9] and [8]. The possibility to consider the effect
of viscosity is also available in the commercial Ansys Aqwa
software. Software uses three dimensional panel method to
solve linearized hydrodynamic radioation and diffraction
problem in frequency domain [12]
Potential flow solutions with added viscosity factors allow
you to get good results in a reasonable amount of time. Timeconsuming RANSE calculations are performed only once to
calculate the coefficients, and then a series of analyzes can be
performed for different conditions and configurations with
faster models based on the potential theory, extended by the
coefficients mentioned.
In [13], modelling of the spar platform dynamics with the
use of drag coefficient, inertia coefficient and added mass
coefficient was presented. In addition, in [10], the added mass
and damping coefficients related to the plate viscous damping
were presented. One of the methods of estimating the viscous
damping is to conduct free decay tests, as discussed in [7].
A very interesting and extensive analysis of the heaving
plate impact using the CFD method is presented in [11]
Detailed parametric studies were conducted numerically on
spar with single and two heave plates. Effects of scaling ratio,
diameter ratio, heave plate position to diameter of heave plate
ratio, heave plate position to draft ratio, relative spacing and
spacing between heave plates to draft ratio were examinated.
As a result, the ranges of the analyzed parameters were given
for which the heave motion reduction is the greatest.
In recent years, there has been a dynamic development of
offshore wind energy. There are concepts of wind turbines
based on various types of supporting structures. The concept
of a turbine based on a jack-up platform is described in [14].
A concept based on a tension leg platform was presented
in [15]. Most often, however, due to the large depths of the
planned installation areas, the concepts of offshore wind
turbines are based on spar-type platforms, as presented in

[16, 5]. As a result, considerations regarding spar platforms
are becoming very popular again. Due to the different nature
of the forces acting in the case of offshore wind platforms than
in the case of oil rigs, there are also new problems with the
dynamics of these platforms related to the action of wind force.
This study presents the calculation results of the numerical
fluid dynamics of the free decay test for a smooth cylinder
and a cylinder with a heave plate (Fig. 1), and compares them
with the results of analytical calculations and experiment.
The damping coefficients and the added mass coefficient
are determined and compared with the values presented in
the literature. The confirmation of the correctness of the
applied method allows us to state that the computational fluid
dynamics (CFD) calculations can be used to correctly estimate
the hydrodynamic coefficients of the analysed platforms. This
is of great importance in the process of designing a structure,
as it allows to carry out extensive parametric analyses at a low
cost and hence to choose the best solution, which should then
be checked using model tests. Moreover, CFD methods allow
for analyses of various shapes and configurations, which is
not always possible with analytical methods.

MATHEMATICAL DESCRIPTION
OF THE PROBLEM
Submerged, under the influence of the initial force, the
cylinder will then make an oscillating motion relative to the
equilibrium position, with the amplitude of the movement
decreasing with time. A mathematical description of the
problem can be found in the literature [17].
We assume that the moving body is a rigid body and we
replace surface and volume forces by the movement of the
point associated with the origin of the coordinate system. We
also assume that the coefficients of the equation are constant
over time, which causes the equation to become a linear. This
assumption is only true for a small amplitude of motion. In
this case, the deflection is not more than 6 cm so they can be
used. The cylinder motion equation is given as:

Fig. 1. Geometry of tested cylinders: a) smooth; b) with a heave plate
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(m + a) · + b · ż + c · z = 0

(1)

where:
z – vertical displacement [m]
m – solid mass of cylinder [kg]
a – hydrodynamic mass coefficient [kg]
b – hydrodynamic damping coefficient [kg/s]
c – restoring spring coefficient [kg/s2]
Equation (1) can be written as:

+ 2v · ż + ω02 · z = 0

(2)

where the damping coefficient and the undamped natural
frequency are defined as:
(3)

Fig. 2. Schematic of computational domain

A non-dimensional damping coefficient κ is defined as:
(4)

By knowing the results of the free decay tests, we can calculate:
(5)

Depending on the averaged displacement amplitude:
Fig. 3. Heave plate geometry
(6)

We calculate the hydrodynamic added mass coefficient as:
(7)

In the case of initial displacement za, Eq. (2) takes the form:
(8)

Due to the fact that for the frequency of free oscillations
ωz2 = ω 02 · v2 and damping is small v < 0.20, v2 << ω2, we can
skip v2 and we can write that ωz ≈ ω 0.

The assumed initial conditions were as follows: the share
of water and air volume, and the initial pressure distribution
of 1 atm above the free surface and hydrostatic pressure
below the free surface. The cylinder was treated as a rigid
body with one degree of freedom. The mass is equal to the
displacement at draught 0.3 m, i.e. 6 kg. The initial solid
velocity was assumed to force the initial cylinder displacment.
In the case of a smooth cylinder, the mesh was compacted
around the cylinder (0.005 m) with a 0.002 m thick wall layer
and two layers, by its expected displacement, and in the area
of the free surface (0.01 m). The grid in the plane of symmetry
with the division into moving and fixed parts is shown in
Fig. 4. The number of grid elements was over 6 million.

RANSE CFD CALCULATIONS
CFD calculations were made using STAR-CCM+. Unsteady
calculations were performed in the three-dimensional
domain, using the volume of fluid and K-epsilon turbulence
models. Cylinder displacements were modelled using the
dynamic fluid body interaction module using an overset mesh.
Each of the boundary walls was given a no-slip wall condition.
The computational domain was prepared as in Fig. 2.
The shape of the second cylinder was changed by a heave
plate with diameter DHP = 0.178 m and thickness t = 0.005 m.
The transition between the edge of the ring and the cylinder
wall is rounded at radius r = 0.02 m. The geometry of the
cylinder with a heave plate is shown in Fig. 3.
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Fig. 4. Calculation grid in the plane of symmetry for smooth cylinder

In the case of a cylinder with an additional heave plate, the
mesh was refinement in the plate area (0.002 m), the thickness
of the prism layer was reduced to 0.0015 m and the number
of layers was increased to seven. The mesh for the cylinder

with the plate is shown in Fig. 5. The number of elements was
increased to over 7 million.

Fig. 7. Vertical cylinder acceleration measured for an example series of tests
Fig. 5. Calculation grid for a cylinder with a heave plate

Calculations were performed for both cases with time
step t k = 0.01 s.

COMPARISON OF CALCULATION
RESULTS WITH EXPERIMENT
In order to validate the calculations, an experiment was
conducted whose conditions were equivalent. The same
mass and geometry were used, and the resulting draft of the
structure. The oscillation was forced by the application of an
external force, the effect of which then ceased. The force was
selected in such a way that the first free displacement was the
same as in the performed calculations. The experiment was
carried out in such a way that the weight of the appropriate
mass and the accelerometer were placed inside the empty
cylinder of the set geometry. Then, an initial draft greater than
the one resulting from the displacement balance was forced
and released, recording the accelerations of the oscillating
cylinder. It was assumed that the cylinder only moves
vertically. Its slight deviations have been neglected. Two series
of tests were performed for each case. A photograph from the
study is shown in Fig. 6.

Based on the measured accelerations, a displacement
plot was created knowing that the amplitude is equal to
the quotient of the acceleration and the square of the free
vibration frequency at the points of maximum deflection.
(9)

The comparison of the displacement diagrams for both
cases is shown in Fig. 8 for a smooth cylinder and in Fig. 9
for a cylinder with a heave plate.

Fig. 8. Heaving a smooth cylinder

Fig. 9. Heaving a cylinder with a heave plate
Fig. 6. Model tests of a damping ring cylinder

As a result of the measurements, the acceleration changes
over time were obtained. The measured values for one of the
test series are shown in Fig. 7.

To compare both cases, the non-dimensional damping
coefficient κ (Eq. (5)) is shown in the plot depending on the
average amplitude (Eq. (6)).
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Fig. 10. A non-dimensional damping coefficient
plot depending on the average displacement amplitude

The natural frequency ω 0 (Fig. 11) and the added mass
coefficient a (Fig. 12) are also compared.

Fig. 11. Natural frequency

differences in the dimensionless attenuation coefficient are
not greater than the differences between the values obtained
from both series of the experiment (fig. 11 and 12). The results
of the calculations and the experiment differ for greater
displacement amplitudes. Perhaps the calculations should
be repeated with a shorter time step to improve convergence
for these points.
As shown in the diagram (Fig. 10), the value of the damping
coefficient depends on the displacement amplitude, and
therefore the cylinder velocity. The conclusion is that when
extending the calculations based on the potential method with
coefficients related to viscosity, either the average damping
coefficient for the anticipated speed range should be used
or, if possible, the value of the coefficient as a function of
velocity should be used.
Comparing the results for the cases of a smooth cylinder and
a cylinder with an additional heave plate, even a slight change
in shape whilst maintaining the same weight of the structure
causes an increase in damping. An additional element also
reduces the frequency of oscillations and causes an increase
in the mass of the accompanying water. The obtained values
of the coefficients are similar to those obtained by other
methods presented in the literature. A further conclusion
can be drawn from this that when designing the geometry of
a spar platform, it is worth considering the use of additional
damping elements of this type.
Confirmation of the correct application of CFD methods
for the analysis of hydrodynamic coefficients is of great
importance for the analysis of various concepts of additional
damping elements for structures for offshore wind turbines.
This will allow, at relatively low costs, for the analysis of many
different solutions and we can select the best of them for
model tests necessary to verify the obtained results. It is
can be used to carry out calculations for plates with jagged
edges, equipped with movable elements, and for flexible
plates. CDF analyses allow us to carry out many series of
calculations depending on changes in individual parameters
of the elements (e.g. increasing the diameter of the plate) that
will also help to trace the dependence of the coefficients on
the selected parameters.

Fig. 12. Added mass coefficient
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SUMMARY
The concepts of emerging wind platforms are often based
on spar platforms and their modifications. This increases the
interest in these platforms and the need for numerical analyses
for the designed structures. Due to the time consuming
nature of full RANSE CFD calculations, calculations by
hybrid methods are a good solution, using much faster
calculation methods based on hydrodynamic coefficients
determined by RANSE CFD analyses and model tests. This
study presents a method for determining such coefficients.
Based on the results presented, it can be concluded that CFD
calculations allow us to reliably map reality. In both cases,
the large convergence of CFD calculation results, analytical
solutions and experiment results was obtained, and the
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The calculations were performed using a Simcenter STARCCM+ license.
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ABSTRACT

The oscillating buoy wave energy converter (OBWEC) captures wave energy through the undulating movement of
the buoy in the waves. In the process of capturing wave energy, the hydrodynamic performance of the buoy plays an
important role. This paper designed the “Haida No. 1” OBWEC, in which the buoy adopts a form of swinging motion.
In order to further improve the hydrodynamic performance of the buoy, a 2D numerical wave tank (NWT) model is
established using ADINA software based on the working principle of the device. According to the motion equation of
the buoy in the waves, the influence of the buoy shape, arm length, tilt angle, buoy draft, buoy width, wave height and
Power Take-off (PTO) damping on the hydrodynamic performance of the buoy is studied. Finally, a series of physical
experiments are performed on the device in a laboratory pool. The experimental results verify the consistency of the
numerical results. The research results indicate that the energy conversion efficiency of the device can be improved by
optimizing the hydrodynamic performance of the buoy. However, the absorption efficiency of a single buoy for wave
energy is limited, so it is very difficult to achieve full absorption of wave energy.

Keywords: wave energy converter; hydrodynamic performance; numerical simulation; physical experiment

INTRODUCTION
In order to alleviate the pressure caused by the energy crisis
and protect human health, it is very important to increase the
development and utilization of clean and renewable energy
[1, 2]. Among the many renewable energy sources, wave energy
is becoming a hot spot in the world’s new energy development
due to its clean, environmentally friendly, renewable, and
huge reserves. Its global reserves are as high as 2.5 billion kW
[3, 4]. However, the difficulty of wave energy utilization is how
to efficiently convert wave energy into electric energy [5, 6].
Currently, many types of wave energy converters (WECs)
have been developed, and each type of WEC has its own
advantages and disadvantages. However, high power generation
costs, low energy conversion efficiency, reliability and safety are
still the fundamental reasons why these WECs are difficult to
commercialize widely [7, 8]. Considering several factors such as
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the power generation cost, total efficiency, reliability and safety,
the oscillating buoy wave energy converter (OBWEC) has
obvious advantages compared with other WECs. OBWEC has
the following advantages: simple structure, strong adaptability,
convenient maintenance, relatively high energy conversion
efficiency, and the core equipment of the device is located
above the water surface so that there is no need to worry too
much about seawater corrosion and sealing problems [9, 10].
In recent years, scholars all over the world have conducted
a lot of research on OBWEC.
Zannutigh et al. studied the power and hydraulic performance
of a floating WEC by changing the mooring system, the wave
attack and the device orientation with respect to the incoming
waves, and concluded that the CALM mooring system leads
always to a larger power production than a spread mooring
[11]. Sjolte et al. studied the effects of permanent magnet
synchronous generators, inverter, and DC-links on the Power

Take-off (PTO) capabilities of the device, and found that the
reactive control has limited potential for increasing the output
of the device [12]. Neary et al. studied the feasibility of applying
a classification system for wave resources to WEC classification,
and concluded that the WEC response to extreme loads was
found to vary considerably within the most energetic of the
resource classes examined [13]. De Andrés et al. studied how
the geometric tuning of a generic wave energy converter is
affected by different climate scenarios, and concluded that
the matchability of a device could be achieved via the PTO
control or changing the geometric characteristics of a particular
device [14]. Bedard et al. studied the impact of different
footprint configurations and different mooring systems on
the AquaBuOY device, and obtained the performance data
of the device under different conditions [15]. Haraguchi et
al. studied the feasibility of a point absorber with a tuned
inertia mass to increase the power absorption and broaden
the effective wave frequency range, and concluded that the
energy conversion efficiency of the device can be improved
by appropriately adjusting the spring stiffness and generator
damping [16]. Homayoun et al. proposed a new concept of
near-shore combined renewable energy system, and studied the
hydrodynamic performance of WEC under four different buoy
shapes, and concluded that the buoy with a curvature inward
in the bottom has better hydrodynamic performance [17].
However, the problem of low energy conversion efficiency
of OBWEC is still prominent. In order to further improve the
energy conversion efficiency of OBWEC, Zhejiang Ocean
University designed the “Haida No. 1” OBWEC, in which
the buoy adopts a form of swinging motion [18], as shown in
Fig. 1. According to the motion equation of the buoy in the
wave, this paper studies the influence of the buoy shape, arm
length, tilt angle, buoy draft, buoy width, wave height, and
PTO damping on the hydrodynamic performance of the buoy.
The conclusions can provide meaningful reference value for
the design of other buoys.
The remainder of the paper is organized as follows: Section 2
introduces the working principle of the “Haida No. 1” OBWEC.
Section 3 derives the motion equation of the buoy in the waves.
Section 4 uses ADINA software to establish a 2D numerical
wave tank (NWT) model based on the working principle of
the device. Section 5 studies the influence of the buoy shape,
arm length, tilt angle, buoy draft, buoy width, wave height, and
PTO damping on the hydrodynamic performance of the buoy
based on the motion equation of the buoy in the waves. Section
6 establishes the physical model of the “Haida No. 1” OBWEC
and conducts a series of wave condition experiments on the
physical model in a laboratory pool to verify the correctness
of the numerical results. Section 7 is the conclusion.

hydraulic transmission system, energy output system and
control and protection system.
The working principle of the device is as follows: Firstly, the
buoy moves up and down with the waves, and then captures
wave energy from the waves and converts it into its own
mechanical energy. Secondly, the buoy pushes the hydraulic
piston to move up and down, and the hydraulic piston then
drives the hydraulic cylinder to do work, thereby completing
the conversion of the mechanical energy of the buoy into
hydraulic energy. Thirdly, unstable hydraulic energy enters
the accumulator, and after being adjusted by the accumulator,
stable hydraulic energy is output. Finally, the stable hydraulic
energy enters the hydraulic motor and drives the hydraulic
motor to work, thereby driving the generator to convert the
hydraulic energy into electrical energy.

1. Buoy; 2. Hydraulic piston; 3. Hydraulic cylinder; 4. Accumulator;
5. Hydraulic motor; 6. Generator; 7. Working platform; 8. Pile foot;
9. Crank; 10. Wave
Fig. 1. “Haida No. 1” OBWEC

MOTION EQUATION OF BUOY
IN THE WAVES
As shown in Fig. 2, the wave energy capture system
consists of a buoy and an arm. One end of the arm is
fixedly connected to the buoy, and the other end of the
arm is fixed at point O by a hinge. The buoy and arm form

WORKING PRINCIPLE
OF THE “HAIDA NO. 1” OBWEC
Fig. 1 shows the “Haida No. 1” OBWEC designed by our
team, which is a variant of the heaving buoy WEC. The device
is mainly composed of the wave energy capture system,

Fig. 2. Schematic diagram of buoy structure
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a single-degree-of-freedom system, which is represented by
its angular motion, θ. A linear PTO damper acts on the centre
of the upper surface of the buoy. In regular wave theory, the
motion equation of the buoy in the waves can be obtained by
superimposing the effect of the PTO damping and incident
wave on the buoy [19]:

(J + Ja) = TArch – TG + Trad – TPTO + Text

FPTO = C L sin(

(2)

where Tres is the hydrostatic restoring torque.
EXCITING TORQUE
The exciting torque Text is the torque of an incident wave
acting on a buoy held fixed, which can be obtained by the
following formula:

Text =

P (L sin α + z)dz

(3)

where P is the pressure of the incident wave on the buoy, L is
the arm length, α is the tilt angle of the arm to the horizontal
axis, b is the buoy freeboard, and r is the buoy draft.
HYDROSTATIC RESTORING TORQUE
The torque TArch is equal to the Archimedes force multiplied
by the effective arm length:

TArch = Vdisp ρдL cos(

– α + θ)

(4)

where Vdisp is the volume of the submerged part of the
buoy, ρ is the density of water, and д is the gravitational
acceleration.
The torque TG is equal to the weight of the buoy multiplied
by the effective arm length:

TG = mдL cos(

– α + θ)

(5)

where m is the mass of the buoy.
Therefore, the hydrostatic restoring torque is:

Tres= TArch– TG = (Vdisp ρ – m) дL cos(
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The load torque TPTO is caused by the PTO force acting on
the buoy. The PTO force can be obtained by the following
relationship:

– α + θ)

(7)

(1)

where J is the moment of inertia of the buoy and arm, Ja is
the additional moment of inertia caused by the movement of
the buoy, is the angular acceleration when the arm moves,
TArch is the torque caused by Archimedes force, TG is the
torque caused by gravity, Trad is the radiated wave torque
caused by the radiated wave, TPTO is the load torque caused
by the PTO damping, Text is the exciting torque caused by
the incident wave.
By identifying the terms in Eq. (1), the following wellknown expressions are obtained:

=

LOAD TORQUE

(6)

where C is the PTO damping coefficient.
Hence, the load torque is:

TPTO = C L2 sin2(

– α + θ)

(8)

RADIATING WAVE TORQUE
When the buoy moves in the waves with frequency ω,
a radiating wave is generated. The radiating wave acting on
the buoy will produce radiated wave torque, which can be
described as:

Trad = (–Ja – bhyd ω)L cos(

– α + θ)

(9)

where bhyd is the hydrodynamic damping coefficient.
According to the above motion equation of the buoy in the
waves, the factors that affect the hydrodynamic performance
of the buoy mainly include the buoy shape, arm length, tilt
angle, buoy draft, buoy width, wave height, and PTO damping.

ESTABLISHMENT AND VERIFICATION
OF NUMERICAL MODEL
ESTABLISHMENT OF NUMERICAL MODEL
According to the working principle of the “Haida No. 1”
OBWEC, the numerical model of the buoy structure and
corresponding fluid model of the computational domain are
established respectively using ADINA software as shown
in Fig. 3. In the numerical model of the buoy structure, in
order to enable the buoy to rotate freely around the point O,
a contact group, contact surface, contact pair, and friction
system are defined at the hinge to control the movement of
the buoy. In the fluid model of the computational domain, the
upper boundary of the flow field is set as a free surface, and
the lower boundary is set as a fixed wall. The left boundary
is set as the incident wave boundary, and the right boundary
is set as the fixed wall. In order to avoid the influence of the
reflected wave on the buoy’s movement, the work is stopped
before the reflected wave reaches the position of the buoy. In
the flow field, the vertical grid resolution gradually increases
from the fixed wall to the free surface; in the area behind
the buoy, the horizontal grid resolution gradually decreases.
The initial time step is set to 0.002 s, which can ensure that
the implicit solver has sufficient accuracy [20].

Fig. 3. Two-dimensional numerical model

VERIFICATION OF NUMERICAL RESULTS
Fig. 4 shows the time process of the incident wave height
at the position of the buoy between the theoretical and
numerical results under different wave periods, where the
Z-displacement represents the distance from the wave surface
to the horizontal plane. The water depth in the NWT is 10 m.
It can be seen that no matter whether the wave period is 3.8 s
or 4.2 s, there is a good agreement between the theoretical and
numerical results, which verifies the accuracy of the NWT.

OPTIMIZATION OF HYDRODYNAMIC
PERFORMANCE OF THE BUOY
OPTIMIZING TARGET PARAMETERS
The optimization target parameter of this paper is mainly
the capture width ratio β of the buoy. The capture width ratio
β of the buoy can be calculated by the following equation:

Fig. 4. Verification of numerical results
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β=

(10)

where Pb is the average output power of the buoy, and is the
average power of the incident wave on the buoy.

Pb =
Pwave =

(11)

ρд2H 2T ≈ 981H 2TD

(12)

where is the heave speed of the buoy, H is the wave height,
T is the wave period, and is the lateral width of the buoy.
INFLUENCE OF ARM LENGTH ON THE
HYDRODYNAMIC PERFORMANCE OF THE BUOY
In order to study the influence of the arm length L on the
hydrodynamic performance of the buoy, the arm length L
of the buoy is set to 1 m, 2 m, 3 m, 4 m, 5 m, 6 m, 7 m, and
8 m, respectively. The upper half of the buoy is a rectangle
with a length of 4 m and a height of 2 m, and the lower half is
a semicircle with a radius of 2 m. The tilt angle α is set to 20°,
and the PTO damping coefficient C = 5000N ·s/m. When the
wave period is 4.2 s, the heave Response Amplitude Operator
(RAO) and capture width ratio of the buoy under different
arm lengths are shown in Fig. 5.
It can be seen from Fig. 5 that when other parameters remain
unchanged, as the arm length L increases, the heave RAO
and capture width ratio of the buoy first increase, and then
gradually stabilize. When the arm length L is less than 5 m,

Fig. 5. Hydrodynamic performance of buoys under different arm lengths

the arm length has a greater influence on the hydrodynamic
performance of the buoy. At this time, its hydrodynamic
performance is basically proportional to the arm length.
When the arm length L is greater than 5 m, the hydrodynamic
performance of the buoy changes very little with the increase
of the arm length, and finally remains unchanged.
The above conclusions demonstrate that the arm length
has a great influence on the hydrodynamic performance of
the buoy, especially when the arm length L is small. When
the arm length reaches a certain value, its influence on
the hydrodynamic performance of the buoy can be ignored.
Therefore, when designing the arm length, it is necessary to
choose a reasonable length to avoid wasting space with too
long an arm, or reducing the hydrodynamic performance of
the buoy with too short an arm.

Fig. 6. Hydrodynamic performance of buoys under different tilt angles
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INFLUENCE OF TILT ANGLE
ON THE HYDRODYNAMIC PERFORMANCE
OF THE BUOY
In order to study the influence of the tilt angle α on the
hydrodynamic performance of the buoy, the arm length L is
set to 5 m, and the other parameters are the same as above.
The tilt angles α are set to 5°, 10°, 15°, 20°, 25°, 30°, 35°, 40°,
45°, and 50°, respectively. The influence of different tilt angles
on the hydrodynamic performance of the buoy under wave
periods of 3.4 s, 3.8 s, 4.2 s and 4.6 s are studied respectively
as shown in Fig. 6.
When the wave period is 3.4 s, it can be seen from Fig. 6a
that as the tilt angle increases, the heave RAO and capture
width ratio of the buoy first increase and then decrease, and
the change trend in the heave RAO and capture width ratio
of the buoy is consistent. When the tilt angle is less than 10°,
as the tilt angle increases, the heave RAO and capture width
ratio of the buoy gradually increase. When the tilt angle is
greater than 10°, as the tilt angle increases, the heave RAO
and capture width ratio of the buoy gradually decrease. When
the tilt angle is 10°, the heave RAO and capture width ratio of
the buoy reach the maximum. At this time, its hydrodynamic
performance is the best, and the maximum capture width
ratio of the buoy is 44.97%.
Under other wave periods, the heave RAO and capture
width of the buoy have the same changing trend as above.
For the 3.8 s wave period, when the tilt angle is 15°, the heave
RAO and capture width of the buoy reach the maximum,

and the maximum capture width ratio is 49.56%. For the
4.2 s wave period, when the tilt angle is 20°, the heave RAO
and capture width of the buoy reach the maximum, and the
maximum capture width ratio is 40.77%. For the 4.6 s wave
period, when the tilt angle is 20°, the heave RAO and capture
width of the buoy reach the maximum, and the maximum
capture width ratio is 33.64%.
The above conclusions demonstrate that the tilt angle has
a greater impact on the hydrodynamic performance of the
buoy. For the same wave period, as the tilt angle increases,
the capture width ratio of the buoy first increases and then
decreases. Within a certain wave period, as the wave period
increases, the optimal tilt angle also increases.
INFLUENCE OF BUOY SHAPE
ON THE HYDRODYNAMIC PERFORMANCE
OF THE BUOY
In order to study the influence of the buoy shape on the
hydrodynamic performance of the buoy, the arm length L
is set to 5 m, the tilt angle α is 20°, the wave period is 4.2 s,
and the other parameters are the same as above. Keeping the
buoy draft the same r = 2 m, and the buoy width the same
D = 4 m, four different structures of the buoy shape and
the corresponding fluid models are established by ADINA
software as shown in Fig. 7.
Fig. 8a shows the heave RAO of different buoy shapes under
the same wave period. From the bar graph, the heave RAO
of buoy shape 2 is the largest, followed by buoy shape 3, buoy

Fig. 7. Schematic diagram of buoy structure with different buoy shapes

Fig. 8. Hydrodynamic performance of buoys under different buoy shapes
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shape 4, and buoy shape 1. Fig. 8b shows the magnitude of
the combined force received by different buoy shapes in the
horizontal and vertical directions under the same wave. From
the bar graph, the horizontal combined force and vertical
combined force received by buoy shape 2 are both the largest,
followed by buoy shape 3, buoy shape 4, and buoy shape 1.
In the horizontal direction, the magnitude of the combined
force on different buoy shapes does not change much; however,
in the vertical direction, it changes greatly. According to
Eq. (3), it can be seen that when the buoy draft is the same,
the wave exciting force acting on the buoy is the same. Since
the wave exciting force is the main external force received by
the buoy in the horizontal direction, it causes the combined
force received by the buoy in this direction to change very
little. In the vertical direction, the buoy is not only subjected
to the wave exciting force, buoyancy and gravity, but also
subjected to fluid resistance. Since the fluid resistance of the
buoy shape 2 is the smallest, the combined force received by
it is the largest.
The above conclusions demonstrate that buoy shape 2 has
better hydrodynamic performance than the other three buoy
shapes under the same wave.
INFLUENCE OF BUOY WIDTH ON THE
HYDRODYNAMIC PERFORMANCE OF THE BUOY
In order to study the influence of the buoy width D on
the hydrodynamic performance of the buoy, the buoy draft
r is set to 2 m, the arm length L is 5 m, the tilt angle α is 20°,
and the other parameters are the same as above. We take
two wave periods, T = 3.4 s and 3.8 s, and the corresponding
wavelengths are 18 m and 22 m respectively. The buoy widths
are set to 2 m, 3 m, 4 m, 5 m, 6 m, and 7 m, respectively.
The influence of different buoy widths on the hydrodynamic
performance of the buoy under the PTO damping coefficient
of 2500 N · s/m, 5000 N · s/m, 7500 N · s/m, 10000 N · s/m,
12500 N · s/m, 15000 N · s/m, 17500 N · s/m, and 20000 N · s/m
is studied respectively as shown in Fig. 9.
Fig. 9a shows the influence of different buoy widths on
the hydrodynamic performance of the buoy for wave period

T = 3.4 s. It can be seen from the curve in the figure that for
the buoy width of 2 m, when the PTO damping coefficient
C = 7500 N · s/m, the capture width ratio of the buoy reaches
the maximum, and the maximum capture width ratio is
37.94%. When the PTO damping coefficient is less than
7500 N · s/m, as the PTO damping coefficient increases, the
capture width ratio of the buoy increases. When the PTO
damping coefficient is greater than 7500 N · s/m, as the PTO
damping coefficient increases, the capture width ratio of the
buoy decreases. For other buoy widths, the change trend of the
buoy’s capture width ratio with the PTO damping coefficient
is the same as above. When the buoy widths are 3 m, 4 m, 5 m,
6 m, and 7 m, the corresponding optimal capture width ratios
are 41.57%, 41.62%, 39.68%, 35.95%, and 31.61%, respectively.
Fig. 9b shows the influence of different buoy widths on
the hydrodynamic performance of the buoy for wave period
T = 3.8 s. It can be seen from the curve in the figure that
when the buoy widths are 2 m, 3 m, 4 m, 5 m, 6 m, and 7 m,
the corresponding optimal capture width ratios are 33.71%,
38.80%, 40.41%, 41.22%, 35.85%, and 32.10%, respectively.
From the above conclusions, under the same wave period,
as the buoy width increases, the buoy’s maximum capture
width first increases and then decreases. For the wave with
a period of 3.4 s, the corresponding wavelength is 18 m, and
the capture width ratio reaches the maximum when the buoy
width is 4 m. For the wave period of 3.8 s, the corresponding
wavelength is 22 m, and the capture width ratio reaches the
maximum when the buoy width is 5 -m. From the above, when
the ratio of the wavelength to the buoy width is between 4
and 5, the buoy’s capture width ratio is the largest.
INFLUENCE OF BUOY DRAFT
ON THE HYDRODYNAMIC PERFORMANCE
OF THE BUOY
In order to study the influence of the buoy draft r on the
hydrodynamic performance of the buoy, the arm length L is
set to 5 m, the buoy width D is 4 m, the tilt angle α is 20°, and
the other parameters are the same as above. When the wave
periods are 3.4 s and 4.2 s, and the corresponding wave heights

Fig. 9. Hydrodynamic performance of buoys under different buoy widths
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Fig. 10. Hydrodynamic performance of buoys under different buoy drafts

are 0.51 m and 0.94 m, respectively, the buoy drafts are set
to 1.0 m, 1.5 m, 2.0 m, 2.5 m, 3.0 m, and 3.5 m, respectively.
The influence of different buoy drafts on the hydrodynamic
performance of the buoy under the PTO damping coefficients
of 2500 N · s/m, 5000 N · s/m, 7500 N · s/m, 10000 N · s/m,
12500 N · s/m, 15000 N · s/m, 17500 N · s/m, and 20000 N · s/m
is studied respectively as shown in Fig. 10.
Fig. 10a shows the influence of different buoy drafts on
the hydrodynamic performance of the buoy for wave period
T = 3.4 s. It can be seen from the curve in the figure that for
the buoy draft of 1.0 m, when the PTO damping coefficient
C = 5000 N · s/m, the capture width ratio of the buoy reaches
the maximum, and the maximum value is 30.48%. When
the PTO damping coefficient is less than 5000 N · s/m, as the
PTO damping coefficient increases the capture width ratio
of the buoy increases. When the PTO damping coefficient is
greater than 5000 N · s/m, as the PTO damping coefficient
increases the capture width ratio of the buoy decreases. For
other buoy drafts, the change trend of the buoy’s capture
width ratio with the PTO damping coefficient is the same
as above. When the buoy drafts are 1.5 m, 2.0 m, 2.5 m,
3.0 m, and 3.5 m, the corresponding optimal capture width
ratios are 33.81%, 42.01%, 43.07%, 42.36%, and 39.02%,
respectively.
Fig. 10b shows the influence of different buoy drafts on
the hydrodynamic performance of the buoy for wave period
T = 4.2 s. It can be seen from the curve in the figure that
when the buoy drafts are 1.0 m, 1.5 m, 2.0 m, 2.5 m, 3.0 m,
and 3.5 m, the corresponding optimal capture width ratios
are 24.03%, 33.81%, 42.01%, 43.07%, 42.36%, and 39.02%,
respectively.
From the above conclusions, for the wave with a period of
3.4 s and a wave height of 0.51 m, the capture width ratio of
the buoy reaches the maximum when the buoy draft is about
1.5 m, and the maximum is 39.11%. For the wave with a period
of 4.2 s and a wave height of 0.94 m, the capture width ratio of
the buoy reaches the maximum when the buoy draft is about
2.5 m, and the maximum value is 43.07%. Under the same
wave period, as the buoy draft increases the maximum capture

width ratio of the buoy first increases and then decreases.
When the ratio of the buoy draft to the wave height is about
2.75, the buoy’s capture width ratio is the largest.
INFLUENCE OF WAVE HEIGHT
ON THE HYDRODYNAMIC PERFORMANCE
OF THE BUOY
In order to study the influence of the wave height H on
the hydrodynamic performance of the buoy, the buoy draft
r is kept unchanged, the arm length L is 5 m, the buoy width
is 4 m, the buoy draft r is 2 m, the tilt angle α is 20°, and the
wave periods are 3.4 s and 4.2 s respectively. When the wave
period is 3.4 s, the wave heights are set to 0.67 m, 0.74 m,
0.83 m, 0.91 m, 0.97 m and 1.05 m, respectively. When the
wave period is 4.2 s, the wave heights are set to 0.94 m, 1.09 m,
1.24 m, 1.38 m, 1.51 m and 1.64 m, respectively. The influence
of different wave heights on the hydrodynamic performance of
the buoy under the PTO damping coefficient of 5000 N · s/m,
6000 N · s/m, 7000 N · s/m, 8000 N · s/m, 9000 N · s/m, and
10000 N · s/m is studied, respectively as shown in Fig. 11.
Fig. 11a shows the influence of different wave heights on
the hydrodynamic performance of the buoy when the wave
period is 3.4 s. It can be seen from the curve in the figure
that for the wave height of 0.67 m, when the PTO damping
coefficient = 9000, the capture width ratio of the buoy reaches
the maximum, and the maximum value is 38.23%. When
the PTO damping coefficient is less than 9000, as the PTO
damping coefficient increases the buoy’s capture width ratio
increases. When the PTO damping coefficient is greater than
9000, as the PTO damping coefficient increases the buoy’s
capture width ratio decreases. For other wave heights, the
variation trend of the buoy’s capture width ratio with the
PTO damping coefficient is the same as above. When the
wave heights are 0.74 m, 0.83 m, 0.91 m, 0.97 m, and 1.05
m, the maximum capture width ratio of the buoy is 40.46%,
40.07%, 39.71%, 39.37%, and 39.15%, respectively. And the
PTO damping coefficient corresponding to the maximum
buoy capture width ratio is 9000 in all cases.
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Fig. 11. Hydrodynamic performance of buoys under different wave heights

Fig. 11b shows the influence of different wave heights on the
hydrodynamic performance of the buoy when the wave period
is 4.2 s. It can be seen from the curve in the figure that when the
wave heights are 0.94 m, 1.09 m, 1.24 m, 1.38 m, 1.51 m, 1.64 m,
the corresponding optimal capture width ratios are 42.50%,
42.18%, 41.64%, 41.33%, 41.22%, and 40.75%, respectively. And
the PTO damping coefficient corresponding to the maximum
buoy capture width ratio is 7000 N · s/m in all cases.
From the above conclusions, under the same wave period,
as the wave height increases, the buoy’s capture width ratio
first increases and then decreases. The maximum capture
width ratio of the buoy appears when the ratio of the buoy
draft to the wave height is about 2.75, which is consistent
with the conclusion of the previous section on the influence
of the buoy draft on the hydrodynamic performance of the
buoy. For the wave period of 3.4 s, the optimum PTO damping
coefficient corresponding to the maximum capture width
ratio of the buoy is C = 9000 N · s/m in all cases. For the
wave period of 4.2 s, the optimum PTO damping coefficient
corresponding to the maximum capture width ratio of the
buoy is all C = 7000 N · s/m in all cases. The above shows
that the optimal PTO damping coefficient is only related to
the wave period, not the wave height.

Fig. 12. Physical model of “Haida No. 1”

EXPERIMENT AND RESULT ANALYSIS
In order to verify the consistency of the numerical results,
an optimized physical model as shown in Fig. 12 is established
based on the numerical results. In the physical model, the arm
length L is 2.5 m, the tilt angle α is 20°, the buoy width D is
2 m, the buoy draft r is 1 m, and the buoy freeboard b is 0.5 m.
The laboratory pool is 130 m long, 6 m wide and 4 m deep. One

Fig. 13. Hydrodynamic performance of buoys under different buoy drafts
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end of the laboratory pool is equipped with a hydraulic swing
wave maker, and the other end is equipped with a sponge layer
wave eliminator. The “Haida No. 1” OBWEC is installed at
a distance of 30 m from the wave maker, and the influence
of the reflected wave on the device can be ignored under the
action of the sponge layer wave eliminator.
Fig. 13a shows the change curve of the pressure and flow in
the hydraulic system for different buoy drafts when the wave
period is 2.4 s and the corresponding wave height is 0.29 m.
The product of pressure and flow in the hydraulic system
represents the output power of the hydraulic system, which
is proportional to the capture width ratio of the buoy. It can
be seen from the curve in the figure that as the buoy’s draft
increases, both the pressure and the flow rate first increase
and then decrease. When the ratio of the buoy draft to the
wave height is close to 2.75, the pressure and flow in the
hydraulic system reach the maximum.
Fig. 13b shows the change curve of the output voltage and
current for different buoy drafts when the wave period is 2.4 s
and the corresponding wave height is 0.29 m. The product
of the output voltage and current represents the total power
output by the device, which is proportional to the capture
width ratio of the buoy. It can be seen from the curve in the
figure that when the ratio of the buoy draft to the wave height
is close to 2.75, the output power reaches the maximum value,
and the output voltage is relatively stable.
From the above conclusions, the experimental results verify
the consistency of the numerical results.

CONCLUSION
In this paper, the “Haida No. 1” OBWEC is used as the
research object, and its working principle is introduced. In
order to further improve the energy conversion efficiency of
the device, the influence of the arm length, tilt angle, buoy
draft, buoy width, wave height, and PTO damping on the
hydrodynamic performance of the buoy is studied based on
the motion equation of the buoy in the waves. A physical
model of “Haida No. 1” is established based on the numerical
results, and the consistency of the numerical results is verified
through a series of physical experiments. Based on the above
results, the following conclusions are obtained:
1. The arm length L has a great influence on the hydrodynamic
performance of the buoy. Under the same wave period, as
the arm length increases, the hydrodynamic performance of
the buoy first increases rapidly and then gradually remains
unchanged. Therefore, when designing the arm length, it
is necessary to choose a reasonable length to avoid wasting
space with too long an arm, or reducing the hydrodynamic
performance of the buoy with too short an arm.
2. The tilt angle α has a great influence on the hydrodynamic
performance of the buoy. Under the same wave period, as
the tilt angle increases, the hydrodynamic performance
of the buoy first increases and then decreases. Within
a certain range, as the wave period increases the optimal
tilt angle gradually increases.

3. For the same wave period, as the buoy width D increases,
the hydrodynamic performance of the buoy first increases
and then decreases. When the ratio of the wavelength to
the buoy width is between 4 and 5, the hydrodynamic
performance of the buoy is the best.
4. The buoy shape 2 has better hydrodynamic performance
than the other three buoy shapes in the same conditions.
5. For the same wave period, as the buoy draft r increases,
the buoy’s hydrodynamic performance first increases and
then decreases. When the buoy draft is about 2.75 times
the wave height, the hydrodynamic performance of the
buoy is optimal.
6. The PTO damping coefficient corresponding to the optimal
hydrodynamic performance of the buoy is only related to
the wave period, not to the wave height.
The above conclusions can provide a guide for optimizing
the buoy’s hydrodynamic performance in similar WEC.
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ABSTRACT

Due to their excellent performance, composite materials are increasingly used in the marine field. It is of great importance
to study the low-velocity impact performance of composite laminates to ensure the operational safety of composite ship
structures. Herein, low-velocity drop-weight impact tests were carried out on 12 types of GRP laminates with different
layup forms. The impact-induced mechanical response characteristics of the GRP laminates were obtained. Based on
the damage model and stiffness degradation criterion of the composite laminates, a low-velocity impact simulation
model was proposed by writing a VUMAT subroutine and using the 3D Hashin failure criterion and the cohesive zone
model. The fibre failure, matrix failure and interlaminar failure of the composite structures could be determined by
this model. The predicted mechanical behaviours of the composite laminates with different layup forms were verified
through comparisons with the impact test results, which revealed that the simulation model can well characterise the
low-velocity impact process of the composite laminates. According to the damage morphologies of the impact and
back sides, the influence of the different layup forms on the low-velocity impact damage of the GRP laminates was
summarised. The layup form had great effects on the damage of the composite laminates. Especially, the outer 2‒3
layers play a major role in the damage of the impact and the back side. For the same impact energy, the damage areas
are larger for the back side than for the impact side, and there is a corresponding layup form to minimise the damage
area. Through analyses of the time response relationships of impact force, impactor displacement, rebound velocity
and absorbed energy, a better layup form of GRP laminates was obtained. Among the 12 plates, the maximum impact
force, absorbed energy and damage area of the plate P4 are the smallest, and it has better impact resistance than the
others, and can be more in line with the requirements of composite ships. It is beneficial to study the low-velocity impact
performance of composite ship structures.
Keywords: Low-velocity impact, marine structure, composites, test, finite element analysis

INTRODUCTION
Composite laminates are being increasingly used in
lightweight structural components for a variety of engineering
fields, such as the aerospace, automotive, marine and wind
turbine sectors, because of their high strength-to-weight
and stiffness-to-weight ratios, good fatigue performance and
excellent corrosion resistance [1-3]. In the marine engineering
field, fibre-reinforced composite materials can be used as
hull panels, superstructure, main hull, propellers and fishing

tools, etc. [4-5]. However, due to their complicated operating
environment, ships are often affected by various low-velocity
impacts, such as collisions with other marine structures,
floating objects, rocks, docks, and anchors. These low-velocity
impacts often lead to internal damage to the composite hull
structure, which cannot be observed by the human eye and
severely affects the safety of the hull structure.
Based on a literature review, composite structures are
more susceptible to impact damage than similar metallic
structures. Although the surface of a composite structure may
POLISH MARITIME RESEARCH, No 1/2021
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not be visibly damaged or may sustain only slight pits after an
impact, a large amount of matrix cracking and delamination
damage may occur inside the laminates, and even some
fibre fractures may occur. Even low-velocity, low-energy
impacts can significantly reduce the mechanical properties
of composite structures [6]. Moreover, due to the limitations
of testing equipment and technology, internal damage can
easily go undetected, which greatly reduces the safety of
a ship during its service life. Therefore, at the beginning of
the structural design of composite ships, it is of strategic
importance to clarify the mechanical properties of composite
laminates under low-velocity impact and improve the impact
resistance of composite ship structures.
There are two main methods for studying the lowvelocity impact of composite structures: mechanical tests
and numerical simulations [7-14]. Common impact tests
include drop-weight impact tests (ASTM D7136), Izod and
Charpy impact tests (ASTM D256) and pendulum impact
tests (ASTM D6110), among which the drop-weight impact
method is most widely used. Considering that mechanical
tests require more human effort and material resources, many
researchers have begun to use numerical methods to simulate
the low-velocity impact process of composite structures.
Gliszczynski [14] dealt with experimental and numerical
investigations of the composite plate subjected to low velocity
impact. The numerical analyses were performed in the
Ansys® environment. The implicit analyses were conducted
with and without the implementation of the progressive
failure algorithm and the application of the bilinear
traction‒separation law. High consistency of numerical and
experimental results was achieved. The application of Hashin’s
criterion led to a valid prediction of the fibre failure areas and
to overestimation of the matrix failure areas. Moura et al. [1516] used Abaqus to simulate the low-velocity impact process,
and the simulated delamination shape and area were in good
agreement with their test results. However, their approach
regarded the impact process as a quasi-static process and
was unable to simulate the damage evolution process. Hou
et al. [17] proposed a failure criterion for matrix and fibres to
estimate the matrix cracking and fibre fracture of composite
laminates under impact by revising the Tsai-Wu criterion.
Luo et al. [18] applied an Abaqus subroutine to simulate the
impact damage of laminates, and their simulation results were
in good agreement with the experimental results. Wen et al.
[19] used Ansys for damage analysis of composite materials,
and their simulation results were in good agreement with the
experimental results. Zhu et al. [20] established a composite
damage simulation model through the VUMAT subroutine
in Abaqus and found that the simulated damage area was in
good agreement with the test results. Qiu et al. [4] investigated
the impact responses and impact-induced damage of typical
marine laminates by the FE method and found that the
impact behaviours obtained in the simplified FE model are
effective and can be comparable with experiments with a short
computing time. Zhu et al. [21] used Abaqus for low velocity
impact damage of composite laminates for ships, the typical
failure modes were simulated by employing the 2D Hashin
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criterion, and material degradation and a damage factor were
taken into account in this model. The dynamic response and
damage propagation of laminates were studied. The numerical
results agree well with the experimental results. In a word,
the numerical study of the low-velocity impact behaviour
of laminates is more in-depth in the aerospace field, and
the research on marine composite structures needs to be
further developed.
Most of the research in the literature was based on finite
element software and focused on simulating composite
damage or improving failure criteria. In other words, different
failure criteria were used to simulate the delamination
damage, fibre failure and matrix damage of composite
laminates to obtain a force‒displacement curve to simulate
the actual macroscopic state. With the increasing application
of composites in the marine field, the low-velocity impact
behaviour of composite hull structures has attracted more
attention. There are challenges in using composite laminates
in marine engineering, i.e., composites frequently suffer
from the effects of impaction, including wave impaction,
being hit by ships or other objects, missiles or bullets, and
other special conditions. It is important to understand the
impact behaviour of laminates. Hence, this study selected
a composite yacht structure as the research object, and
the mechanical behaviour of composite marine laminates
under low-velocity impact was studied through mechanical
testing and numerical simulation. The effects of 12 different
layup forms on the impact resistance of composite laminates
were tested and investigated. The results from this work
provide a reference for the study of the low-velocity impact
performance of composite ships.

EXPERIMENTAL METHOD
MATERIAL
The hull plate of a 75-foot glass-reinforced polymer (GRP)
yacht was used as the base plate (No. P1), and its layup form
was used as the original layup. According to the original layup
of P1, an explorative design was carried out. Table 1 lists the
specific layup forms. In the table, “A” represents CSM300,
which is a chopped strand mat with an areal mass of 300 g/
m2; “B” represents CSM225, which is a chopped strand mat
with an areal mass of 225 g/m2; “C” represents EDJ300, which
is a uniaxial cloth with an areal mass of 300 g/m2; and “D”
stands for EDJ400, which is a uniaxial cloth with an areal mass
of 400 g/m2. The subscripts 0°, 90°, +45°, and -45° represent
the fibre direction in a single ply, i.e., the angle between the
fibre and the long side of the specimen. In order to make the
layers design conform to the actual situation of the shipyard,
the above four materials were selected. To investigate the
influence of different layup forms on the low-velocity impact
of the laminates, the layup sequence and angle were designed
on the basis of the original layup. The design mainly followed
the following principles:

1) Layup sequence: ensure that the sequence of the outermost
layer N1 to the third layer N3 of the original layup remains
unchanged and that the total number of chopped strand
mats and uniaxial cloths remains unchanged, changing
the position of the uniaxial cloths. And from the fourth
layer, at least one layer of chopped strand mat should be
laid between every two layers of uniaxial cloths.
2) Laying angle: ensure that the sequence and angle of the
outermost layer N1 to the third layer N3 of the original layup
remain unchanged and that the total number of chopped
strand mats and uniaxial cloths remains unchanged,
changing the layup angle of the uniaxial cloths.
Eleven different layup forms derived from the original
layup are shown in Table 1. In the table, N1 is the impact
surface, N2‒N12 are the internal layers, and N13 is the back
surface of the impact laminates.
The GRP laminates in Table 1 were made by the wet layup
process. The dimensions of the 12 GRP laminates were 350
mm × 350 mm. After the laminates were cured (Fig. 1), they
were cut into rectangular plates with dimensions of 150 mm
× 100 mm, as required by the test specification. To ensure
the validity of the test results, three standard specimens were
made for each layup form.

IMPACT TESTS
Low-velocity impact tests were performed using an
instrumented drop-weight testing machine (ZCJ1302-AD) in
accordance with ASTM D7136. Low-velocity impact generally
requires a speed less than 10 m/s [22-23], known as low-energy
impact, which does not break through the composite plate but
gives a permanent indentation in its surface. The tests were
conducted with a drop-weight tower consisting of two rigid
steel columns firmly connected to a metal gantry. The centre
of the specimens was impacted with a hemispherical impactor.
The impactor was connected to a piezoelectric sensor and was
used to carry out the impacts and measure the impact force.
The impact velocity was measured through a laser sensor,
and an anti-rebound system was used to avoid producing
multiple impacts on the same specimen. A rigid fixture was
used to hold the specimens. The fixture was mounted onto
a rigid steel base via four rigid clamps. Four lateral guiding
pins were installed on the fixture to correctly position each
specimen, and four clamps were used to hold the specimen
during impact. Fig. 2 shows details of both the impactor and
the fixture used in the tests. The specimens were placed on
the steel base with a 125 mm × 75 mm cut-out. The initial
impact conditions are shown in Table 2.
Tab. 2. Initial impact conditions

Fig. 1. GRP laminates with different layup forms
Tab. 1. Twelve layup forms used for the GRP laminates
Layup sequence

Plate
number

N1

N2

N3

N4

N5

N6

N7

N8

N9

N10

N11

P1

A

A

B

C 0° C 90°

B

D 0° D 90°

A

A

B

C 90° C 0°

P2

A

A

B

C 0° C 90°

B

C 0° C 90°

A

A

B

D 90° D 0°

P3

A

A

B

D 0° D 90°

B

C 0° C 90°

A

A

B

C 90° C 0°

P4

A

A

B

C 0° C 90°

B

D 0° D 90°

B

C 0° C 90°

A

A

P5

A

A

B

D 0° D 90°

B

C 0° C 90°

B

C 0° C 90°

A

A

P6

A

A

B

C 0° C 90°

B

C 0° C 90°

B

D 0° D 90°

A

A

P7

A

A

B

C +45° C-45°

B

D 0° D 90°

A

A

B

C 90° C 0°

P8

A

A

B

C 0° C 90°

B

D+45° D-45°

A

A

B

C 90° C 0°

P9

A

A

B

C 0° C 90°

B

D 0° D 90°

A

A

B

C +45° C-45°

P10

A

A

B

C +45° C-45°

B

D 0° D 90°

A

A

B

C +45° C-45°

P11

A

A

B

C 0° C 90°

B

D+45° D-45°

A

A

B

C +45° C-45°

P12

A

A

B

C +45° C-45°

B

D+45° D-45°

A

A

B

C 90° C 0°

N12

N13

Impact energy
(J)

Impactor mass
(kg)

Impactor
diameter (mm)

Impactor
velocity (m/s)

25

2

12.5

4.98

Impact tests were conducted on the 12 different GRP
specimens in the same environment. The tests were
divided into 12 groups, and each group was used to carry
out repeatability tests on 3 specimens with the same layup
form. Fig. 3 shows the impact side and the back side of the
12 specimens after low-velocity impact. The number in the
lower-left corner of the figure is the specimen group number
(corresponding to the plate number in Table 1), and the
number in the upper-right corner is the specimen number
in each group.

Fig. 2. Drop-weight testing machine
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be used in dynamic impact analysis. In this paper, the 3D
Hashin criterion is used as the failure criterion [26-29]. The
corresponding failure mode is as follows:
(1) Tensile fibre failure (σ11≥0)
2

D1

2

2

§ V 11 · § W 12 · § W 13 ·  t 1 failure
¸ =®
¨
¸ ¨
¸ ¨
© X T ¹ © S 12 ¹ © S 13 ¹ ¯ 1 no failure

(1)

(2) Compressive fibre failure (σ11<0)
(a) The impact side

2

§ V 11 ·  t 1 failure
¨
¸ =®
© X C ¹ ¯ 1 no failure

D2

(2)

(3) Tensile matrix failure (σ22+σ33≥0)
2

D3

2
2
2
§ V 22  V 33 · W 12  W 13 W 23  V 22V 33  t 1 failure
=®


¨
¸
S212
S223
¯ 1 no failure
© YT ¹

(3)

(4) Compressive matrix failure (σ22+σ33<0)
(b) The back side
Fig. 3. The damage morphology of 12 GRP specimens with different layup
forms

NUMERICAL ANALYSIS
The impact behaviour of composite laminates, in which
many failure mechanisms occur simultaneously and randomly,
is more complex than that of metal materials. In particular,
the impact damage of composite structures is a nonlinear
problem involving various geometries, materials and contacts.
Therefore, in the low-velocity impact simulation process of
GRP structures, the damage model of the laminates should be
clarified first to obtain effective numerical simulation results.
DAMAGE MODEL
Intralaminar damage
(1) Failure criteria
The failure modes of composites mainly include fibre failure,
matrix failure and delamination failure. Fibre failure is divided
into tensile and compressive fibre failure. Matrix failure is
divided into tensile and compressive matrix failure. In the
failure process of composite laminates, one failure mode
is usually associated with others, or several failure modes
occur together. Impact loads further complicate the failure of
a composite structure. The literature [24-25] shows that some
failure modes of composites have the same characteristics
under dynamic and static loads. In other words, the failure
mechanism of a composite is not related to the strain rate.
Therefore, the failure criterion for quasi-static analysis can
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D4

W 2 W 2
12

13

2

S 12



V 22  V 33 ª§ YC ·
YC

2
º W 2  V 22V 33 § V  V ·2  t 1 failure
33
23
(4)
«¨
 ¨ 22
¸  1» 
¸ =®
S223
«¬© 2S 23 ¹
»¼
© 2S23 ¹ ¯ 1 no failure

In formulas (1)‒(4), D1, D 2, D3, and D4 are the damage
variables under different failure modes. XT, XC, YT and YC
denote the tensile and compressive strengths of the singlelayer plate in the fibre direction and transverse direction,
respectively. Sij is the shear strength of the single-layer plate
corresponding to the ij direction. When the stress state of an
element satisfies any of the failure criteria, the corresponding
damage mode occurs in this element. When the stress state
of an element satisfies more than one of the failure criteria
at the same time, a variety of corresponding damage modes
occur in this element.
(2) Stiffness degradation model
The 3D Hashin failure criterion can determine the stress‒
strain relationship of a composite single-layer plate when
the initial damage occurs. After the initial damage, the
structure does not immediately lose its bearing capacity. The
damage progression in the structure, from the onset of initial
damage to the complete collapse of the structure, is a gradual
accumulation process, and its essence is that the material
stiffness decreases continuously. Thus, the final failure of
composite structures cannot be accurately predicted by the
Hashin criterion alone. Therefore, the progressive failure
analysis method is used [30-31]. After the Hashin criterion
determines the initial damage, the material parameters in the
damaged area are modified. To realise the effective transition
from the undamaged area to the damaged area, the stress in
the failure area is reduced according to a certain rule.

In the calculation process, if the stress state of the element
meets the failure criterion, the stiffness degradation of the
material is carried out. The elastic parameter of the element
is multiplied by some reduction factor. With this material
property degradation method, although the element has been
damaged, it will continue to contribute to the stiffness of the
laminate as long as it exists. In this paper, the Tan stiffness
degradation criterion [32-33] is adopted, and the specific
stiffness degradation scheme is shown in Table 3.

2

Stiffness degradation

Tensile fibre failure

E11’=0.07E11, G12’=0.07G12, G13’=0.07G13,
v12’=0.07v12, v13’=0.07v13

Compressive fibre failure

E11’=0.14E11, G12’=0.14G12, G13’=0.14G13,
v12’=0.14v12, v13’=0.14v13

Tensile matrix failure

E22’=0.2E22, E33’=0.2E33, G 23’=0.2G 23,
v12’=0.2v12, v23’=0.2v233

Compressive matrix
failure

E22’=0.4E22, E33’=0.4E33, G 23’=0.4G 23,
v12’=0.4v12, v23’=0.4v23

In the VUMAT subroutine of Abaqus, the state variables
corresponding to the four failure modes are defined according
to the Hashin criterion. The value of the state variable is 0
before the element failure, and is set to 1 when the failure
occurs. Then the corresponding parameters are reduced
according to Table 3. At the beginning of the incremental
step, the state variables of the element (corresponding to
various failure modes) are determined first, and the material
parameters of this element are obtained (according to the
stiffness degradation coefficient in Table 3). Second, the
strain increment is applied and the stress is updated. Next,
the Hashin criterion is used to determine whether a new
failure occurs. If so, the corresponding state variable is set
to 1 and the corresponding parameters are reduced. Finally,
the stress under this incremental step is recalculated by using
the new material parameters, and the incremental step of
this element is over. Considering the irreversibility of the
damage, once a state variable of the element is set to 1, the
elastic parameters will not change after a reduction. When
two or more failure modes occur in the same element, the
minimum value of the degradation coefficient corresponding
to different failure modes shall be taken. If there is an element
with serious shape distortion, it will be deleted.
Interlaminar damage
The cohesive zone model based on the traction‒separation
constitutive relation was used to predict the interlaminar
damage under low-velocity impact, and the damage
constitutive relationship is shown in Fig. 4. The initiation
of damage is based on a quadratic traction‒separation law
[34]; see formula (5). Once failure is initiated, it propagates
following the element energy release rate. The mixed-mode
damage evolution criterion (B‒K criterion) proposed by
Benzeggagh and Kenane was adopted to characterise the
expansion law of interlaminar damage [35]; see formula (6).

2

(5)

where σn, σt and σs represent normal traction and shear
traction, respectively; <σn>=(σn+|σn|)/2; and N, S and T are
the normal strength and shear strength of the interface,
respectively.

Tab. 3. Tan stiffness degradation criterion
Failure mode

2
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(6)

where GC is the mixed-mode fracture toughness; GIC, GIIC and
GIIIC are the critical energy release rates of type I, type II and
type II, respectively; and η is the B–K power law parameter
and is related to the material. For carbon fibre or glass fibre
reinforced resin composites, the value of η is in the range of
1‒2[33,36-38]. Based on previous studies and finite element
calculations, η is 1.45 in this paper.

Fig. 4. Damage constitutive relation

MODELLING OF IMPACT ON COMPOSITE LAMINATES
Finite element model
According to the specific conditions of the low-velocity
impact test, a finite element model was developed in Abaqus/
Implicit, as shown in Fig. 5. The whole model was created
in three parts, the impactor, laminate and the base. The
hemispherical impactor and the base were simplified as
analytical rigid bodies. The single-layer plate was discretised
with 8-node reduced-integration solid elements (C3D8R), and
the layers were connected by 0.02 mm 3D cohesive elements
(COH3D8), which can simulate the mechanical behaviour
between layers. The laminate model contains 129,600 solid
elements and 124,200 cohesive elements. The dimensions of
the laminate were 150 mm × 100 mm × 6.52 mm.
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Fig. 5. Finite element model for impact analyses
Properties

In the experiment the analysed laminate was supported
on the base and was additionally stabilised by four rubber
tips of the toggle clamps. In order to simplify the boundary
conditions and reflect the real experimental testing as much
as possible, the rigid body displacement of the laminate
was restricted by the fixture base and the toggle clamps.
A standard surface-to-surface contact algorithm available in
Abaqus/Implicit was used to simulate the impactor‒laminate
contact and the laminate‒base contact during impact. And at
the position of the rubber tips (red dotted line in Fig. 5), the
force P along the Z axis was applied to simulate the restraint
effect of the clamping element. And based on ASTM D7136
standard, the value of P is equal to -275N. Compared with the
specimen deformation, the deformation of the base during the
impact process was negligible, so the base was set as a fixed
constraint during the analysis process. The impactor was free
in the Z direction and constrained in the X and Y directions.
Material properties
GR P laminates consist of two main materia ls,
chopped st ra nd mat a nd a x ia l clot h, a nd t heir
mechanical properties are shown in Table 4. In the
table, X T and X C are the tensile and compressive
strengths in the fibre direction, respectively; Y T and
YC are the tensile and compressive strengths in the
orthogonal direction of the fibre, respectively; Z T and
Z C are the tensile and compressive strengths in the
thickness direction of the laminates, respectively; S 12 ,
S 13 , S 23 are the shear strengths in the 12, 13, and 23
directions, respectively; ρ is the material density; and h
is the thickness of a single-layer plate. The parameters
of the cohesive interface elements are shown in Table 5.
In the table, E is the elastic modulus of the interface
layer, G 1 is the shear modulus in the 1 direction, and
G 2 is the shear modulus in the 2 direction.
Table 4. Material properties used in the finite element analyses
Properties
E1 (MPa)

64

Materials
A

B

C

D

13600

11600

23500

25600
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Materials
A

B

C

D

E2 (MPa)

13600

11600

6560

7120

E3 (MPa)

10700

8062

6560

7120

v12

0.321

0.347

0.205

0.237

v13

0.127

0.139

0.205

0.237

v23

0.105

0.108

0.310

0.332

G12 (MPa)

7760

4602

2265

2473

G13 (MPa)

5200

3847

2265

2473

G 23 (MPa)

5200

3847

1847

2011

XT (MPa)

192

186

810

830

XC (MPa)

260

250

475

490

Y T (MPa)

192

186

58

63

YC (MPa)

260

250

145

160

ZT (MPa)

76

70

58

63

ZC (MPa)

320

310

145

160

S12 (MPa)

103

97

59

65

S13 (MPa)

66

60

59

65

S23 (MPa)

66

60

50

53

ρ (kg/cm )

1500

1320

1790

1800

h (mm)

0.55

0.34

0.375

0.5

3

Tab. 5, Interface properties used in the finite element analyses
Modulus (MPa)

Strength (MPa)

Energy release rate (N/mm)

E = 3000

N = 20

GIC = 0.249

G1 = 1154

S = 25

GIIC = 0.733

G 2 = 1154

T = 25

GIIIC = 0.733

Simulation of the low-velocity impact process of laminates
Low-velocity impact simulations were set up in accordance
with the test performed in section 2.2. In Abaqus/Explicit,
a VUMAT subroutine was used to define the material
properties, damage criteria and damage evolution of the
composite laminates. Based on the damage model in Section
3.1, the VUMAT subroutine was written in Fortran (Fig. 6).
During calculation, this subroutine was used to assign
user-defined material properties to the target model and
iterate until the calculation was terminated. The specific
analysis process is shown in Fig. 7. In each step, the VUMAT

subroutine obtains the value of stress and strain and the
number of elements in the Abaqus main program, judges
the damage state and degradation degree of each element,
assesses the stress, strain, and damage factor, and then sends
this information back to the Abaqus main program.

LOW-VELOCITY IMPACT RESULTS
ANALYSIS OF DAMAGE
In the same environment,
25J impact tests were carried
out on the 12 GRP specimens
with different lay up forms.
Fig. 3 shows the impact and
back sides of these specimens
after low-velocity impact. The
impact load produced varying
degrees of fibre, matrix and
dela m i nat ion d a ma ge . It
should be noted that each plate
shown in Fig. 3 is one of three
standard specimens and all
the experimental values are the
average of the three repeated tests.
In the preliminary analysis of the
results, attention was focused
on the areas and the nature of
the observed damage [13]. The
initial damage occurred at the
impact side, and the material at
the impact point was plastically
deformed. Due to the high contact
force, the damage expanded
rapidly to the interior of the
laminate. As show n in Fig.
3(a), the damage morphology
of t he 12 plates is similar.
There are obvious pits in the
contact position between the
impact side and the impactor.
These pits are about 9 mm in
diameter. It is well known that
the damage is closely related
to the layup form. The reason
for this phenomenon is that
the layup forms of N1‒N3 for
all plates are consistent. In
order to obtain more damage
information, t he back side
of the tested specimens was
analysed. By obser ving the
damage characteristics shown
in Fig. 3(b), it was found that
the damage morphologies of
P4 ‒P 6 were similar, in which
f ine dela mination da mage
could be seen in a radius of
approximately 13 mm around
the centre on the N13 plane.
The da mage mor phologies
of P 1‒P 3 , P 7, P 8 and P 12 were
POLISH MARITIME RESEARCH, No 1/2021
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similar, in which fine delamination damage could be
seen in an ellipse with a long axis of approximately 58
mm and a short axis of approximately 40 mm around
the centre, and there was clear fibre delamination
damage in the 0° direction on the N 13 plane. The
damage morphologies of P 9 ‒P11 were similar, in which
fine delamination damage could be seen in an ellipse
with a long axis of approximately 60 mm and a short
axis of approximately 30 mm around the centre and
there was obvious fibre delamination damage in the
45° direction on the N13 plane. Therefore, these 12
plates can be divided into 4 groups, P1‒P 3 , P4 ‒P 6 , P 7,
P 8 , P12 and P 9 ‒P11.
Taking the layup form of P1 as a reference, the position and
material of the changed layup were marked with symbols.
Table 1 was simplified to make the comparative analysis
more intuitive, as shown in Table 6. The analysis shows that
the layup form of P2 and P3 is the closest to P1; P4, P5 and P6
have similar layup forms, but P4 has a small difference; the
layup forms of P7, P8, and P12 are similar; P9, P10 and P11 have
similar layup forms. This is consistent with the experimental
characterisation results shown in Fig. 3(b).
Plate
number

Tab. 6. The simplified layup forms of GRP laminates

P1

Layup sequence
N1

N2

N3

N4

N5

N7

N8

A

A

B

C 0° C90°

B

D 0° D90° A

A

B

C90° C 0°

Ă

̤

ƺ

̤

ƹ

Ƶ

Ă

̤

ƶ

ƺ

ƺ

ƶ

Ƶ

ƹ

ƶ

Ă

ƹ

Ƶ

ƺ

ƶ
̤

ƺ

ƶ

Ă

Ă

ƹ

Ƶ

ƺ

ƶ

̤

ƺ

ƶ

Ă

Ă

ƺ

ƶ

̤

ƹ

Ƶ

Ă

Ă

Ʒ

ͩ

P4
P5

N9 N10 N11 N12 N13

Ă

P2
P3

N6

P6
Ƹ

ͪ

P9

ƺ

ƶ

Ƹ

ͪ

P10

Ƹ

ͪ

Ƹ

ͪ

Ƹ

ͪ

P7
P8

P11
P12

Ƹ

ͪ

Ʒ

ͩ

Ʒ

ͩ

N12 and N13 of P 9 ‒P11 were uniaxial cloths laid at ±45°.
There was f ibre delamination damage in the ±45°
direction, and the damage area was also slightly larger
in these laminates. It is commonly known that the
damage area is one of the important characteristics
to judge the low-velocity impact damage of laminates.
The included damage areas were divided into two parts:
blue line outside - ma ximum damage area, yellow
line inside - concentrated damage area, as shown in
Fig. 8. With respect to the damage area, Fig. 8 shows
the maximum damage area (MDA) and concentrated
damage area (MDC) of the 12 tested specimens. The
damage areas of each layer partially overlap and the
MDC represents the overlapping region of the damage
area. P4 has the smallest maximum damage area and
concentrated damage area. For the maximum damage
scale indicated in Fig. 9, there is P4 < P 5 < P 6 < P 3 < P 7
< P 2 < P 9 < P10 < P 8 < P12 < P1 < P11. Among the 12 layup
forms, the tested specimens in which N12 and N13 were
chopped strand mat had better impact resistance than
the specimens where these layers were uniaxial cloths
laid at 0° and 90° and slightly better than the specimens
where these layers were uniaxial cloths laid at ±45°.
Analysing the obtained results, it is easy to see that P4
has a better layup form than the others.

Fig. 8. The damage projection and areas of 12 tested specimens

ANALYSIS OF MECHANICAL RESPONSE

Note: Ƹ,ͪ stand for C+45°, C-45°; Ʒ,ͩ stand for D-45°, D+45°.

It was discovered that the damage morpholog y
was closely related to the layup form of N12 and N13 .
N 12 and N 13 of P4 ‒P 6 were all chopped strand mats,
which absorb more energ y than uniaxial cloth, and
the corresponding damage area was smaller. N12 and
N13 of P1‒P 3 , P 7, P 8 and P12 were uniaxial fabrics laid at
90° and 0°, respectively; these plates exhibited obvious
fibre delamination damage in the 0° direction. N12 and
N13 of P 2 were uniaxial cloths with an areal mass of
400 g/m 2 , whose strength was slightly higher than those
of the 300 g/m 2 uniaxial cloth used in other laminates;
accordingly, the damage area of P 2 was slightly smaller.
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Fig. 9 shows the simulation process of P1 under impact.
Fig. 9(a) shows the state at the beginning of the impact,
Fig. 9(b) shows the state at an impact time of 2.5 ms, and
Fig. 9(c) shows the state after the impact. Based on P1, the
validity of the numerical simulation was verified. According
to the results of the tests and simulations, the time response
characteristics were analysed in terms of impact force,
impactor displacement, impactor speed and absorbed energy.
The mechanical behaviour of the GRP laminates under lowvelocity impact was predicted.

(a) Time = 0 ms

(b) Time = 2.5 ms

Fig. 9. Simulation process of P1 under impact

Impact force‒time response
The force‒time histories of P1 are represented in Fig. 10,
in which the impact force and the time are represented by
F and t, respectively. In the elastic phase, the force linearly
increased to the initial damage threshold (FH), at which time
the initial damage caused the stiffness of the laminate to start
to change. Between the initial damage threshold and the
peak force, the curves fluctuated mainly due to the damage
evolution within and between layers. After the impact force
reached the peak (FM), the impactor began to rebound until it
separated from the laminates, and the impact force dropped
to zero. A comparison shows that the trends from the test
and simulation (FE) results of P1 were relatively consistent.
The simulation errors of the initial damage threshold and the
peak force were 8.7% and 4.1%, respectively.
Fig. 10 shows that the simulation curve fluctuated slightly
more than the test curve. One reason for this discrepancy is
that the Tan stiffness degradation criterion was adopted in the
simulation. After the elements reached the damage criterion,
the stiffness suddenly decreased, which can cause a sudden
change in the stiffness of the entire laminate and result in
an unstable contact force. Another potential reason for this
discrepancy is that the grid accuracy was not sufficient, and
the stiffness degradation of a single element had a significant
effect on the stiffness of the entire laminate. The fluctuations
in the test curve were relatively gentle because the fibres in the
laminates were sufficiently dense. From a macro perspective,
damage to the fibres and the matrix occurred gradually.
The rigidity of the laminates gradually decreased, so the
fluctuations of the impact load were not very violent. After
the impactor started to rebound, the impact force‒time curves
were relatively flat in both the test and the simulation. This
was because the laminates were no longer damaged during
the rebound process.
The test and simulation results of the maximum impact
force of P1‒P12 are shown in Fig. 11. In the test data, the
maximum impact force of P4 ‒P6 was relatively low. A possible
reason for this was that N12 and N13 were chopped strand
mats with low stiffness, and a uniaxial cloth with greater
stiffness was set in the middle of the laminate. Therefore,
the stiffness of the entire laminate was relatively low, and the
maximum impact force was lower. The maximum impact
forces of P1‒P3 and P7‒P12 were relatively high. A possible
reason for this was that N12 and N13 were uniaxial cloths, the
stiffness of the whole laminate was relatively high, and the
maximum impact force increased accordingly. With different
layup forms, the simulation results were consistent with the

(c) Time = 5 ms

experimental results. In terms of impact force alone, P4 can
effectively disperse the external force concentration, and its
layup form is relatively good.

Fig. 10. Force-time histories of P1

Fig. 11. Maximum impact force of P1-P12

Impactor displacement‒time response
The displacement‒time histories of P1 are shown in Fig. 12,
in which the displacement is represented by D. A comparison
shows that there was relatively good agreement between the
test and simulation results; the maximum displacement error
was only 2.1%. Hence, the simulation model can well reflect
the displacement variation of the impactor during the impact
process.
In Fig. 13, the experiment and simulation results of the
maximum impactor displacement of P1‒P12 were consistent.
The maximum displacement of P4‒P6 was relatively large
because N12 and N13 were chopped strand mats with low
stiffness, and uniaxial cloth with high stiffness was set in
the middle of the laminate. Therefore, the stiffness of the
entire laminate was relatively low, and the corresponding
maximum impactor displacement was relatively large. The
maximum impactor displacements of P1‒P3 and P7‒P12 were
slightly smaller. The reason for this was that N 12 and N13
POLISH MARITIME RESEARCH, No 1/2021
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were uniaxial cloths. The stiffness of the whole laminate was
relatively high, and the corresponding maximum impact force
also increased accordingly. Under the same experimental
conditions, the impactor displacement reflected the stiffness
level of each laminate. Corresponding to different layup
forms, the stiffness of the 12 laminates had the following
relationship: P8<P12<P7<P2<P9<P10<P11<P1<P3<P6<P5<P4.

of the impactor corresponding to P1‒P12. Similar to P1, the
simulated value of the rebound velocity was higher than the
experimental value, and the impactor corresponding to P4
had the maximum rebound velocity.
In the whole impact process, the energy of the system,
which was composed of a laminate and the impactor, was
conserved. Therefore, the energy reduction of the impactor
can be used to express the absorbed energy of the laminates.
Fig. 16 shows the absorbed energy of P1 during the impact
process, in which the energy is represented by the letter “E”.
Fig. 17 shows the final absorbed energy of P1‒P12. This figure
shows that in both the simulation and the experiment, P4 has
the minimum absorbed energy. The hull plates need better
impact resistance, such as a small damage area, less absorbed
energy and so on. Thus, the carrying capacity of the hull
structure can be maintained to a certain extent, and the
water seepage efficiency can be reduced to ensure the safety
of the ship. Therefore, its layup form is more in line with the
requirements for composite ships, and can be used in the
subsequent yacht design.

Fig. 12. Displacement-time histories of P1

Fig. 14. Velocity‒time histories of P1
Fig. 13. Maximum impact displacements of P1 -P12

Rebound velocity/absorbed energy‒time response
The tests and simulations recorded the velocity change
of the impactor during the impact process, which includes
two parts: impact and rebound. During the impact process,
the impactor velocity gradually decreased over time; in the
process of rebound, the velocity of the impactor gradually
increased due to the rebound force of the laminates until the
impactor was out of contact with the laminates. Fig. 14 shows
the velocity change of the impactor corresponding to P1 in the
test and simulation, in which the velocity is represented by v.
In this figure, the test and simulation results were basically
consistent before the impactor displacement reached a
maximum, but in the final stage of the impactor rebound,
the simulation value gradually exceeded the experimental
value. The error of the final rebound velocity was 11.7%.
The reason for this discrepancy was that the Tan stiffness
degradation criterion was adopted in the simulation. The
elements still had a certain stiffness after damage, which
led to a higher rebound speed of the impactor. Fig. 15 shows
the test and simulation results of the final rebound velocity

68

POLISH MARITIME RESEARCH, No 1/2021

Fig. 15. Final rebound velocity of the impactor of P1 ‒P12

Fig. 16. Absorbed energy‒time histories of P1

Fig. 17. Final absorbed energy of P1 ‒P12

CONCLUSION
In this investigation, experimental and numerical
investigations of composite plates under low-velocity
impact were conducted. The analysed plates were made of
GRP laminate with 12 different layup forms. A simulation
model was established by writing a VUMAT subroutine.
The experimental research was carried out with the use of
the impact drop tower. And the numerical analyses were
performed in the Abaqus program. Hashin’s criterion and
the cohesive zone model were implemented as the damage
initiation criterion of intralaminar and interlaminar damage.
The Tan criterion and B‒K criterion were used to characterise
the stiffness degradation of intralaminar and interlaminar
damage elements. Based on the experimental and numerical
studies performed, it has been concluded that:
1) The initial damage occurred at the impact side, and the
material at the impact point was plastically deformed,
resulting in a circular pit with a diameter of about 9 mm.
Due to the high contact force, the damage expanded rapidly
to the interior of the laminate.
2) The low-velocity impact damage mainly occurs near the
impact area. The damage areas for the same impact energy
are larger for the back side than for the impact side. And
the damage areas of each layer partially overlap.

3) The layup form had an important role in the damage on
the impact side and back side of the composite laminates.
Because of the same layup form of the first three layers,
the pits diameter and damage areas of the impact side of
the 12 plates are similar. And the damage on the back side
of the specimens was closely related to the layup form of
N12 and N13.
4) For the same impact energy, there is a corresponding
layup form to minimise the damage area. There are 12
layup forms in this paper, and the damage area of P4 is
the smallest.
5) In this paper, small cracks and fibre delaminations can be
seen in the tested specimens under the low-velocity impact
of 25J, but the energy is not enough to break the fibres on
the back of the laminates.
6) Comparisons showed that the simulation and test results
of the impact force, impactor displacement, rebound
velocity and absorbed energy were in very good agreement.
The validity of the numerical model is proved, and the
numerical model can be successfully used for the initial
prediction of the mechanical behaviour for composite
laminates under low-velocity impact.
7) In this paper, the maximum impact force, absorbed energy
and damage area of the plate P4 are the smallest among the
12 plates. In comparison, it has better impact resistance
than others, so it is more in line with the requirements of
composite ships.
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HYDRODYNAMIC STATE OF ART REVIEW: ROTOR – STATOR
MARINE PROPULSOR SYSTEMS DESIGN
Przemysław Król
Ship Design and Research Centre, Gdańsk, Poland

ABSTRACT

The paper covers the important topic of rotor–stator propulsor system design and operation. For the stand-alone marine
screw propeller, both the design criteria for loading distribution and the theoretical efficiency limits are well described
in the basic literature. This is in contrast to the combined propulsor system like a propeller cooperating with a pre-swirl
device. The paper describes the current state of the art, summarising results obtained by various researchers by installing
energy-saving devices on particular vessels. The design methods utilised are briefly outlined, with the main characteristics
underlined. Rough analysis of the gathered data confirms the expected trend that a higher efficiency gain due to ESD
installation is possible for a higher propeller loading.

Keywords: : energy-saving device, guide vane, pre-swirl stator, propulsor design, efficiency

INTRODUCTION
A vast amount of literature exists that
covers the topic of marine propulsor
design and its optimization. Due to
rising environmental requirements,
more attention is being paid nowadays
to the propulsor efficiency. Consequently,
energy-saving devices (ESDs) are gaining
increasing interest from researchers and
marine engineers. Important types of these
are pre- and post-swirl devices, intended to
recover rotational energy losses occurring
during screw propeller operation. This
paper addresses ESDs of various forms,
but the main focus is on pre-swirl stators
(PSS). The most important types of ESDs
are presented in Fig. 1.
The pre-swirl stator is a system of rigid
lifting foils, located before the operating
propeller. These are meant to produce
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Fig. 1. Various kinds of ESDs (from upper left to bottom right):
Pre-swirl stator, pre-swirl duct, post-swirl stator, propeller boss cap fins

counter-swirl, reducing the tangential losses of the propeller
energy. In this way the propeller efficiency is altered, but the
foils generate drag on themselves.
The pre-swirl duct (PSD) is a system of PSS foils shrouded
with the duct. It combines the advantages of the PSS with
equalling the velocity field inflowing to the operating propeller,
which may improve the propulsor power profile as well as its
cavitation/vibratory characteristics.
The post-swirl stator (PoSS) is based on the opposite
concept to the PSS; the foils are located after the propeller, in
its slipstream. The stator recovers energy lost by the propeller
due to tangential losses by generating the thrust on its blades.
The propeller boss cap fins (PBCF) are a set of small
lifting foils, located downstream from the propeller’s trailing
edge on the hub itself. Their role is to dispel the hub vortex
shedding from the propeller and to recover some of the
tangential losses.
A kind of PoSS that is present on most ships is a rudder.
Its displacement effect is normally beneficial for the propeller
by a slight increase of the effective wake fraction. Moreover,
it may have a twisted leading edge and generate additional
thrust, recovering the propeller’s tangential losses.
This paper is divided into three parts: the first sketches
the most important features of design methods met in the
literature. The fluid flow models employed are named and
ESD design criteria are mentioned. It should, however, be
noted that the vast majority of modern studies adopt CFD
computations combined with variational optimization of the
parametrically described ESD.
The second, main, part of the paper summarises the most
important results reported in each article. In the majority of
studies, both numerical and experimental data were available,
in which case the numerical data are mostly omitted in this
review, due to space limitations.
The last, concluding, part of this review presents and
compares the results reported in selected papers. In fact
‘selected papers’ means here ‘all those for which it was possible’.
This is due to the huge variety of data presented in the literature
and difficulties with constructing a common base.

THE DESIGN METHODS
The stand-alone screw propeller has huge variety of wellrecognised methods. This is somewhat contradictory to the
propeller–ESD propulsor system, for which, due to the high
complexity of the flow phenomena in such system, many more
methods exist in the literature. None of them, however, can
be stated as canonical or as reliable as classical approaches
for a propeller operating alone. The reported methods can be
distinguished mainly by the flow representation employed; it
can be either an inviscid vortex flow model or a viscous one.
A second factor is the stator particular that is undergoing
the design process: it can be either the bound circulation
distribution (in which case the stator foil’s geometry results
directly from it) or the geometry. In the latter case, the
information on bound circulation is most often omitted in

Tab. 1. Design approach in selected papers
Paper

Designed
particular

Design
criterion

Flow
model

[2]

Circulation distribution

Rotation cancellation

Vortex

[3]

Geometry

Optimization

Viscous

[4]

Circulation distribution

Optimization

Vortex

[5]

Circulation distribution

Optimization

Vortex

[7]

Circulation distribution

Optimization

Vortex

[8]

Circulation distribution

Rotation cancellation

Vortex

[9]

Geometry

Optimization

Viscous

[10]

Geometry

Optimization

Viscous

[11]

Circulation distribution

Optimization

Vortex

[12]

Geometry

Optimization

Viscous

[13]

Circulation distribution

Optimization

Vortex

[14]

Geometry

Optimization

Viscous

[15]

Geometry

Optimization

Viscous

[16]

Circulation distribution

Optimization

Vortex

[21]

Geometry

Optimization

Viscous

[22]

Geometry

Optimization

Viscous

[27]

Geometry

Optimization

Viscous

[29]

Geometry

Streamline adjustment

Viscous

[31]

Geometry

Optimization

Vortex

[32]

Circulation distribution

n/d

Viscous

the papers and it is in fact the only design concept available
for the RANSE-based approach.
Among the vortex models, the most basic tool is the lifting
line model (LLM), replacing stator foils with straight line bound
vortices. This is a sufficient simplification for determination of
the induced tangential velocity coming from the stator, which
is in fact the vital part from the cooperating propeller point of
view. In such approach, stator vortex wake deformation can be
taken into account, which allows more accurate determination
of the stator-induced axial velocity component [17]. Stators,
with foils of high aspect ratio, may also be successfully designed
with the LLM. Such approach seems, however, to be highly
outmoded nowadays, as already in 1988 Kerwin used the lifting
surface model (LLS) for this task [11]. The most advanced
vortex flow model, the boundary element method (BEM),
cannot be directly utilised in the design of the foil geometry for
the prescribed loading. Thus it is rather addressed in the design
via variational geometry optimization and/or analysis of the
given propulsor system geometry. The decision on the stator’s
bound circulation magnitude is crucial for the efficiency of the
propulsor system. Due to the lack of a theoretical criterion,
variational optimization is done in most cases.
Vortex methods have several advantages which encourage
many designers to use them, especially at the initial
stages of work. The easy individual code implementation,
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relatively short calculation time and the possibility of
reverse problem solution are the main advantages of these.
There are, however, serious limitations also. Computation
of the vortex wake deformation, which could affect the
designed foil’s geometry, requires much care and may pose
a difficulty in the case of heavily loaded stators, especially
if the propeller-induced velocity field is to be taken into
account during the simulation. Moreover, there are certain
phenomena, like flow separation and vorticity dissipation,
that cannot be included directly within the vortex model
and have to be handled with semi-empirical formulas or
in some other way. Flow separation is likely to occur on
highly loaded profiles. Within the frame of the vortex model
one can design a section with an arbitrary lift magnitude
and distribution (even for NACAa = 1.0 mean line), but
exceeding reasonable values will result in a failure to achieve
the assumed loading in real fluid. Finding that limit may
be done based upon systematic blade section profiles data,
as collected in [1], and control of the lift force coefficient [7]
or angle of attack [14] values.
Once the viscous flow model is adopted, most of the
mentioned difficulties are driven away; the vortex wake
shape, separation and vorticity dissipation are included
directly in the simulation. Meanwhile, however, also all
the advantages favouring vortex models are gone. Viscous
calculations require notable computer resources and – what
is most problematic – reverse problem solution is no longer
possible. Instead, one has to employ optimization of both the
stator and propeller geometries for the prescribed operating
conditions. This may notably increase the required time of
realization. Thus, optimization is required not only for the
ESD geometry undergoing the design process but for the
computational mesh also, to provide a sufficient balance
between accuracy and the computational cost [15].
Despite using a much more sophisticated approach,
RANSE can still provide only limited accuracy. A model
test prognosis for an accelerating duct influence of 6.03% was
already considered to be in sufficient agreement with CFD
calculations, indicating a 5.15% reduction [3]. Similarly, for
the pre-swirl stator a 5.2% power reduction, indicated by
CFD, was outweighed by sea trials results of 6.8% [31]. This
situation results probably from inaccuracies of local vortex
phenomena modelling, which are responsible for an energy
recovery effect. The accuracy may be improved if the relatively
simpler turbulence model (e.g. k-ω SST) is replaced with the
more sophisticated 7-equation RST model; the propellerdelivered power error may be decreased from around 4.0% to
even 1.3% [15]. In the case of unsteady simulations, the time
step turns out also to have vital importance [25], [26]. For
this reason, new efforts on CFD development are currently
being made, with self-propulsion conditions as a research
topic [30], [33].
Correct modelling of such systems operation requires
reference data for simulation validation, not only for
propulsor operation but for the velocity fields also, such as
is gathered in [6].
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From a practical point of view, especially interesting
is conducting the CFD calculations in full scale [15],
[27], [31], although model-scale calculations are being
conducted nowadays also [3], [12]. Both approaches have
their advantages. One of the more important, shared by both,
is getting a better insight into the complex flow phenomena
involved in ESD operation [7], [12]. The main weight of
interest remains in the velocity field and its alteration by
ESD installation [28]. An important research field, however,
is cavitation simulation [34].
Due to the issues outlined above, the most reasonable
approach seems to be to start the design process with a vortex
model to determine the initial geometry of the system (as
shown e.g. in [9]). Once this is known, the optimization may
be finalized by CFD simulation, conducted for a narrower
number of cases.

ENERGY-SAVING EFFECT
A considerable number of papers upon the propeller–stator
topic have been published, most of them reporting on the
power reduction delivered, as provided by the ESD of the
authors’ design. The influence of the ESD is determined by
means of either numerical calculations or model tests; in some
cases, sea trials results are even provided. The completeness
of the available data differs widely; in some cases not even the
propeller diameter or ship speed are provided. This makes
comprehensive analysis more difficult and less detailed
than one would wish. In most papers, both numerical
and experimental results are available. In such cases, only
empirical data are repeated below, as the main focus of this
study is ESD operation, not CFD development. Due to the
requirements of further analyses, standard propeller loading
coefficients like KT, KQ and CT, CN values were calculated (if
these were not provided), based upon the data provided in
the original papers.

KT =
CT =

KQ =

(1)

CN =

(2)

After some considerations, an effective advance speed for
calculation of CT, CN was calculated using the advance ratio/
effective wake coefficient determined with the ESD installed
(if such value was available). Such approach was adopted due
to the author’s feeling that it better reflects propeller loading
conditions, even if is not formally equal to the mean axial
velocity experienced by operating the propeller. Unless stated
otherwise, water density was taken as ρM = 998.6 kg/m3 for
the model scale and ρS = 1025.9 kg/m3 for full scale.
The authors of each study adopted various vessels for their
analyses. The main particulars of these are summarised
in Table 2. A blank space was left if some data were not
provided.

Tab. 2. Vessels analysed in particular studies
Paper

Ship type / Name

[2]

Trawler

LPP [m]

B [m]

T [m]

CB [–]

D [m]

VDES [knots]

7.5

[2]

Tanker

[3]

Japanese Bulk Carrier (JSBC)

280.0

45.00

16.5

8.12

[3]

Tanker

333.0

60.0

20.5

10.5

[4]

Cargo Vessels

[5]

None

[7]

Container Vessel

[8]

Container Ship

286.0

48.20

14.8

9.60

[9]

VLCC

322.0

60.00

21.0

10.00

[10], [24], [32]

Kriso Container Ship (KCS)

230.0

32.20

10.8

[12]

13,200 TEU Container Ship

350.0

48.2

14.5

8.75
22.0

0.651

24.0
20.0

[13]

n/a

319.0

60.00

21.0

[14]

KVLLC

320.0

58.00

20.8

[15]

Chemical Tanker

175.6

32.23

11.85

0.812

6.50

14.0

[17]

Nawigator XXI

54.13

10.5

3.15/3.20a

0.626

2.26

13.0

[21]

n/a

174

32.20

11

6.10

15

[22]

6,500 TEU Container Ship

171.5

28.40

10.0

5.20

11.5 / 12.0

[24]

KVLLC2

[27]

32500 DWT Bulk Carrier

[29]

180m Diamond 34 Bulk Carrier

176.8

30.00

9.75

[21]

Bulk Carrier “VALVOLINE”

182.0

32.00

11

10.00

16.21

0.810

15.5

15.5

0.800

5.60

14

5.80

15.0

a – given as TA / TF
Tab. 4. Full-scale propulsion prognosis via subsequent methods

UPSTREAM DEVICES
The main attention of this review is to the upstream ESDs.
Table 3 (next page) summarises the results of the model tests
and calculations conducted in each study. Where it was
possible, the data for ‘no ESD’ conditions are provided here
also. For such cases, a comment ‘none’ is put in the ‘ESD type’
column. The power-saving effect ΔPD is defined according to
the formula:

ΔPD =

(3)

Selected papers are briefly discussed below. The paper [24]
covers a vital topic; it is focused not on the design process
itself but on the method of model tests extrapolation for
the vessels with pre-swirl ESDs. The main issue is in fact
the extrapolation of the effective wake fraction. The authors
analyse the results of adopting known approaches (ITTC’78,
ITTC’99) and their own. The main difference between the
ITTC methods and the proposed one includes the fact that
the pre-swirl devices not only produce rotational inflow but
also alter the axial inflow, which should be treated separately
during scaling. A wide range of model test results are given
in the paper. Two vessels are taken into analysis: KVLLC2
(equipped with a pre-swirl duct) and KCS (equipped with
a pre-swirl stator) and results of adopting the subsequent
full-scale prognosis methods are compared.

Scaling
method

ESD

Vessel

VS
[knots]

wES
[–]

PDS
[kW]

nS
[rpm]

ITTC’78

None

KVLLC2

15.5

0.342

26226

71.73

ITTC’78

PSD

KVLLC2

15.5

0.363

24959

70.42

TTC’99

PSD

KVLLC2

15.5

0.383

24384

69.53

Moon et al.,
2017

PSD

KVLLC2

15.5

0.367

24793

70.23

ITTC’78

None

KCS

24.0

0.254

43.672

106.28

ITTC’78

PSS

KCS

24.0

0.282

42.857

105.19

TTC’99

PSS

KCS

24.0

0.303

41.833

103.73

Moon et al.,
2017

PSS

KCS

24.0

0.298

42.094

104.11

Paper [9] starts with an analysis of the energy losses
occurring on the marine propeller, providing vital insight
into possible recovery concepts. Axial losses are deduced
via ideal propulsor theory. Rotational losses were taken as
a remaining factor between the real propeller efficiency and
the ηi determined via BEM, with no viscosity effects included.
The design of a pre-swirl duct was realised via variational
optimization by means of FVM simulation. The vessel
adopted for the design example was VLCC. The model tests
were conducted both for ‘bare hull’ conditions and with ESD
installed. The precise value of the delivered power prognosis
was not given in the paper; only a quasi-propulsive efficiency
increase of 5.1% was declared. This is at a similar level to the
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Tab. 3. Upstream device installation effect
Paper

Ship type / Name

ESD type

ΔPD [%]

VS [kn]

[3]

JSBC

AD

6.0

7.5

[3]

Tanker

PSD

3.5

8.1

[5]

None

none

–

n [rpm]

[5]

None

PSS

3.0

[7]

Container Vessel

none

–

100.2
96.0

[7]

Container Vessel

PSS

5.0

[9]

VLCC

none

–

KT [–]

10KQ [–]

CT [–]

CN [–]

0.215

0.389

0.691

0.884

0.215

0.375

0.689

0.850

0.163

2.050

0.186

2.952

[9]

VLCC

PSD

5.1

[10]

KCS

none

–

24.0

654.0M

[10]

KCS

PSS

3.9

24.0

639.0M

[13]

n/a

none

–

16.21

473.4M

0.177

0.200

2.753

M

0.181

0.201

3.284

6.050

0.179

0.195

3.639

6.805

1.570

2.703

4.860

[13]

n/a

PSS

2.5

16.21

468.6

[13]

n/a

PSD

5.8

16.21

459.0M

[14]

KVLLC

none

–

15.5

75.1

[14]

KVLLC

PSS

5.6

15.5

70.9

[15]

Chemical Tanker

none

–

14.0

86.4

[15]

Chemical Tanker

PSS

[17]

Nawigator XXI

none

–

13.0

283.3

0.199

0.264

3.236

6.798

[17]

Nawigator XXI

PSS

10.0

13.0

273.6

0.225

0.283

4.890

11.258

[17]

Nawigator XXI

none

–

13.0

269.8

0.231

0.308

3.226

6.335

[17]

Nawigator XXI

PSS

7.4

13.0

257.7

0.255

0.327

4.825

10.589

[21]

n/a

none

–

15.0

3.698

[21]

n/a

PSD

3.3

15.0

5.716

[24]

KVLLC2

none

–

15.5

71.7

[24]

KVLLC2

PSS

3.1

15.5

69.5

[24]

KCS

none

–

24.0

106.3

[24]

KCS

PSS

4.2

24.0

103.7

[27]

32500 DWT Bulk Carrier

none

–

11.5

499.7M

0.196

5.858

[27]

32500 DWT Bulk Carrier

PSS

2.5

11.5

486.2M

0.208

8.915

M

0.207
0.214

14.0

[29]

180m Diamond 34 Bulk Carrier

none

–

14.0

559.2

[29]

180m Diamond 34 Bulk Carrier

PSS

1.6

14.0

550.2M

[31]

Bulk Carrier “VALVOLINE”

PSS

6.8

15.0

123.0
M

AD – accelerating duct; PSD – pre-swirl duct; PSS – pre-swirl stator; – model-scale value
Tab. 5. Particulars of analysed propeller and its operation
D [m]

P0.7/D [–]

A E /A0 [–]

Z [–]

10.0

0.714

0.4

4

Z [–]

KT [–]

ηi [–]

Axial losses [–]

Rotational losses [–]

CTa [–]

0.40

0.1855

0.6038

0.3308

0.0355

2.952

0.45

0.1630

0.6675

0.2718

0.0312

2.050

0.50

0.1401

0.7285

0.2183

0.0268

1.427

a – calculated based on data provided in original paper
one reported in paper [13], where a power reduction at a level
of 5.8% was declared from PSD installation (versus 2.5% from
PSS application). The latter paper also provides detailed results
of the model tests.
In paper [21] a ‘Crown Duct’ (CD) ESD device is discussed.
Unlike in the case of a ‘casual’ PSD, the duct part is not located
at the ESD’s tip but rather in midspan. Some of the pre-swirl
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foils end at the duct, but some of them extend beyond it or even
start at it. The CD design is realised via variational optimization
by means of FVM simulation. For the design example, a vessel
of design speed VS = 15 knots is adopted. The model tests were
carried out both for a ‘bare’ hull and with CD installed, for
two draughts (TA, TF values were not precisely defined). For
full-scale prediction, the ITTC’99 procedure of effective wake

Tab. 6. Full- scale prognosis
VS =13.0 knots

JS [–]

wTS [–]

ηHS [–]

η 0S [–]

ηDS [–]

TS [kN]

QS [kNm]

nS [rpm]

PDS [kW]

CP745

0.396

0.371

1.221

0.444

0.566

124

37.1

289.3

1123

CP745+ST001a

0.342

0.473

1.444

0.410

0.626

125

35.4

273.6

1014

b

CP745+ST001

0.340

0.476

1.452

0.408

0.627

125

35.4

273.0

1011

CP753

0.427

0.351

1.191

0.497

0.597

125

37.7

269.8

1065

CP753+ST002a

0.367

0.468

1.419

0.438

0.645

126

36.5

257.7

986

CP753+ST002b

0.363

0.474

1.435

0.434

0.646

126

36.5

257.0

982

a – scaling method according to ITTC’99; b – scaling method proposed in (Moon-Chan et al., 2017)
coefficient scaling was adopted and a power saving of 3.3% was
declared. The paper gives detailed results of the model tests.
Paper [3] begins with presentation of the data for a validation
case, which is a Japanese Bulk Carrier (JBC). For a speed
around VS = 7.5 knots (Fr = 0.142, as given in the paper), the
model test prognosis for delivered power is PDS = 2863 kW.
The corresponding test after installing the ESD (an accelerating
duct) yielded a delivered power prognosis of PDS = 2691 kW.
The resulting power reduction of 6.03% was considered to be
in sufficient agreement with one determined via finite volume
calculations (5.15%). FVM simulation was applied to design
via optimization the geometry of the ESD for another vessel,
the Tanker. For a speed around 8.1 knots (Fr = 0.141, as given
in the paper), the model test prediction for the delivered power
is PDS = 2813 kW. The corresponding test after installing the
ESD (a pre-swirl duct) brought a delivered power prediction
of PDS = 2716 kW. The resulting power reduction of 3.45% is
closer to the one determined via FVM simulation (2.95%)
than in the case of the JBC.
In paper [7] the pre-swirl stator is designed via the lifting
line method, which is applied for optimization of the bound
circulation distribution. For avoidance of flow separation on
the stator, the local value of the lift coefficient CL is kept below
the prescribed margin (the precise value is not given in the
paper). For the design case, a container vessel was adopted
(the vessel particulars are not provided, the propeller diameter
is D = 8.75 m). The model tests were conducted for a pre- swirl
stator of diameter 2Λ = 9.10 m, and two propellers revealed
a possible delivered power reduction at a level of 5.0% along
with a rate of revolution reduction by 4.2%. A quite similar
concept is given in paper [14], where, however, the stator
design is realised via the lifting surface method. It is assumed
to cancel around 50% of the propeller slipstream rotation
and have elliptic loading on each blade. Flow separation is
avoided by limitation of the angle of attack to 15°. For the
design example, the KVLLC with a design speed of VS = 15.5
knots was adopted. The model tests were conducted for
three configurations: without any ESD installed, with PSS as
designed and with the same PSS but turned by 180°. The tests
indicated a power reduction at a level of 5.6% and a propeller
rate of revolution reduction at a level of 5.5%. Meanwhile, the
mirror PSS kept a very similar revolution reduction but nearly
no power reduction (0.7%).
Paper [27] addresses the topic of a PSS in the form
of controllable pre-swirl fins (CPSF), having fixed and

controllable (‘flap’) parts. The blades are designed via
variational optimization by means of FVM simulations.
The advantage of the adopted solution is that each blade can
be adapted for actual vessel loading conditions to preserve
the optimal propulsor operation. For the design example,
a 32500 DWT bulk carrier was selected. The model tests
were carried out for two draughts: ‘Design’ (T = 10.0 m, even
keel) and ‘Ballast’ (TA = 7.0 m, TF = 5.0), both for the propeller
operating alone and with ESD installed, at each draught. The
flap angle was optimised before these tests. Power saving at
a level of 2.5% for the design draught and even 4.8% for the
ballast draught was declared.
Paper [15] addresses the topic of pre-swirl stator design.
As in most cases in current research, it is realised via
optimization by means of FVM simulation. The vessel adopted
for the design example is the Chemical Tanker. Despite the
model tests conducted, no complete full-scale prognosis with
the ESD is provided in the paper. Only selected propulsive
coefficients are compared before and after installing the ESD,
and it can be stated only that the expected hull efficiency
value will rise from the value of 1.170 to 1.242 due to the
presence of the ESD.
In the dissertation [17], two propulsor systems are presented
(along with model test results): propeller CP745 with the
pre-swirl stator ST001 and propeller CP753 with the PSS
ST002. Both propulsor systems were designed via a combined
lifting line–lifting surface approach (the latter with its more
mature version). Each PSS blade is assumed to have an elliptic
loading distribution. The vessel adopted for the design case
was Nawigator XXI with the design speed defined as VS = 13.0
knots. The model tests were conducted for cases both with
and without the ESD.
The discussed propulsor systems were earlier presented in
papers [16], [18], [19] and [20]. The data presented in [17]
may differ slightly as it was re-calculated anew.
Paper [31] describes the PSS design procedure and analysis
of its impact on the economic aspect of the vessel’s exploitation.
As stated in the paper, the design procedure includes:
“1. RANS computation to obtain the wake field at the pre-selected
PSS positions
2. BEM optimisation to obtain the optimal twist and camber
of the PSS
3. Creation of parametric model for ESD
4. RANS Self-propulsion computations/optimisations to
evaluate the PSS design”.
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For the design example, the Bulk Carrier “VALVOLINE”
with the design speed of VS = 15.0 knots was adopted. The
design propeller rate of revolution is defined as nS = 123 rpm.
The FVM simulation predicted a delivered power reduction
by 5.3% due to PSS installation, while sea trials revealed it
to be 6.8%. The propeller rate of revolution was reduced by
5.2% due to the PSS.
In paper [32] the approach to PSS design is based on
circulation distribution, replaced with the equivalent angle
of attack. The detailed criteria for selecting the stator loading
distribution and magnitude are not given, however. For
the design example, the Kriso Container Ship (KCS) was
adopted. The numerical results presented in the paper refer
to the influence of the PSS on the hull resistance (resistance
tests, without operating propeller), indicating a predicted
effective power increase of 11% due to installation of the PSS.
No self-propulsion test results or simulations were presented
in this paper.
DOWNSTREAM DEVICES
Table 7 is constructed in a similar manner to Table 3 and
presents corresponding data for downstream devices.
Paper [2] covers the topic of a post-swirl stator. Vortex
representation of the lifting blades is utilised. The propeller
is designed individually and then the stator is designed as
a retrofit and the study “therefore neglects the effect of the stator
in the optimization process of the propeller”. The design criterion
for the stator demands cancellation of the fluid rotation passing
through it. This criterion gives a direct relation between the
bound circulation on the stator and that of the propeller. Two
design examples are presented in the paper, the ‘Trawler’ and
the ‘Tanker’. The particulars of the vessels are not provided;
only operating parameters assumptions are given. An FVM
simulation for the full scale was carried out to analyse the

designed propulsors (propeller + stator). A similar design
approach to PoSS is adopted in paper [8]. A vortex model is
applied and the design criterion demands rotation cancellation
after the stator also. As the design example a 286 m Container
Ship was adopted. The required thrust is defined as “roughly
T = 2910416.35N”. The model tests indicate 6.1% point
higher efficiency for the propeller+stator system than for the
equivalent stand-alone propeller.
In paper [10] the topic is a combined ESD, consisting of
a wavy twisted rudder (WTR), tip raked propeller (TRP) and
pre-swirl stator. The PSS design is conducted via potential
code in the initial stage and is finalised with FVM. The design
case adopted as the example is the Kriso Container Ship
(KCS). In the first part of the paper, model tests with various
rudder types are conducted to reveal the delivered power’s
dependency on the selected rudder type. Based upon these
results, the WTR was adopted for further work. Subsequent
model tests were conducted with each ESD (PSS, TPR and
WTR) installed alone and with all of them together (combined
ESD), revealing that the sum of the power-saving effects of
ESDs installed individually (7.16%) is notably higher than
that for the combined ESD (5.36%). This is easily explained
by the fact that some of the applied ESDs recover the same
energy losses components.
Paper [12] covers the topic of twisted rudder design. Three
types of twisted rudders were investigated in this study,
including a ‘bare’ twisted rudder blade, a second one with
a bulb and a third with additional fins installed on the bulb.
As a reference level, a standard horn-type rudder was taken.
The model tests revealed that the rudder equipped with the
bulb brought the lowest saving effect (2.0%), while the one with
additional fins on the bulb gave the highest effect (2.9%). The
bare twisted rudder gave a 2.3% power-saving effect.
Paper [29] is focused mainly on the rudder type and the
influence of its distance from the propeller on the propulsion

Tab. 7. Effect of downstream device installation
Paper

Ship type / Name

ESD type

ΔPD [%]

VS [kn]

n [rpm]

KT [–]

PoSS

10.0

380.0

0.104

PoSS

12.5

247.0

0.181

10KQ [–]

CT [–]

CN [–]

[2]

Trawler

[2]

Tanker

0.117

2.792

6.388

0.232

2.294

4.119

[4]

Cargo Vessel A

PBCF

0.8

0.388

0.475

5.105

8.921

[4]

Cargo Vessel B

PBCF

1.8

0.385

0.475

5.058

8.923

[8]

Container Ship

none

–

22.0

0.220

0.344

1.073

1.458

[8]

Container Ship

PoSS

6.1

22.0

0.239

0.345

1.166

1.463

[10]

KCS

FSR

–

24.0

654.0M

[10]

KCS

TR

1.5

24.0

654.0M

[10]

KCS

WTR

1.8

24.0

652.2M

[12]

13,200 TEU Container Ship

none

–

20.0

477.0M

0.205

0.353

1.115

1.770

M

1.117

1.761

[12]

13,200 TEU Container Ship

ZB-F TR

2.9

20.0

473.4

0.205

0.351

[29]

180m Diamond 34 Bulk Carrier

Orig

–

14.0

559.2

0.157

0.208

[29]

180m Diamond 34 Bulk Carrier

Naca

0.3

14.0

557.4

0.157

0.209

PoSS – post-swirl stator; FSR – full spade rudder; TR – twisted rudder; WTR – wavy twisted rudder;
Orig – original horn rudder; Naca – spade rudder with NACA20 section; ZB-F TR – twisted rudder with bulb and fins;
M
– model-scale value
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characteristics. Moreover, the paper presents some results with
the PSS installed; however, for this case only numerical results
are available. For the design example a 180 m Diamond 34
Bulk Carrier was adopted. The design speed is V = 14 knots
(Fr = 0.173). The model tests were conducted for two rudder
types (ORIG – the original horn rudder and NACA – a spade
rudder based on a NACA20 section), for three values of the
propeller–rudder distance for each of them:
Tab. 8. Model test results for rudder ORIG
Rudder

ΔX/D
[–]

TM
[N]

QM
[Nm]

nM
[rps]

2πQM nM
[W]

KT a
[–]

KO a
[–]

ORIG

0.455

42.78

1.333

9.42

78.92

0.1556

0.0205

ORIG

0.371

42.22

1.318

9.32

77.18

0.1569

0.0208

ORIG

0.286

42.97

1.331

9.32

77.96

0.1597

0.0210

NACA

0.441

41.66

1.330

9.39

78.47

0.1525

0.0206

NACA

0.357

41.75

1.323

9.35

77.68

0.1542

0.0207

NACA

0.272

41.95

1.319

9.29

76.98

0.1569

0.0209

NACA

0.272

41.95

1.319

9.29

76.98

0.1569

0.0209

PROPELLER LOADING AND ENERGYSAVING EFFECT
As one can imagine, the wide scatter of data presented above
does not allow all of them to be arranged on a common base
that would provide a reliable reference level for power-saving
evaluation. Thus only selected values from the data presented
above are taken for the analysis.
Plotting the energy-saving effect versus propeller loading
(determined for ‘No ESD’ conditions), as in Fig. 2, leads to
the clear conclusion that the propellers with higher loading
reveal a higher potential for the energy-saving effect:

a – calculated based on data provided in original paper
The influence of the pre-swirl stator was analysed via FVM
simulation only for configuration with the ORIG rudder.
This simulation indicated a power reduction of 1.8% and
a revolution reduction of 1.61% due to PSS installation. The
detailed design procedure for the PSS was not provided in
the paper. It was only stated that its blades are: “angled based
on the flow direction in the region where they operate in order
not to introduce extreme angles of attack and separation on the
fins.” Figures included in the paper suggest symmetric section
profiles, but this is not stated directly. There must, however,
be some non-zero camber and/or angle of attack, as there is
a lift force generated on the PSS blades and it introduces the
required counter-swirl, as stated in the paper.
In paper [4] a well-developed theoretical method for design
of a propeller and dedicated propeller boss cap fins (PBCF) is
provided. Preliminary calculations are based on vortex flow
models, and precede more CFD calculations for verification
of the produced design. In paper [22] PBCFs are analysed
together with a divergent propeller hub cap. The first part of
the paper is focused on representing the optimisation scheme,
fuelled by CFD-derived and experimental data, where the
parametrically described geometry of the PBCFs was analysed.
A similar analysis was conducted for several concepts of the
divergent hub cap. Another important contribution of this
paper is the description of the experimental method, which
is suitable for conducting an open water test for propellers
equipped with PBCFs, which differs slightly from standard
open water tests. The results show that the PBCFs may increase
the propeller’s open water efficiency, but the divergent cap
applied for the propeller with PBCFs reduced the efficiency
by 7.5%, which suggests that this shape of cap was not good
for this case. This conclusion is supported by the increased
hub vortex reported for the model test with the divergent cap.

Fig. 2. Stand-alone propeller loading versus power-saving effect

Loading coefficients CT and CN represent the propeller
loading with respect to the inflow velocity to the propeller
disc. The propeller operating conditions may also be related
to the rate of revolution, by coefficients KT, KQ. Plotting the
energy-saving effect versus these, as in Fig. 3, did not allow
any clear trend to be identified and hence no trend line was
plotted.

Fig. 3. Stand-alone propeller loading versus power-saving effect

The situation above is well explained by the fact that the
CT/N coefficients relate the propeller loading to the energy
brought by the inflowing stream, while KT/Q instead provides
information on whether the propeller should be regarded
as slow rotating or fast rotating. The latter concept is not
necessarily directly determined by whether the propeller is
highly or lightly loaded.
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Another possibility for evaluating the energy-saving effect is
to plot it versus the revolution reduction, as presented in Fig. 4:

Fig. 4. Rate of revolution reduction versus power-saving effect

It has to be underlined that the latter method is not sufficient
to evaluate the potential energy saving that can be expected
for a particular propeller upon its stand-alone loading, but
rather helps to evaluate the general quality of a particular
ESD. A clear positive trend may be observed, but cases like the
one described in [14] have to be kept in mind, when similar
revolution reduction is accompanied by notably different
power reduction values.
The analysis above was prepared for upstream devices only
due to the completeness of the collected data. To evaluate
the quality of the downstream devices analysed, their power
savings were compared to the trend lines drawn for upstream
devices:
Tab. 9. Downstream devices evaluation
Paper

Ship type / Name

ESD

Expected (trend line
based on)
CT

CN

1-Δn

ΔP
[%]

[8]

Container Ship

PoSS

2.5

1.5

–

6.1

[10]

KCS

TR

–

–

0.0

1.5

[10]

KCS

WTR

–

–

0.3

1.8

[12]

13,200 TEU
Container Ship

ZB-F
TR

2.5

1.8

0.9

2.9

[29]

180m Diamond
34 Bulk Carrier

NACA

–

–

0.4

0.3

In table 9. signs “–” were put where sufficient data was
not provided in the original papers. It can be seen, however,
that the post-swirl stator reveals a notably more favourable
operation effect than upstream devices installed with the
propellers of corresponding loading. Another observation is
that the trend line relating the power-saving effect with the
revolution reduction may not be sufficient for evaluation of
rudders that are considered as ESDs. It seems that the problem
is not that there is no data for very low values of revolution
reduction (the rudders analysed in this review yield nearly
no revolution reduction), but the different hydrodynamic
behaviour. Proper evaluation of rudders considered as ESDs
requires a greater amount of data to be collected.
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CONCLUSIONS
As concluding remarks of this review, the following may
be stated:
■ The design of ESDs is dominated by the use of optimization
algorithms. The differences between particular studies lie
mainly in the flow model adopted (potential or viscous) and
the particular aspect undergoing the optimization process
(loading distribution or geometry).
■ Vortex models are being displaced by modern CFD but
they still have an important role, especially at the initial
stages of the design process. However, even modern CFD
has a tendency to underestimate the expected power-saving
effect.
■ Proper analysis of vessels equipped with ESDs requires
dedicated extrapolation methods for propulsion prognosis
and sometimes conducting the model tests themselves.
■ The expected power-saving level for most ESDs is around
3‒6%; higher propeller loading brings more potential for
energy recovery. Each case should be analysed carefully to
deduce the amount of energy losses that are to be recovered.
■ Among the upstream devices that were analysed in this
review, pre-swirl ducts revealed power savings at a similar
level to pre-swirl stators. However, their additional advantage
is the improvement of the axial inflow to the propeller.
■ Reasonable power saving may be achieved by replacing the
classical spade rudder by one with a twisted leading edge
(around 3%).
ACKNOWLEDGEMENT
The research was partly financed by the National Centre
for Research and Development of the Republic of Poland,
within the framework of the Esthetics project (POLTUR3/
ESTHETICS/1/2019).

REFERENCES
1. I. H. Abbott, A. E. Doenhoff, Theory of wing sections including
a summary of airfoil data. New York: Dover Publications,
1959.
2. F. Celik, M. Guner, “Energy saving device of stator for marine
propellers,” Ocean Engineering, vol. 34, pp. 850–855, 2007
3. J.P. Chen, J. Su, J.W. Jie, L.Yang, “Investigation on propulsion
and flow field of ships with energy saving devices using CFD
predictions and model tests,” in 12th International Conference
on Hydrodynamics, Egmond aan Zee, The Netherlands,
September 2016.
4. M. Cheng, C. Hao-peng, Q. Zheng-fang, C. Ke, “The design
of propeller and propeller boss cap fins (PBCF) by an
integrative method,” Journal of Hydrodynamics, vol. 26 (4),
pp. 586–593, 2014.

5. B. W. Coney, A method for the design of a class of optimum
marine propulsors. Massachusetts Institute of Technology,
1989.

17. P. Król, “A new design method of propulsor systems with
optimum distribution of bound circulation,” Gdańsk
University of Technology, 2019.

6. L. Guangnian, Q. Chen, Y. Liu, “Experimental study of
dynamic structure of propeller tip vortex,” Polish Maritime
Research, vol. 27 (2), pp. 11–18, 2020.

18. P. Król, T. Bugalski, “Application of vortex flow model in
propeller-stator system design and analysis,” Polish Maritime
Research, vol. 25(1), pp. 24–32, 2018.

7. P. M. Hooijmans, J. Holtrop, J. Windt, “Refitting to save fuel
and new approaches in the design of new buildings,” in 11th
International Symposium on Practical Design of Ships and
Other Floating Structures, 2010.

19. P. Król, T. Bugalski, M. Wawrzusiszyn, “Development of
numerical methods for marine propeller-pre-swirl stator
system design and analysis,” in Fifth International Symposium
on Marine Propulsors smp’17, 2017.

8. L. X. Hou, C. H. Wang, A. K. Hu, F. L. Han, “Wake-adapted
design of fixed guide vane type energy saving device for
marine propeller,” Ocean Engineering, vol. 110(B), pp 11–17,
2015

20. P. Król, K. Tesch, “Pre-swirl energy saving device in marine
application,” in XXIII Krajowa Konferencja Mechaniki
Płynów, Zawiercie, 2018.

9. S. Hyun-Joon, L. Jong-Seung, L. Jang-Hoon, MyungRyun Han, H. Eui-Beom, S. Sung-Chul, “Numerical
and experimental investigation of conventional and
un-conventional preswirl duct for VLCC,” International
Journal of Naval Architecture and Ocean Engineering,
vol. 5(3), pp 414–430, 2013
10. L. Joon-Hyoung, K. Moon-Chan, S. Young-Jin, K. Jin-Gu,
“Study on performance of combined energy saving devices
for container ship by experiments”, Fifth International
Symposium on Marine Propulsors smp’17, 2017.
11. J. E. Kerwin, W. B. Coney, C.-Y. Hsin, “Hydrodynamic aspects
of propeller/stator design,” The Society of Naval Architects
and Marine Engineers, Propeller ’88 Symposium 5th, 1988.
12. J.-H. Kim, J.-E. Choi, B.-J. Choi, S.-H. Chung, “Twisted
rudder for reducing fuel-oil consumption,” Ocean Engeering,
vol. 6, pp. 715–722, 2014.
13. J.-H. Kim, J.-E. Choi, B.-J. Choi, S-H. Chung, H.-W. Seo,
“Development of energy-saving devices for a full slowspeed ship through improving propulsion performance,”
International Journal of Naval Architecture and Ocean
Engineering, vol. 7, pp. 390–398, 2015.
14. M. C. Kim, H. H. Chun, Y. D. Kang, “Design and experimental
study on a new concept of preswirl stator as an efficient
energy-saving device for slow speed full body ship,” SNAME
vol 112, pp 111–121, 2004.
15. V. Kraslinikov, K. Koushan, M. Nataletti, L. Sileo, S. Spence,
“Design and numerical and experimental investigation of
pre-swirl stators PSS,” in Sixth International Symposium on
Marine Propulsors SMP’19, 2019.
16. P. Król, “Vortex model of ideal guide vane and its application
to the real guide vane,” in Sixth International Symposium on
Marine Propulsors SMP’19, 2019.

21. L. Kwi-Joo, A. Jung-Sun, K. Han-Joung, “Comparative study
between results of theoretical calculation and model test
for performance confirmation of ‘Crown Duct’,” Journal of
Ocean Engineering and Technology, vol. 28(1), pp. 1–5, 2014.
22. S.-S. Lim, T.-W. Kim, D.-M. Lee, C.-G. Kang, S.-Y. Kim,
“Parametric study of propeller boss cap fins for container
ships,” International Journal of Naval Architecture and Ocean
Engineering, vol. 6(2), pp. 187–205, 2014; published online
Epub6.
23. A. Minchev, M. Schmidt, S. Schnack, “Contemporary bulk
carrier design to meet IMO EEDI requirements,” Third
International Symposium on Marine Propulsors smp’13, 2013.
24. K. Moon-Chan, S. Yong-Jin, L. Won-Joon, L. Joon-Hyoung,
“Study on extrapolation method for self-propulsion test with
pre-swirl device,” Fifth International Symposium on Marine
Propulsors smp’17, 2017.
25. A. Nadery, H. Ghassemi, “Numerical investigation of the
hydrodynamic performance of the propeller behind the ship
with and without WED,” Polish Maritime Research, vol. 27(4),
pp. 50–59, 2020.
26. H. Nouroozi, H. Zeraatgar, “Propeller hydrodynamic
characteristics in oblique flow by unsteady RANSE solver,”
Polish Maritime Research, vol. 27(1), pp. 6–17, 2020.
27. J. R. Nielsen, W. Jin, “Pre-swirl fins adapted to different
operation conditions,” Sixth International Symposium on
Marine Propulsors SMP’19, 2019.
28. S. Park, G. Oh, S. Rhee, B.-Y. Koo, H. Lee, “Full scale wake
prediction of an energy saving device by using computational
fluid dynamics,” Ocean Engineering, vol. 101, pp. 254–263,
2015.
29. C. D. Simonsen, C. Nielsen, C. Klimt-Møllenbach, C. R.
Holm, A. Minchev, “CFD based investigation of potential
POLISH MARITIME RESEARCH, No 1/2021

81

power saving for different rudder types, positions and preswirl fins,” Siemens report, November 2012.
30. T. T. Ngoc, D. D. Luu, T. T. H. Nguyen, T. T. T. Nguyen,
M. V. Nguyen, “Numerical prediction of propeller – hull
interaction characteristics using RANS method,” Polish
Maritime Research, vol. 26(2), pp. 163–172, 2019.
31. Y. Xing-Kaeding, S. Gatchell, H. Streckwall, “Towards
practical design optimization of pre-swirl device and its
life cycle assessment,” in Fourth International Symposium
on Marine Propulsors SMP’15, 2015.
32. S. Yong-Jin, K. Moon-Chan, L. Won-Joon, L. Kyoung-Wan,
L. Joon-Hyoung,“Numerical and experimental investigation
of performance of the asymmetric pre-swirl stator for
container ship,” in Fourth International Symposium on Marine
Propulsors SMP’15, 2015.
33. J. Zou, G. Tan, H. Sun, J. Xu, Y. Hou, “Numerical simulation
of the ducted propeller and application to a semi-submerged
vehicle,” Polish Maritime Research, vol. 27(2), pp. 19–29, 2020.
34. Y. Zhang, X. Wu, M. Lai, G. Zhou, J. Zhang, “Feasibility study
of RANS in predicting propeller cavitation in behind-hull
conditions,” Polish Maritime Research, vol. 27(4), pp. 26–35,
2020.

82

POLISH MARITIME RESEARCH, No 1/2021

CONTACT WITH THE AUTHOR
Przemysław Król
e-mail: przemyslaw.krol@cto.gda.pl
Ship Design and Research Centre
Szczecińska 65, 80-392 Gdańsk
Poland

POLISH MARITIME RESEARCH 1 (109) 2021 Vol. 28; pp. 83-96
10.2478/pomr-2021-0008

MODELLING SHIPS MAIN AND AUXILIARY ENGINE
POWERS WITH REGRESSION-BASED MACHINE
LEARNING ALGORITHMS
Fatih Okumuş *
Araks Ekmekçioğlu
Selin Soner Kara
Yildiz Technical University, Istanbul, Turkey
* Corresponding author: hfatihokumus@gmail.com (F.Okumus)

ABSTRACT

Based on data from seven different ship types, this paper provides mathematical relationships that allow us to estimate
the main and auxiliary engine power of new ships. With these mathematical relationships we can estimate the power
of the engine based on the ship’s length (L), gross tonnage (GT) and age. We developed these approaches using simple
linear regression, polynomial regression, K-nearest neighbours (KNN) regression and gradient boosting machine
(GBM) regression algorithms. The relationships presented here have a practical application: during the pre-parametric
design of new ships, our mathematical relationships can be used to estimate the power of the engines so that more
environmentally friendly ships may be built. In addition, with the machine learning methodology, the prediction of the
main engine (ME) and auxiliary engine (AE) powers used in the numerical calculation of ship-based emissions provides
data for researchers working on emission calculations. We conclude that the GBM regression algorithm provides more
accurate solutions to estimate the main and auxiliary engine power of a ship than other algorithms used in the study.

Keywords: : machine learning, regression, ship emissions, engine power, prediction

INTRODUCTION
Machine learning is a system that investigates the work
and construction of algorithms that can make predictions
by making inferences using mathematical and statistical
methods from the available data. In machine learning, which
is a sub-discipline of artificial intelligence, the algorithms
work by building a model to make predictions from sample
inputs with the help of computers and software.
The effects of ship-based exhaust emissions include
reduction in the air quality, especially in a country’s inland
waters, the straits, and port areas. These emissions and
greenhouse gases are also among the major factors causing
global climate change. Two approaches stand out in the
literature to estimate emissions from ships. One is the topdown approach, which is based on the fuel consumed by the
ship, and the other is the bottom-up approach, which uses
the ship’s main and auxiliary machinery forces, based on the
manoeuvre, cruise, and port activities.

Looking at the research on the application of machine
learning in the maritime industry in the literature, Ekmekçioğlu
et al. [1] calculated the exhaust emissions from ships arriving
at four major ports of Turkey for a year using real numerical
data such as the main engine power and speed, auxiliary engine
power, and the duration of stay in port. In his study, Trozzi [2]
proposed a function based on the ship type and gross tonnage
in calculation of the ship’s main engine power. He used nonlinear regression for ship-based emission calculation. He also
proposed the estimated average vessel ratios of the auxiliary
engines / main engines by ship type. Yan et al. [3] proposed
a two-stage fuel consumption prediction and fuel reduction
model for a dry bulk ship. In the first stage, they created a fuel
consumption prediction model that takes into account the
ship’s sailing speed, cargo weight, sea and weather conditions
by using the random forest regression. In the second stage, they
developed a speed optimisation model based on the prediction
model proposed in the first stage. They concluded that the
proposed model could reduce the ship’s fuel consumption
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by 2–7% and this reduction would also lead to lower CO2
emissions. Huang et al. [4] calculated ship exhaust emissions
using the activity-based STEAM (Ship Traffic Emissions
Assessment Model) method. They used machine learning
(80% training set, 20% test set) and the polynomial regression
method to calculate the value of the unknown main engine
power according to the ship’s dimensions. Tran [5] emphasised
the effect of fuel consumption on CO2 emissions and used
fuzzy clustering to examine the effect of loading a bulk carrier,
which he took as a case study, on the fuel consumption. He
concluded that the novel methodology showed that machine
learning could be used to make decisions for the optimum
loading of the ship, in the study where parameters such as
wind speed, wave height, ship speed, distance travelled, and
shaft speed were analysed.
In their studies, Yan et al. [6] applied big data analysis by
considering environmental factors to optimise the engine
speeds of inland ships. They proposed a distributed parallel
k-means analysis for clustering environmental factors into
multiple groups and a model to optimise ships’ energy
efficiency. They conducted a case study to verify their method
on the Yangtze River, and concluded that the method they
developed could increase ships’ energy conservation and
emission reduction. Cepowski [7] used the ship’s speed and
deadweight or TEU capacity properties to estimate the total
machine power of bulk carriers and container vessels. Requia
et al. [8] estimated and compared PM2.5 components with
ordinary kriging (OK) interpolation, hybrid interpolation
and machine learning (forest-based regression) methods. They
concluded that the forest model offers the best performance
because the R 2 value is higher than 0.7 for most of the particle
components. They stated that their results may be useful for
more accurate prediction of PM2.5 components in the air.
Uyanık et al. [9] performed the fuel consumption optimisation
of a container ship with machine learning using multiple
linear regression, ridge and lasso regression, support vector
regression, tree-based algorithms and boosting algorithms.
They compared the prediction models in their studies and
they found that parameters such as the main engine rpm,
cylinder values, scavenge air and shaft indicators are highly
correlated with fuel consumption, and stated that they found
the most accurate estimate with multiple regression and ridge
regression. Barua et al. [10] explored international freight
transportation management through machine learning. They
discussed how it is applied in the fields of maritime transport,
air cargo and intermodal transport using different machine
learning methods such as demand forecasting, operation
and asset maintenance, vehicle trajectory and on-time
performance prediction. They proposed four directions
for future research. Peng et al. [11] estimated the energy
consumption of ships in China’s Jingtang port and discussed
their strategies to reduce energy consumption and proposed
prediction models. They used the gradient boosting regression,
random forest regression, BP network, linear regression and
K-nearest neighbour regression machine learning models and
analysed 15 features that have an impact on ships’ energy
consumption as input. They concluded that net tonnage,
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deadweight tonnage, actual weight and efficiency of facilities
are the four most important features to predict the energy
consumption of the ships. Jeong et al. [12] made predictions
of time for shipbuilding production processes using machine
learning technology. In their study, they analysed data with
the R and Phthon programs, they created prediction models
and confirmed these models using criteria such as the mean
absolute percent error and root mean squared logarithmic
error. Gkerekos et al. [13] investigated the effectiveness of
different multiple regression algorithms to estimate ships’
main engine fuel oil consumption. They considered the
noon reports and automatic data logging and monitoring
systems for data collection. They compared machine learning
regression algorithms such as linear regression, decision tree
regressors, random forest regressors, extra trees regressors,
support vector regressors, K-nearest neighbours, artificial
neural networks and ensemble methods, and stated that
the best performance was shown by extra trees regressors
and random forest regressors. Jonquais and Krempl [14]
used machine learning to make predictions about shipping
times between South East Asia and North America. By using
the random forest algorithm and creating four models to
produce estimates, they created a tool that gives superior
results over traditional methods. Bodunov et al. [15] estimated
a destination and an estimated time of arrival (ETA) for
maritime traffic using a machine learning method using
geo-spatial data, random forest, gradient boosting decision
trees, XGBoost trees and extremely randomised trees models
for destination prediction; they used feed forward neural
networks for arrival time estimation. They achieved 97%
accuracy in the destination estimate and 90% accuracy in the
ETA estimate. In their study, Yuan and Nian [16] emphasised
the importance of improving ship energy efficiency and
reducing ship emissions, and they developed a Gaussian
process metamodel to predict ships’ fuel consumption in
different scenarios, taking into account the operating and
weather conditions such as speed, trim, wind and wave effects.
With the case study, they demonstrated the accuracy and
effectiveness of using the Gaussian process metamodel for
the prediction of ships’ energy consumption. Farag and Ölçer
[17] stated that fuel consumption is a very important tool
in reducing greenhouse gas emissions. They developed an
estimation model for the fuel consumption of ships using
artificial neural network and multiple regression techniques.
Finally, they used the model they developed to estimate the
fuel savings that one ship can make during a voyage. Bui-Duy
and Vu-Thi-Minh [18] created a deep-based fuel consumption
model for the shipping route selection of container ships in
Asia. They offered an idea that helped choose the optimal
route to minimise fuel costs. They stated that the model,
which has five input variables, namely average velocity, sailing
time, ship capacity, wind speed and wind direction, has an
accuracy of close to 95%. Hao Cui et al. [19] proposed a new
machine-learning-based ship design optimisation approach.
They used a multi-objective particle swarm optimisation
method, multi-agent system and CAE software to build an
optimisation system. They conducted a dry cargo vessel design

optimisation as a case study to evaluate the conformity of
the method they created to the real world. Peker et al. [20]
created a model that can predict the heating and cooling
load of houses by using machine learning algorithms with
a data set with eight input and two output values. They used
and compared machine learning algorithms such as support
vector machine regression, linear regression, random forest
regression and nearest neighbour regression, and concluded
that the best predictive success was achieved by the random
forest regression algorithm. In this study, the ship length,
gross tonnage, and age data were weak in predicting the
ship’s main power. With KNN regression, the main engine
power can be successfully estimated, but the most successful

algorithm was the GBM algorithm. Similarly, linear and
polynomial regression is not sufficient for predicting auxiliary
machine power. While KNN regression received a pass grade,
the GBM regression algorithm predicted quite successfully.

AIM OF RESEARCH
Previous studies were examined according to their
methods, inputs, outputs and R 2 values and the similarities
and differences between this study and other articles were
revealed. The comparison with previous studies is shown
in Table 1.

Tab. 1. Comparison with previous studies.
Study

Method

Inputs

Outputs

R2

This study

Linear regression

GRT, length, age

ME power

0.68

This study

Linear regression

ME Power, length, age

AE power

0.68

This study

Polynomial regression

GRT, length, age

ME power

0.8

This study

Polynomial regression

ME power, length, age

AE power

0.69

This study

K-nearest neighbour regression

GRT, length, age

ME power

0.86

This study

K-nearest neighbour regression

ME power, length, age

AE power

0.74

This study

Gradient boosting regression

GRT, length, age

ME power

0.95

This study

Gradient boosting regression

ME power, length, age

AE power

0.93

Yan et al. [3]

Random forest regression

Sailing speed, cargo weight, weather conditions

Fuel consumption

0.72

Huang et al. [4]

Polynomial regression

Cargo ships, length, breadth

ME power

0.91

Huang et al. [4]

Polynomial regression

Tankers, length, breadth

ME power

0.87

Requia et al. [8]

Forest model

25 predictors representing land use

PM 2.5 emission

0.93

Peng et al. [11]

Random forest regression

15 features consisting of inherent properties of
container ships and external features of ports

Ship energy consumption

0.94

Peng et al. [11]

Linear regression

15 features consisting of inherent properties of
container ships and external features of ports

Ship energy consumption

0.77

Peng et al. [11]

K-nearest neighbour regression

15 features consisting of inherent properties of
container ships and external features of ports

Ship energy consumption

0.62

Peng et al. [11]

Gradient boosting regression

15 features consisting of inherent properties of
container ships and external features of ports

Ship energy consumption

0.91

Gkerekos et al. [13]

Random forest regression

Load conditions, weather conditions, speed,
sailing distance, draft

Ship ME fuel consumption

0.87

Gkerekos et al. [13]

K-nearest neighbour regression

Load conditions, weather conditions, speed,
sailing distance, draft

Ship ME fuel consumption

0.78

Gkerekos et al. [13]

Boosting

Load conditions, weather conditions, speed,
sailing distance, draft

Ship ME fuel consumption

0.90

Jonquais and Krempl [14]

Random forest regression

Carrier, shipper, route

Shipping times for
departure

0.88

Jonquais and Krempl [14]

Neural networks model

Carrier, shipper, route

Shipping times for
departure

0.85

Farag and Ölçer [17]

Artificial neural network

Speed, depth, wind speed, wave parameters,
swell parameters, sea current

Brake power

0.96

Farag and Ölçer [17]

Artificial neural network

Speed, depth, wind speed, wave parameters,
swell parameters, sea current

Fuel consumption

0.89
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In this study, we use different machine learning methods
and comparisons in order to estimate the main and auxiliary
engine powers of the ships, which are necessary for numerical
calculation of the emissions of exhaust gas originating from
the maritime sector.

MATERIALS AND METHOD
MODEL VALIDATION
The accuracy of the model’s predictions is calculated
by comparing the actual power values of the main and
auxiliary engine with the corresponding predicted values.
Ten-fold cross-validation was applied to check the model
performance. The dataset was randomly divided into 10 parts,
train the model on 9 partitions and predict the properties of
the remaining set. This process was repeated 10 times for each
section. The prediction ability of the model is then evaluated
as the average performance of the model in all repetitions. The
root mean squared error (RMSE), mean absolute error (MAE),
and R-squared (R 2) were used to assess the performance of
the developed regression models.

auxiliary engine power for each ship. While 80% of these data
of these ships are used to train the model, 20% of them are
used for testing. Samples were taken from seven different ship
types: chemical tanker, container, general cargo, LPG tanker,
oil product tanker, Ro-Ro ship, and search and rescue ship.
The gross tonnage of the ships varies between 74 and 162960.
The oldest ship was produced in 1925, while the newest ship
was built in 2018. The lengths of the ships were kept in a wide
range from 18.25 m to 368 m. The main machine power and
auxiliary machine power to be estimated vary in the ranges of
147–72240 kW and 37–9600 kW, respectively. Table 2 provides
statistical data on the ships.
Tab. 2. Statistical data of the data set
Minimum

1St.
Qu.

Median

Mean

3rd.
Qu

Maximum

Gross
tonnage

74

3505

9927

21654

29982

162960

Length

18.28

106.00

141.00

154.86

189.99

368.00

ME
power

147

1920

5400

8839

10500

72240

AE
power

37

253

500

738

910

9600

DETERMINING THE INDEPENDENT VARIABLES

RMSE =

(1)

As shown above, yi and respectively represent the actual
power values and estimated power values. Since the aim of
training the model is to reduce the difference between these
two values as much as possible, the model with a small RMSE
value was accepted as superior.
The MAE measures the average magnitude of errors in
a series of estimates, regardless of their direction. It is the
average of the absolute differences between the estimate and
the actual observation that all individual differences have
equal weight on the test sample. Its analytical expression is
as follows:

MAE =

|yi – |

(2)

The R 2 correlation coefficient is used to evaluate the
performance of the models and is given as follows:

R2 = 1 –

(3)

represents the mean value of yi. It is a measure showing
how close each data point is to the regression line with the
R 2 value. It is always positive and between 0 and 1.
DATA SET
In this study, data containing information from 4037
different ships were used. The dataset includes the ship type,
gross tonnage, year of manufacture, length, and the main and
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The separation of resistance components in terms of the
scale effect and its first use in model–ship extrapolation was
introduced by Froude. In this method, which is today called
the Froude hypothesis, total resistance is divided into friction
and residual resistance; the friction resistance is assumed to be
equal to one equivalent plate resistance in the same area as the
ship’s wet area, and the difference between the total resistance
and friction resistance is defined as the residual resistance.
There are various methods for calculating the ship’s total
resistance and resistance components. CFD (computational
fluid dynamics), panel methods, other numerical techniques,
model experiments, empirical and statistical approaches are
the main methods used in calculation. It is an undeniable
fact that the total resistance of ships has improved over time
with the research and development studies of researchers on
these methods.
Also, the number of ship gas emissions is estimated to
be around 450, but the vast majority of these are at a level
that can be neglected in terms of both quantity and impact.
However, carbon dioxide (CO2), carbon monoxide (CO),
nitrogen oxides (NOx), sulphur oxides (SOx), and particulate
matter (PM) are the most common gas emissions and have
the greatest impact on both human health and the ecosystem.
MARPOL (International Convention for the Prevention of
Pollution from Ships) is reducing the limits of these harmful
emissions to ever more demanding levels. Although various
internal combustion engine technologies have been developed
to overcome these difficult constraints, it is difficult to do so
unless there are efficient ships. For this reason, it would not be
a correct approach to ignore the developments that occur over
time while estimating the main engine power of the ships.

Also, the NOx emission factors used in the calculations vary
according to the shipbuilding year. As a matter of fact, when
looking at the results of the relative influence of the model
created with the GBM algorithm, it is seen that the age of the
ship has an effect amounting to 21.86%. Fig. 1 contains the
result of the relative influence of the independent variables.

their job description. In the study, an independent variable
representing the ship type was thus needed to estimate the
main engine power. For this reason, it was investigated
whether the gross tonnage can represent the ship type and,
for this, the gross tonnage length curves were examined
depending on the ship type. In Fig. 2, the gross tonnage
length distributions of different types of ships in the data
set are given. In addition, the curves where the gross tonnage
changes depending on the length for the same ship type are
shown in Fig. 3, using the available data.

Fig. 2. Gross tonnage and length distributions of different types of ships
Fig. 1. Relative influence of the independent variables

The admiralty coefficient formula is one effective empirical
expression that can be used to predict the power curves of
ships and is expressed as in Eq. (4). Ships with a similar
hull form, speed and displacement have the same admiralty
coefficient.

PE =

(4)

Tab. 3. Admiralty coefficient for different ship types [21]
Ship type

Admiralty constant

Fig. 3. Gross tonnage and length curves of different types of ships

General cargo ship

400±600

Bulker and tanker

600±750

Reefer

550±700

Feeder ship

350±500

Warship

150

Fig. 3 shows that the gross tonnage value shows different
trends for different ship types. There are also supporting
empirical statements showing that the gross tonnage and
length values of the ships in the data set used differ according
to the ship types. Similar to the admiralty coefficient, the
empirical statement in Eq. (5) can be used to estimate the
gross tonnage. Here, the gross tonnage expression is given
as a function of CN (cubic number). The symbol k indicates
the coefficient, which varies according to the ship type. In
Eq. (6), the explicit expression of CN is given and the symbols
Lpp, B, and D represent the values of the length between the
perpendiculars, beam and depth respectively.

In Eq. (4), Δ, V, PE and C are the displacement, velocity,
effective power and admiralty coefficient respectively. Table 3
contains the admiralty coefficient suggested by Schneekluth
and Bertram for different ships [21]. When Table 3 is examined,
the effect of the ship type on the power can be seen clearly.
After the effective efficiency is calculated, the main engine
power can be calculated using the efficiency of the gear box,
the mechanical efficiency of the shaft line, efficiency of the
hull, rotation relative efficiency, and open water efficiency
of the propeller.
It is seen that two important features of ships have emerged
in order to predict the main engine power in ships. The change
in the admiralty coefficient of different ship types indicates
that ships have different power requirements in relation to

GT = k. CN

(5)

CN = Lpp. B. D

(6)

When the friction resistance affecting the ships is examined,
it is seen that it basically depends on the friction coefficient,
the density of the fluid it is in, the wet surface area and the
square of the speed. Among these variables, the square of the
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wet surface area and velocity is directly related to the ship’s
design parameters. The wet surface area, defined as the area
of the surface of the ship in contact with water, is one of the
important parameters of the resistance and power calculation.
Considering that the wet surface area is also a function of the
ship’s length, this length is also used as an independent variable.
It would not be right to think that the power of the ship’s
auxiliary engines is in a linear relationship depending on the
ship’s main engine power. However, the ship is not completely
independent from the main engine power. While calculating
the power of auxiliary machinery, many variables such as
crew needs and the power requirements of the control systems
should be taken into consideration. In this study, the main
engine power and ship length were used as an indicator of
the size and power needs of the ship to estimate the auxiliary
engine power. In addition, the gross tonnage was used to
symbolise the special needs of the ship type.
LINEAR REGRESSION
Linear regression is a method used to model the connection
between one or more independent variables and a dependent
variable. The main purpose of linear regression is to obtain the
function of the relationship between parameters. Creating an
appropriate model in the learning process signifies choosing
the most appropriate parameters for the hypothesis function
by using the training set. The hypothesis function may depend
on one or more parameters. Provided that a model based
on a single parameter is constructed, it is named as single
regression; if it is constructed with two or more parameters,
it is named as multiple regression. Single linear regression
is formulated as in Eq. (7).

y = β0 + β1x + ε

(7)

In Eq. (7), y refers to the value of the dependent variable,
x refers to the value of the independent variable, β 0 is the
population’s y intercept, β1 the slope of the population
regression line and ε a random error term. Similarly, multiple
linear regression is expressed as in Eq. (8).

y = β0 + β1x + .... + βkxk + ε

(8)

As distinct from Eq. (7), k represents the number of
independent values. In multiple linear regression analysis, the
contribution of some of the modelled independent variables
to the model may be insignificant. Therefore, it is necessary
to identify the independent variables that will explain the
dependent variable in the most appropriate way, and remove
the insignificant variables from the model. This process is
called “variable selection”.
Various methods have been developed for independent
variable selection. These can be examined as three main
groups.
t'PSXBSETFMFDUJPO
t#BDLXBSEFMJNJOBUJPO
t4UBOEBSETUFQXJTFSFHSFTTJPO
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For selection of the variables for main engine and auxiliary
engine power estimates, the forward selection, backward
elimination and standard stepwise selection methods have
been applied to determine the contribution of our variables
to the model.
According to the simple correlation matrix between the
ME power dependent variable and the other independent
variables for the ME, the highest correlation coefficient was
found. L and GT were the highest independent correlations
with ME power. The degree of significance of all independent
variables p was examined separately. Then, while the L and GT
variables are constant, it is necessary to find the independent
variable with the highest partial correlation with ME power.
For this reason, the age variable is a candidate to enter the
model. Since the significance level of the L, GT and age
variables is p <0.05, these variables are included in the model.
According to the simple linear correlation matrix between
the AE power dependent variable and other independent
variables for the AE, the highest correlation coefficient was
found. The independent variables with the highest correlation
with AE power were ME power, L, and GT, respectively. The
degree of significance of all independent variables p was
examined separately. The ME power, L and age variables are
included in the model because their p value is less than 0.05.
The GT variable was removed from the model because its p
value is greater than 0.05.
Within the scope of this study, Model.ME.1 was created to
estimate the ship’s main engine power. While constructing
the model, the length, gross tonnage and age of the ship were
used as independent variables. Moreover, the ship’s auxiliary
engine power was estimated by linear regression, using the
main engine power, length and age. The model thus created
was named as Model.AE.1. Table 4 contains the errors from
the linear model’s train and test sets.
Tab. 4. Error values of the linear model
Train

Test

RMSE

R2

MAE

RMSE

R2

MAE

Model.
ME.1

6592.29

0.688

4396.62

6257.2

0.684

4143.66

Model.
AE.1

448.99

0.650

251.847

430.77

0.679

246.48

POLYNOMIAL REGRESSION
Independent variables are not continuously required to
be in a linear relationship with the dependent variable. As
a consequence, the predictive power of the linear model will
weaken. In such circumstances, polynomial regression is
used. For multiple exponents of the argument, the polynomial
model is created as in Eq. (9).

y = β0 + β1x + β2x2 +.... + βpxp + ε

(9)

In the equation, expression p refers to the polynomial
degree. Polynomial regression can be applied as single or
multiple regression as in linear regression.

Main Engine Power

Auxiliary Engine Power

Fig. 4. Forces of independent variables

In this part of the study, the answer to the question of which
polynomial levels should be created using the data in the
whole data set without any test–train separation was sought.
Polynomial forces between 1 and 5 were investigated for each

predictor in Model.ME.1. Average squared error values were
examined for each polynomial force and, according to the
results, the forces of the estimators of the final model were
decided.
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i, j, and k represent the polynomial degrees of the
independent variables (length, gross tonnage, and age),
respectively. When Fig. 4 is examined, a 2nd degree polynomial
is suitable for length, 4th degree for gross tonnage and 2nd
degree for age. With reference to these results, Model.ME.2
was created to estimate the ship’s main engine power. Similar
steps were used to estimate the auxiliary engine power, for
which Model.AE.2 was created. As a consequence of the
applied operations, the force of the main engine power was 5,
and the force of the length and age was 4 and 5, respectively.
Fig. 4 shows the average square error obtained for various
forces of the independent variables. Table 5 contains the errors
from the polynomial model’s train and test sets.
Tab. 5. Error values of the polynomial model
Train

Test

RMSE

R2

MAE

RMSE

R2

MAE

Model.
ME.2

5174.01

0.807

3112.51

5006.42

0.800

2955.65

Model.
AE.2

431.59

0.676

232.28

421.22

0.691

238.55

K-NEAREST NEIGHBOURS – REGRESSION
The K-nearest neighbours regression method is a simple
algorithm that stores all available states and predicts the
numerical target based on distance similarity. KNN was first
used as a nonparametric technique in statistical prediction
and pattern recognition in the early 1970s.
Contrary to alternative supervised learning algorithms,
KNN does not have a training stage. With KNN, principally
the closest points to the new point are searched. K represents
the number of the closest neighbours of the unknown point.
We select the amount K of the algorithm (usually an odd
number) to estimate the results.
The KNN algorithm is predicted by the majority vote of its
neighbours. The closest neighbours are found with a distance
function. Eq. (10), (11), and (12) contain distance functions
that are frequently used for regression.

Euclidean

(10)

Manhattan

(11)

Minkowski

(12)

The three distance functions above can only be used in
continuous variables. To choose the most suitable value for
K, the data should first be examined. In general, a large K
value is more sensitive as it reduces overall noise, although
no guarantee is granted. Cross-validation is another way to
retrospectively determine a good K value, using an independent
dataset to validate the value.
In this part of the study, the number of neighbours was
determined. Model.ME.3 was designed to estimate the ship’s
main engine power and Model.AE.3 to estimate the auxiliary
engine power. The arguments used to estimate the outputs
were not changed. To determine the number of neighbours,
numbers between 1 and 10 were examined and determined
according to the RMSE values. Fig. 5 shows the RMSE values
of the neighbour numbers.
When Fig. 5 is examined, the minimum error value for
Model.ME.3 is obtained when the number of neighbours is 1.
On the other hand, for Model.AE.3, the neighbour number
should be 4. The Euclidean distance was used for both models.
After determining the number of neighbours, the RMSE,
R2 and MAE errors were calculated for the test and train sets.
Table 6 contains these error values.
Tab. 6. Error values of the KNN model
Train
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RMSE

R2

MAE

0.999

11.36

4245.57

0.856

1372.19

0.787

173.18

385.99

0.739

220.57

R

Model.
ME.3

119.46

Model.
AE.3

350.22

Fig. 5. RMSE values of neighbour numbers

Test
MAE

RMSE

2

GRADIENT BOOSTING MACHINE (GBM)
The gradient boosting machine (GBM) is a nonparametric
regression technique that combines a regression tree with the
gradient boosting algorithm. Unlike the regression method,
which basically produces a single best model, the GBM model
adaptively combines multiple classification and regression tree
models using the gradient boosting technique to optimise
performance. That is, unlike standard regression methods
that produce a single predictive model, it fits many simple
models and combines them in prediction, thereby increasing
the predictive performance. In addition, it does not need
any assumptions about the functional relationship between
dependent and independent variables. GBM uses the gradient
boost algorithm from Boost algorithms.
This method requires the most training time. Besides,
a considerable amount of parameters need to be determined
from the outset. Initially, Model.ME.4 was designed to
estimate the ship’s main engine power, and Model.AE.4
was created to estimate the power of the auxiliary engine.
Interaction depth, n.trees, shrinkage and n.minobsinnode
variables were determined by tuning. The interaction depth 1

through 7 in 2 increments, n.trees between 1000 and 10,000
with 1000 increments, the shrinkage value as 0.01 or 0.1,
and the n. minobsinnode value between 10 and 20 were
searched. The optimum values of n.trees = 0000, interaction
depth = 7, shrinkage value = 0.01 and n.minobsinnode = 10
were obtained for Model.ME.4. The final values used for
Model.AE.4 were n.trees = 2000, interaction depth = 7,
shrinkage = 0.01 and n.minobsinnode = 11. Fig. 6 shows the
effect of these variables on the RMSE for the main engine
and Fig. 7 shows the effect of these variables on the RMSE
for the auxiliary engine.
The error rates for the final models created after the tuning
process are listed in Table 7.
Tab. 7. Error values of the GBM model
Train

Test
MAE

RMSE

R2

MAE

0.990

714.19

2562.01

0.947

1246.5

0.931

118.42

248.20

0.926

118.05

RMSE

R

Model.
ME.4

1135.29

Model.
AE.4

201.11

2

Fig. 6. Effects of variables on RMSE for ME

Fig. 7. Effects of variables on RMSE for AE
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RESULTS AND DISCUSSION
Based on the length, gross tonnage, and age data from 4037
different ships, this study estimated the main and auxiliary
engine power values. As a predictor, four different regression
models, linear, polynomial, KNN and GBM, were studied.
The models were trained on 80% of the data set and tested
in 20%. The performance of the models was evaluated with
ten-fold cross-validation and the RMSE, MAE and R 2 errors
were calculated and interpreted.
In Fig. 8, a comparison chart of the coefficients of
determination (R2) of the regression algorithms is given. The
fact that the coefficient of determination is close to 1 indicates
that the success of the algorithm is high. As a result of the
study, the best regression algorithm for main engine power
prediction is the gradient boosting machine with an R2 value of
0.947. Among the models created for estimating the auxiliary
motor power, the best performing model was again the gradient
boosting machine and its R2 value is 0.926.

The comparison graph of the root mean square error
(RMSE) values of the regression algorithms is given in Fig.
10. Here too, it can be understood from the fact that the
average square error value is close to 0 that the success of
the algorithm is high.

Fig. 10. Root mean squared error values of four models

The graphs showing the main and auxiliary engine power
values estimated by the algorithms and the actual index values
in the test data are given in Fig. 11.
Residual analysis plays an important role in verifying the
regression model. The residues are the difference between the
estimated value and the actual value. Graphs representing
the deviation of the estimated value from the actual value
are shown in Fig. 12.
Fig. 12 shows that the linear and polynomial regression
algorithms with a high error rate now move away from the
zero line. On the other hand, the low error rates of the GBM
and KNN algorithms are somewhat closer to the zero line.
Fig. 8. Coefficients of determination of four models

In Fig. 9, the comparison chart of the mean absolute error
(MAE) values of the regression algorithms is given. The fact
that the mean absolute error value is close to 0 indicates that
the success of the algorithm is high.

Fig. 9. Mean absolute error values of four models

92

POLISH MARITIME RESEARCH, No 1/2021

CONCLUSION
In this study, regression-based algorithms are used to
estimate ships’ main and auxiliary machine powers. Four
different regression algorithms, linear, polynomial, KNN,
and GBM, have been designed. Each method requires data
pre-processing, data distribution determination, regression
and performance evaluation steps, which are important
stages of machine learning. K-cross- validation validity,
a hyperparameter frequently used in the literature, was used
to compare the performance results of the machine learning
methods. For KNN regression, the optimum neighbour
numbers were searched from one to ten. In addition, as
GBM regression, for the interaction depth, n.trees, shrinkage
and n.minobsinnode parameters tuning was performed for
four, ten, two, and ten different parameters, respectively. In
the study of 4037 ship samples, the algorithm that can best
estimate the power of both machines compared to R 2, RMSE
and MAE was found to be the gradient boosting machine.
Although this method provides good results, the number of
parameters to be determined from the outset and the training

Fig. 11. Difference between target values and forecast values
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Main Engine Power

Auxiliary Engine Power

Fig. 12. Residuals
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time proved to be more important as negative aspects of the
method. However, the linear and polynomial regressions
were not able to adapt to the data set. As a result, the GBM
algorithm for estimating ships’ main and auxiliary machine
powers is quite suitable. It showed good results in estimating
both the main power and the auxiliary machine power. The
basis for this method’s effectiveness is that the predictions
are made in order, not independently.
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ABSTRACT
Modernisation of the power plants of cargo fleet vessels to satisfy the requirements set out by the International Maritime
Organisation is an urgent scientific and technical problem. The article presents the results of developing a solution to
this problem that focuses on the exhaust gas system. We propose the use of ejection nozzles as part of this system. It
was found that when the ejection coefficient in these nozzles is n = 3, it is possible to exclude the use of SCR reactors,
thus reducing the operating costs of the marine power plant. Using a mathematical modelling method, the efficiency
of operation of six types of nozzle as part of the exhaust gas system was investigated, and a constructive layout was
proposed for the gas ducts and inlet louvres for supplying ambient air.
To increase the efficiency of the proposed system, we consider several options for intensifying heat transfer processes
through the use of dimple systems in the nozzles and nozzles with swirling flow. We found that these technical solutions
would make it possible to further increase the efficiency of the systems by up to 19% abs.
Keywords: marine power plant, emissions, gas-air cooler, nozzle, intensification

INTRODUCTION
The introduction of new requirements by the International
Maritime Organisation (IMO) has given rise to a need to
improve the existing cargo fleet to ensure the possibility of
working under modern conditions.

The main focus of these new requirements is a significant
reduction in the levels of harmful emissions of NOx and SOx
(Fig. 1), since these constitute the highest proportion of the
exhaust gases from diesel engines [1, 2].

а
b
Fig. 1. Reduction of the levels of harmful emissions in accordance with the requirements of the IMO: a - NOx emissions; b - SOx emissions
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The areas of operation of modern vessels are wide,
and include special zones- (the South Sea, the Baltic Sea,
the English Channel, etc.), meaning that it is necessary to
implement appropriate measures to meet the requirements
for emissions of harmful substances. A reduction in NOx
emissions can be achieved by reducing the level of sulphur
in the fuel, for example by using light fuels. However, the
presence of nitrogen in the fuel makes it necessary to reduce
the level of NOx in the exhaust gases. One option for solving
this problem is to improve the exhaust gas systems of marine
power plants, and the present work addresses this topic.

These systems can operate on open or closed circuits, and
can be installed both on newly built vessels and as part of the
modernisation of existing marine power plants. One of the
most significant elements of such systems are SCR reactors
(Fig. 4) [9]. However, the efficiency of this approach does
not exceed 95% [10], and it is therefore advisable to develop
other ways of reducing the level of NOx emissions that can
help to improve the efficiency and reduce the weight-size
parameters [11-14].

IDENTIFICATION OF THE INVESTIGATION
OBJECT
Modern methods of reducing the emissions of harmful
substances from vessels can be divided into active and passive
approaches.
Active methods include those that directly affect the flow of
gases, and require the installation of additional equipment in
the engine room. These include thermochemical heat recovery
systems, scrubber systems, SCR reactors, and the recirculation
of exhaust gases from heat engines.
The thermochemical and thermoacoustic use of the heat of
exhaust gases from marine power plants can be an effective
way to reduce harmful emissions [3, 4, 5, 6]. However, these
methods require the installation of a significant amount of
equipment in the vessel’s engine room.
One effective way of improving ecological indices is the
use of water-fuel emulsions [7]; however, this method requires
the use of a special fuel preparation system. To improve the
ecological indices of marine power plants, Wartsila proposed
a gas cleaning system (Fig. 2) [8]. To reduce the weight-size
parameters of the system, a diffuser system with several inlets
can be used (Fig. 3).

Fig.4 SCR reactor system

Alfa Laval has developed the Pure SOx Express system to
reduce the SOx level, as shown in Fig. 5 [11].

Fig.5 The Pure SOx Express system from Alfa Laval

Fig.2 Direct-flow gas cleaning system
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Fig.3. Diffuser system
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This system allows vessels to continue to use heavy fuel
oil while still meeting the Tier II and III requirements for
SOx emissions. However, the use of these scrubber systems
necessitates the selection of scrubber elements, depending on
the operating mode [15], and also causes problems in terms
of the disposal of water from scrubber washing, especially
when vessels are at sea [16].
An alternative method of absorbing SO 2 and NO from
engine exhaust gases involves the use of Na2 S 2O 8 [17].
Reductions in early injection timing, exhaust gas recirculation,
and water injection into the cylinder are other techniques that

have been considered for reducing the level of NOx in the
exhaust gases of diesel engines [10, 11]. A schematic diagram
of a gas recirculation system is shown in Fig. 6.

upgrading the gas exhaust system. These methods can be
used with or without the above active techniques.

EXPERIMENTAL METHOD
The processes of movement of exhaust gases in power
plants systems were investigated using a mathematical
modelling method. The motion processes and heat transfer
were mathematically modelled by finding numerical solutions
to the following equations [18]:
Fig. 6. Schematic diagram of a gas recirculation system: 1 – diesel engine;
2 – cooler; 3 – compressor; 4 – valve; 5 – control unit; 6 – filter; 7 – turbine

Continuity:

The degree of recirculation can be used as an indicator,
as follows:

kR

MG
100%
MG  M A

where MG, M A are the masses of bypass gas and air in the
engine cylinder.
Gas recirculation slows down the combustion process,
which leads to a decrease in the amount of NOx emissions
(Fig. 7).
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wU
  UV
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0

(1)
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where ρ is the mass flow density, and V is the vector of the
local fluid velocity;
Momentum:
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wt
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&

where р is the static
& pressure, U g is the gravitational force
per unit mass, F are the external forces acting on the flow
and τ is the pressure tensor;
Energy conservation:
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where J q is the heat flow density, E h  
is the total
U 2
Fig. 7. Reductions in NOx (1) and smoke (2) emissions versus the degree of
recirculation [6]

Although recirculation can reduce the emissions of
nitrogen oxides, the soot yield increases and the fuel efficiency
of the engine decreases, and this is particularly evident at full
loads. For this reason, this approach is economically justified
only at partial engine operating modes and at recirculation
rates of 12–20% [10, 11, 12].
When methods are used to reduce the levels of harmful
emissions in the exhaust gases of marine power plants,
a significant amount of space is required in the engine room
to accommodate the necessary equipment and containers.
These methods do not provide complete cleaning of exhaust
gases from harmful emissions, and are expensive to operate.
The choice of method also depends on the type and mode
of operation of the vessel [13], which can significantly limit
their application.
One way to solve this problem is to develop additional,
passive ways of reducing the level of harmful emissions by

energy of the working fluid,
& h is the working fluid enthalpy,
and the expression W eff V represents viscous heating.
The system of equations presented above is not closed; it
can be closed by adding semi-empirical equations for the
pressure tensor, the heat flux, the equation of state for ideal
gases, and the differential equations of the turbulence model.
Newton’s law: By neglecting the bulk viscosity, the stress
tensor can be represented as

)& T 2 )& º
ª )&
W P «V  V   V I »
3
¬
¼

(4)

where μ is the coefficient of molecular viscosity, and I is the
unit vector.
Fourier’s law: The heat flow is determined by the expression

&
Jq

where Oeff
conductivity.

O  Ot

Oeff T

(5)

is the coefficient of effective
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Mendeleev-Clapeyron’s law: The basic law of an ideal
gas, which establishes a relationship between the main
thermodynamic parameters, takes the form

p
where

R

R  U T

(6)

is the individual gas constant for the working fluid.

On the basis of the recommendations given in [19, 20],
the RSM turbulence model was used to close the system of
equations (1)–(6). To solve the resulting system, the RANS
approach was implemented using the Code Saturne software
package with a free license [21] and the SimScale cloud
service [22].
The mathematical model was verified by comparing the
results of numerical modelling with experimental data from
a full-scale bench test of a model of a ship’s gas-air cooler.
The discrepancy between the results did not exceed 5% [23].

A reduction in the temperature of the exhaust gases is
achieved by intensifying the process of mixing them with
the ambient air, shielding a part of the exhaust gases flow
and heated pipe elements with surfaces that are cooled. The
disadvantages of this constructive solution include the need
for a significant amount of cooling of atmospheric air to
ensure the required degree of cooling of the exhaust gases,
meaning that it is necessary to provide air intake louvres
with a large area on the outer walls of the chimney casing.
This should not pose a problem, since inlet and exit louvres
for natural ventilation of the casing are installed on cargo
vessels (Figs. 9 and 10).
Through the modernisation of the internal elements of the
casing, ejection nozzles can be installed at the lower level of
the inlet louvres, inlet louvres can be provided around the
entire perimeter of the casing and a mixing chamber can be
installed (Fig. 11).

EVALUATION OF EFFICIENCY OF USING
A GAS-AIR COOLER TO IMPROVE THE
ECOLOGICAL INDEXES OF POWER
PLANTS
Passive methods of reducing the level of harmful substances
in emissions are those that can perform their functions
both with and without active methods, do not require the
installation of significant additional equipment and are
integrated into the existing structures of vessels without the
need for significant re-design.
An example of such a system is the use of ship ejection
air coolers (Fig. 8) [23, 24]. In this approach, the energy
of the exhaust gases is used to operate the air cooler. The
exhaust gas flow (ejection flow) is actively mixed with the
external environmental flow (ejected flow), thus reducing
the temperature of the gas-air flow.

Fig. 9. Diesel plant exhaust gas system: 1 – diesel-driven alternator; 2 – main
engine; 3 – support; 4 – auxiliary boiler; 5 – steam spark arrester; 6 - spark
arrestor -silencer; 7, 8 – inlet and outlet louvers, respectively, for natural
ventilation of the chimney casing; 9 – blower fan; 10 – waste heat boiler;
11 – compensators

Fig. 8 Exhaust gas system with an ejection-type air cooler: 1 – casing; 2 –
mixer; 3 – mixer screen; 4 – air inlet louvers; 5 – gas duct with a nozzle.
Fig. 10. Superstructure of a tanker with a deadweight of 45,564 t with inlet
louvres
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Fig. 12 Changes in the level of harmful emissions
Fig.11 Structural scheme of gas ducts and incoming louvers for supplying
environmental air in a gas-air cooler

The concentration of harmful emissions can be represented
by a parameter that is inversely proportional to the value of
the ejection coefficient n:

(7)

The ejection coefficient is calculated as set out in [24]:

1 ô
ô- 4
where 1.03 is an empirical coefficient; ô

(8)

T3
, Т1, Т3 are the
T1

temperatures at the inlet and outlet of the air cooler,
respectively, in degrees K; and 4

An analysis of this graph shows that when the ejection
coefficient in the nozzles is n=3, it is possible to meet the
Tier III requirements for NOx emissions without using SCR
reactors. However, this is an ideal case, and depends on the
composition and operating mode of the power plant; if this
scheme cannot fully replace SCR reactors, it may be able to
partially replace them.
Various types of nozzles can be used for the practical
implementation of ejection cooling. The types of nozzles
that can be used in air coolers are shown in Fig. 13 [24].

T2
, Т2 is the environment
T1

a

b

c

d

f

g

Fig.13 Structures of ejection nozzles: a – cylindrical; b – diffuser; c – confuser;
d – oblique cut; f – with longitudinal perforation; g – with perforations and
petals

temperature, in degrees K.
The drag coefficient of the nozzle is calculated as
follows [24]:

]

'p
Uw 2

(9)

2

where Δp is the pressure loss in the nozzle, in Pa; ρ is the flow
density, in kg/m3; and w is the flow velocity, in m/s.
The baseline emission level is CNOx = 14 g/(kWh), which
meets the Tier II requirements of the IMO (Fig. 1a). Changes
in the emission level in the range n = 1 to 3 are shown in
Fig. 12.

Calculation results for each type of nozzle are shown in
Table 1.
Tab. 1. Characteristics of the ejection nozzles investigated here
Type of ejection nozzle

Ejection coefficient

Drag coefficient

Cylindrical

1.15

0.01

Diffuser

1.05

0.11

Confuser

1.35

0.12

Oblique cut

2.90

0.57

With longitudinal
perforation

2.40

1.30

With perforations and petals

2.27

0.80

The results in Table 1 show that the optimum statistics (the
highest ejection coefficient and the lowest drag coefficient)
were obtained for the nozzle with an oblique cut, meaning
that the use of this tip will give the best results. However, the
final choice of nozzle type will be made at the design stage
of the system.
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According to equation (8), an increase in the value of
the ejection coefficient is possible due to a decrease in the
temperature behind the nozzle. One option for implementing
this condition involves the intensification of heat transfer
processes in the air cooler. There are two possible methods
of achieving this: the use of dimple systems, and the use of
nozzles with swirling flow. A feature of dimple systems is
that the increase in the heat transfer outstrips the increase in
the resistance, which is important in gas release systems for
vessel engines. The second method can provide better heat
transfer, due to better mixing of the streams.
Fig. 14 shows a variant of the diffuser nozzle with dimples
located in an area of constant diameter. We investigated
options for the locations of holes in areas with constant and
variable cross-sections, for diffuser, confuser and oblique cut
nozzles. The parameters and the location of the dimples were
set based on the recommendations given in [25].

this is the maximum value that can be expected, and depends
on the composition and operating mode of the power plant.

DISCUSSION OF RESULTS
The modernisation of marine power plants that are
currently in operation to comply with the Tier III requirements
of the IMO is an urgent scientific and technical problem. The
results obtained here show that the cost of modernisation
can be reduced by developing exhaust gas systems. This will
ensure compliance with NOx emission regulations.
The proposed design can be used either as a backup
for SCR reactors or as an independent system that can
significantly reduce the cost of operating a marine power
plant. Intensification of heat transfer in the elements of the
system can further increase its efficiency by up to 19% abs.
Further research will focus on optimising the size and
locations of the dimples in the attachments, and the design
characteristics of the nozzle with swirling flow, to achieve
the maximum efficiency of gas exhaust devices depending
on the operating mode of the power plant.

CONCLUSIONS
а

b

Fig. 14 Arrangement of dimples on a diffuser nozzle: a – basic version;
b – variant with dimples

Figure 15 shows a nozzle with swirling flow. The packing
parameters (twist angle, cut diameter) were estimated based
on the recommendations set out in [26].

In this study, we propose the use of ejection cooling devices
as part of an exhaust gas system to improve the ecological
indices of marine power plants. The use of these devices
will reduce the level of NOx emissions in exhaust gases and
the cost of operating marine SCR reactors in exhaust gas
systems. It is shown here that implementation of the proposed
solution will not lead to significant economic cost as part of
the modernisation of an exhaust gas system.
The efficiency of various types of ejection nozzles as
components of air coolers was investigated, and the results
showed that it is possible to achieve compliance with Tier III
IMO standards on NOx emissions without using SCR reactors,
although this depends on the power of the engines and the
operating modes of the power plant.
The possibility of intensifying the heat transfer processes
in the ejection nozzles is considered in terms of further
improvement in ejection coolers. The use of dimple systems
and flow swirling in nozzles was found to be effective. The
intensification of heat transfer processes in the nozzles made it
possible to increase the effects of the system by up to 19% abs.

Fig. 15 Nozzle with swirling flow
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ABSTRACT

With new sulphur oxides emission limits carried out in 2020, multiple desulphurisation methods have been proposed.
The main desulphurisation scrubber systems were chosen and investigated using life cycle assessment. The whole system
life is divided into the construction and operational phases. Three different systems classified by desulphurisers, namely,
seawater, NaOH, and Mg-based systems, were modelled in GaBi software. Moreover, environmental, economic and
energy aspects (3E model) were introduced for further analysis. Through this study, some conclusions have been drawn.
As for the environmental aspect, the seawater system has the most pleasing performance since the primary emissions
come from 1.24E+03 kg CO2 and 1.48E+01 kg chloride. The NaOH system causes 1000 times more emissions than
the seawater. The Mg-based system has less pollution than the NaOH system, with 5.86E+06kg CO2 and 3.86E+03 kg
chloride. The economic aspect is divided into capital expenditure (CapEx) and operational expenditure (OpEx) to
estimate disbursement. The seawater system also has the most favourable cost appearance, which takes 1.7 million
dollars without extra desulphuriser expenses, based on 10MW engine flue gas treatment. The next is the Mg-based
system, which cost 2 million dollars in CapEx and $ 1200/year in OpEx for the desulphuriser. NaOH uses about
2.5 million dollars for construction and $ 30000/year in desulphuriser. As for the energy aspect, the seawater and
Mg-based systems use less non-renewable energy than the NaOH system in the construction phase. In conclusion,
the seawater system shows the best performance and could be an alternative in SOx control technologies. This study
sheds light on the comprehensive evaluation of marine environmental protection technologies for further optimisation.

Keywords: life cycle assessment,desulphurization,3E model

INTRODUCTION
With the convenience of shipping transportation,
an excess of vessels has caused terrible sulphur dioxide
pollution with a negative effect on the ocean environment
and human health. 2020 is a watershed in the controlling of
marine SO2 emissions since unprecedentedly strict regulations
have taken effect. The International Maritime Organisation
(IMO) stipulated that the sulphur content in fuel oil should
be less than 0.5% m/m globally, starting from January 1st,
2020 [1], while in emission control areas (ECA), such as the
Baltic Sea, below 0.1% m/m was adopted in 2015 [2].

In order to comply with the above standards, multiple SO2
emission reduction methods have emerged in commercial
applications. One is using low sulphur oil, but it has a higher
cost with additional CO2 emissions [3]. Another alternative
is liquefied natural gas (LNG). Although LNG combustion
emission is cleaner than that of fuel oils mentioned above, the
structure of the ship has to be extensively modified, which
increases the expenditure of design and implementation [4].
More importantly, the easily flammable property of LNG
poses a threat on the operation of marine power plants [5].
Last but not least, exhaust gas cleaning systems (EGCS)
have been employed which reduce SO2 concentrations to
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the level equivalent to the combustion of low sulphur oil,
via wet scrubbing or dry adsorption. Extensive research has
been conducted on EGCS, including design, manufacture,
installation, and global service. However, seldom does the
research focus on the whole process of EGCS operation, that
is, the deSOx process, which includes capital expenditure
(CapEx) and operational expenditure (OpEx). Moreover,
besides economic concerns, environment and energy impact
should also be taken into account to appropriately evaluate
the deSOx expenditure. Under this framework, different
patterns of EGCS could be literally compared and the correct
strategy for SO2 emission control could be made accordingly.
In order to progress this purpose, life cycle assessment
(LCA) was introduced into our research. As a tool to
synthetically evaluate the process from cradle to grave, LCA
has been published in many studies. As early as 1969, Midwest
Research Institute (MRI) firstly quantified the resource, the
emissions, and the waste by using LCA, helping factories
to make decisions [6]. It became the foundation of LCA
development. In recent years, LCA has gradually received
more attention and is utilised in many fields. Zheng et al.
used LCA to evaluate bicycle sharing based on a survey.
The results showed that it was friendly to the environment
except for metal consumption. However, in the sensitive
analysis, the growth of rental fees and quantity of bicycles
caused negative impacts [7]. Tomporowski et al. conducted
comparison analysis for blade life cycle in land-based and
offshore wind power plants, and they arrived at conclusions
that land-based blades caused more harmful effects to water,
while the offshore blade produced a more negative influence
on the atmospheric environment [8]. In the environmental
protection field, Wu et al. compared several gaseous pollutant
control methods, including limestone-gypsum wet flue-gas
desulphurisation (WFGD), selective catalytic reduction
(SCR), and electrostatic precipitators (ESP) [9]. Effects such
as global warming, acidification, nutrient enrichment,
photochemical ozone formation, soot and ashes were taken
into consideration. It was found that SCR consumed more
energy while more water was used in the WFGD process,
and the ESP process possessed excellent performance in
environmental and economic aspects. Lopes et al. discussed
the environmental performance of the whole wastewater
treatment process installed in Bahia State, Brazil and the
results showed that the environmental impact in construction
also had considerable significance [10]. In the marine field,
a comparative study of marine power systems employing
LCA was performed [11]. The results showed that a new-build
system had a mitigation potential, while a retrofitted one
was environmentally benign, due to incorporated emerging
technologies. Hwang et al. estimated the environmental
impact of ships using MGO, natural gas, and hydrogen. The
results showed that the emissions from natural gas in the
Well-to-Tank phase were lower than MGO and hydrogen but
created more CO2 than MGO in the Tank -to-Wake phase [12].
The aforementioned studies resorting to LCA tools have
comprehensive analysis, but fewer papers concentrate on the
whole life of a scrubber including construction and operation.
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Based on the above experience, our study will compare
different marine deSOx systems by means of LCA from the
environmental, economic, and energy aspects (3E model).

METHODOLOGY
According to the ISO 14040 issued by International
Standard Organisation (ISO), four steps are involved in LCA.
First, the goal and scope of the study should be defined [13];
then real data are collected to perform inventory analysis
and produce an impact assessment [14]; and the last step is
interpretation [15]. It has close-knit relationship between the
four steps, as shown in Fig.1.

Fig.1. LCA framework

GOAL AND SCOPE DEFINITION
The goal of our study is to compare three deSOx scrubber
systems based on LCA and to come up with measures to
optimise the system in terms of the results. Before we start
to analyse, we need to determine the scope of the system.
For the three systems, we used a 10MW diesel engine as the
function unit, from which flue gas emissions could be treated
by various systems. In this respect, the performance could
be equally assessed and compared. It is assumed that each
deSOx system works for 20 years and operates 7000 hours
each year [16]. The system boundaries are composed of the
input and output flows [17]. The input flows consist of energy
and resources, while emissions such as solid waste, wastewater and air pollutants are output flows, which are described
in Fig.2.

Fig. 2. System boundaries for deSOx process

installation is easily fulfilled. The working principle of the
seawater system includes SOX directly absorbed by seawater,
which is described by chemical reactions as follows [19]:

INVENTORY ANALYSIS
As shown in Fig.1, inventory analysis takes an important
role in the whole LCA process, since it is the basis of the
interpretation, and needs to set up models for systems. This
part also needs to ensure the quality and precision of the
practical data, which can help us to gain reasonable results.
The following diagram shows the three different deSOx
systems investigated. They could be divided into four parts
on the basis of types of desulphuriser: the blue part is the
all-purpose part; the seawater system consists of the orange
part and the all-purpose part. The green part plus the allpurpose part constitute the magnesium-based (Mg-based)
system. The last part is the purple part, combined with the
all-purpose part, representing the NaOH system.

ܱܵଶ ሺ݃ሻ ՞ ܱܵଶ ሺܽݍሻ

(1)

ܱܵଶ  ܪଶ ܱ ՞ ܱܵܪଷି  ܪଷ ܱା

(2)

ܱܵܪଷି  ܪଷ ܱା ՞ ܱܵଷଶି  ܪଷ ܱା

(3)

ܱܥଶ  ܪଶ ܱ ՞ ܪଶ ܱܥଷ

(4)

ܪଶ ܱܥଷ  ܪଶ ܱ ՞ ܱܥܪଷି  ܪଷ ܱ ା

(5)

ܱܥܪଷି  ܪଷ ܱା ՞ ܱܥଶ  ʹܪଶ ܱ

(6)

Seawater system
NaOH system

Exhaust gas
monitoring

Mg-based system
The main part
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tank
Exhaust gas

MgO
tank
Cooler

Fresh
water
Circulation
tank
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monitoring
Discharge

Seawater
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Water
cleaning unit

Sludge
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Fig. 3. The desulphurisation scrubber system of our research object

Seawater system
The seawater system, also called the open loop system, uses
natural seawater to absorb SOX and the products are directly
or indirectly discharged to the surrounding environment
[18]. The seawater is easily acquired while sailing and so the

The orange part and blue part describe the subsystems
of the seawater system. It can be divided into four main
components—flue gas piping, the scrubber, seawater supply,
and discharge pipelines. Thanks to basic soluble salts
contained in seawater, the exhaust gas accesses the scrubber
and could be neutralised repeatedly by seawater until the
cleaned gas satisfies the emission standard, as shown above.
POLISH MARITIME RESEARCH, No 1/2021

107

NaOH system
The NaOH system, also known as the closed loop system,
will operate when the alkalinity of seawater is not sufficient,
for example, with pH values below 6.8, or where waste-water
discharge is forbidden in some special sea areas. In this case,
the deSOx process needs to use stored alkaline solution to
absorb SOX. The system is more complex than the seawater
one. The principle of this mode is described as follows [20]:

ܪଶ ܱܵଷ  ʹܱܰܽ ܪ ͳΤʹ ܱଶ ՞ ܰܽଶ ܱܵସ  ܪଶ ܱ

fuel oil. The whole life cycle is divided into two phases, called
the construction and operation phases. The construction
phase includes material preparation and transportation, while
the operation phase includes desulphuriser preparation and
freshwater storage.

(7)

ܪଶ ܱܵସ  ʹܱܰܽ ܪ՞ ܰܽଶ ܱܵସ  ʹܪଶ ܱ

(8)

The green part and the all-purpose part describe the
subsystems of the NaOH system. It can be divided into five
main components—flue gas piping, the scrubber, freshwater
supply pipelines, lye circulation, and discharge disposal. Fuel
gas comes into the scrubber and reacts with NaOH, then the
wash water can be reused many times before being further
processed and discharged.
Mg-based system
The Mg-based system combines the MgO with seawater to
reduce the concentration of sulphur oxides due to the good
solubility of seawater for MgO, and the shortage of freshwater
on board. Specifically, MgO dissolves in the seawater, which
largely depends on the alkalinity of the absorption liquid and
then forms Mg(OH)2 to absorb SOX [21]. The principle of this
mode is described as follows [22]:

ܱܵଶ ሺ݃ሻ ՞ ܱܵଶ ሺܽݍሻ

(9)

݃ܯሺܱܪሻଶ  ܱܵଶ ՞ ܱܵ݃ܯଷ  ܪଶ ܱ

(10)

ܱܵ݃ܯଷ  ܪଶ ܱ  ܱܵଶ ՞ ݃ܯሺܱܵܪଷ ሻଶ

(11)

The purple part and the blue part describe the subsystems of
the Mg-based system. It consists of four main components—
the flue gas piping, the scrubber, magnesium oxide slurry
preparation, and washing water discharge. The magnesium
oxide slurry is mixed with the seawater to form Mg(OH)2.
The mixture is conveyed to the scrubber to reduce the SOX
concentration. After absorption, the product will be directly
discharged to the sea owing to the environment-friendly
properties of Mg-based materials.
Application
After introducing the three systems, in this part we collect
the data from a real working state as our study object. A typical
flue gas from a10MW diesel engine was used, with SO2
concentration equivalent to combustion of 3.5% S containing
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Fig. 4. Material preparation (a)sum mass; (b)seawater system; (c)NaOH
system; (d)Mg-based system

Each and every system has a definite architecture utilising
a different amount of materials in the construction phase.
Fig.4 (a) displays the weight of materials expending each
year by three deSOX systems and the residual pictures show
the portion of materials used the in respective systems. The
seawater and NaOH system together use diverse stainless
steels, steel weld pipe, epoxy resin and silicon, while beyond
that, the Mg-based system also uses Fe and cast iron. Different
types of stainless steel with various chemical compositions
are used for special purposes according to the application. For
example, stainless steel (2205) has better corrosion resistance
than the others used in the scrubber, as shown in the following
picture. Fig.5 presents the disparate stainless steels used in
deSOx systems and it is worth mentioning that more epoxy
resin was used in Mg-based system instead of stainless steel
(316) in construction. After collecting the practical data, the
model was established in GaBi software. GaBi was used to
obtain the related data, in which the original data are from
industry, academia, education, and policy and regulation
making departments.

IMPACT ASSESSMENT

Fig. 5. Amount of different types of stainless steel used in deSOx systems

In order to assess the environmental impact, the assessment
methodology should be determined. Several methodologies
have been published, such as ReCiPe2016, TRACI, PEF and
so on. ReCiPe2016 has been chosen to assess the impact
through these data in the subsequent statement. ReCiPe2016
is an endpoint assessment model, which consists of CML2001
and Ecoindicator99 and it can be seen as a fusion of the
two methodologies, taking the midpoint impact categories
from CML2001 and the endpoint impact categories from
Ecoindicator99 [23]. The ReCiPe2016 has three perspectives—
individualist, hierarchist, and egalitarian, and we chose the
hierarchist perspective to investigate the impact mechanism [24].
In more detail, the midpoint impact categories orient to
the environment, such as global warming and acidification.
The endpoint impact categories are split into three parts,
which are human health, biodiversity, and resources. The
following picture shows the relation between the midpoint
and endpoint indicators in ReCiPe2016 [25].

Fig. 6. Relationship between midpoint and endpoint indicators in ReCiPe2016[26]
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RESULTS AND DISCUSSIONS
LIFE CYCLE INVENTORY ASSESSMENT
In the construction phase, desired materials for each
deSOX system were prepared based on design. The following
operation phase relies on electricity for washing water
preparation, in which seawater or freshwater is incorporated
into the desulphurising agent. The transporting process is
based on the following assumptions: 1) a truck was employed;
2) diesel was used as the fuel; and 3) the average distance was
about 100km. As a result, the total consumption of diesel
could be estimated. Note that diesel not only provides power
to the truck but also delivers an influence on the surroundings
during transportation. Table 1 shows the abbreviation and the
assessment unit of these category indicators. It simplifies the
description of indicators in the subsequent analysis.

Fig. 7. Seawater system inventory in construction phase

Tab. 1 The abbreviation and the assessment unit of category indicators
Impact category

Abbr.

Unit

Climate change

GWP

kg CO2

Fine Particulate Matter Formation

PMFP

kg PM2.5

Fossil depletion

FFP

kg oil

Freshwater Consumption

WCP

m3 water

Photochemical Ozone Formation, Human Health

HOFP

kg NOX

FEP

kg PM2.5

Freshwater Eutrophication

Impact category

Abbr.

Unit

LOP

m2 land

METP

kg 1,4-DCB

Marine Eutrophication

MEP

kg NOX

Metal depletion

SOP

kg Cu

Land use
Marine ecotoxicity

Photochemical Ozone Formation, Ecosystems

EOFP

kg NOX

Freshwater ecotoxicity

FETP

kg 1,4-DCB

Human toxicity, cancer

HTPc

kg 1,4-DCB

Stratospheric Ozone Depletion

ODP

kg CFC-11

Human toxicity, non-cancer

HTPnc

kg 1,4-DCB

Terrestrial Acidification

TAP

kg SO2

IRP

kBq Co-60

Terrestrial ecotoxicity

TETP

kg 1,4-DCB

Ionising Radiation

Seawater system inventory
Table 2 shows that part of the emissions in the seawater
system and primary air emission is about 1.24E+03kg carbon
dioxide, which results in global warming, and the major water
emission comes from chloride which is naturally present in
the seawater.
Tab. 2 Emissions of the seawater system
Emission to air

Mass(kg)

Emission to water

Mass(kg)

Dust (PM10)

6.04E-01

Nitrate

7.55E-02

Dust (PM2.5)

1.76E-01

Carbonate

1.83E-01

Nitrogen oxides

2.46E+00

Calcium

6.43E-01

Methane

3.93E+00

COD

9.34E-01

Sulphur dioxide

6.70E+00

Sulphate

1.07E+00

Carbon monoxide

7.99E+00

Sodium

4.19E+00

Carbon dioxide

1.24E+03

Chloride

1.48E+01

The seawater system only has a construction phase
because it works without an extra desulphuriser. In this
system, seawater has a natural alkalinity to cut down the
concentration of SO2 and will be discharged into the sea for
disposal. Fig.7 shows the inventory percentage of the seawater
system. In general, this system is quasi self-sufficient to reduce
the sulphur oxides.
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From above, we can see that the steel weld pipe and
three types of stainless steel appear in most of the indicator
categories. The steel weld pipe plays the leading role in the
GWP, FFP and LOP. Three kinds of stainless steel have
different distributions in that 316 occupies the most ratios in
the indicators, and the least one is 304. Epoxy resin holds over
78.7% parts in the FEP, and no more than 30% has an effect
on GWP, PMEP, FFP, WCP and TAP. The silicon mix leads
the LOP signal, accounting for 24.6%. As a result, the system
is simple to install with environmental-friendly properties.
Moreover, due to the seawater being adopted and discharged
during sailing, less complexity can be observed in this system.
NaOH system inventory
Table 3 presents the main emissions in the NaOH system. It
is obvious that carbon dioxide and nitrogen oxides discharge
approximately 1000 times as much to the air as the seawater
system. Furthermore, particulate matter is not neglectable,
which is the origin of ozone depletion. Although some means
are taken to reduce the concentration of sulphur oxides, the
inescapable emissions to water show that chloride and calcium
are in the majority, followed by sodium, sulphate, and COD
(Chemical oxygen demand).

Tab. 3 Emissions of the NaOH system
Emission to air

Mass(kg)

Emission to water

Mass(kg)

Dust (PM10)

1.00E+00

Magnesium

8.74E+01

Hydrogen chloride

4.75E+01

Nitrate

2.71E+02

Dust (PM2.5)

1.04E+02

Iron

6.82E+02

Ammonia

1.15E+02

Fluoride

9.67E+02

Group NMVOC

2.48E+02

COD

1.35E+03

Sulphur dioxide

8.18E+02

Sulphate

2.32E+03

Methane

1.98E+03

Sodium

6.53E+03

Nitrogen oxides

2.33E+03

Calcium

1.28E+04

Carbon dioxide

1.30E+06

Chloride

4.07E+04

As mentioned above, the NaOH system could be evaluated
from the construction and operation phases. On the basis of
the model in GaBi, the construction phase has a total of 1516
kg materials each year, while the operation phase is composed
of 2135 tons of 50% alkaline solution and 7000 tons process
water as the solvent. We combine the two processes to see
the whole life cycle effect. The NaOH system inventory is
described in Fig.8.

From the construction phase, steel weld pipe and stainless
steels are in the majority of categories except for FEP, which
comprises diesel mix, epoxy resin and stainless steel (2205)
in decreasing sequence. Silicon also affects LOP, while steel
weld pipe and epoxy resin have influences in GWP, PMEP,
FFP, WCP and TAP. From the operation phase, sodium
hydroxide has an effect on most of the categories, up to more
than 70%. It is noticed that WCP not only consist of sodium
hydroxide, but also freshwater which has over a 50% ratio.
The impact of diesel-mix and transportation become more
distinct compared to the construction phase.
The addition of sodium hydroxide increases the absorption
of SOx. However, the chemical material has a severely harmful
effect on the environment from manufacture to usage. Besides,
the NaOH system needs extra freshwater to dilute the alkaline
solution, which increases the transport consumption.
Mg-based system inventory
Table 4 shows the main emissions in the Mg-based system.
In this system, carbon dioxide occupies about 5.86E+05kg
in the contribution to the air, followed by sulphur dioxide,
PM2.5 and PM10. Emissions to the water mainly stem from
chloride, followed by COD, calcium, sulphate, and sodium.
Tab. 4 Emissions of the Mg-based system
Emission to air

Mass(kg)

Emission to water

Mass(kg)

Tin

4.50E+00

Nickel

6.76E-02

Manganese

7.87E+00

Manganese

2.11E-01

Nitrogen oxides

1.03E+03

Chromium

5.15E-01

Methane

1.25E+03

Magnesium

3.06E+01

Dust (PM2.5)

1.29E+03

Iron

5.98E+01

Dust (PM10)

1.29E+03

Calcium

2.20E+02

Sulphur dioxide

1.29E+03

COD

2.67E+02

Carbon dioxide

5.86E+05

Chloride

3.86E+03

The Mg-based system can be divided into two processes
like the NaOH system, as shown in Fig.9. The Mg-based
system also uses epoxy resin, steel weld pipe and stainless
steels, the same as the NaOH system, with the addition of
122kg cast iron and 14.8kg Fe.

Fig. 8. NaOH system inventory (a)construction phase; (b)operation phase
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Environmental aspect
The environmental emissions are divided into three
main parts, which are emissions to air, emissions to water,
and emissions to soil. The important parts in our scope are
emissions to air and emissions to water. These damages
contact with our daily life and the poor environment results in
the growth of disease. The analysis results could further help
us to make decision to promote the quality of life. According
to the LCIA result, it shows that the Mg-based system is better
than the NaOH system in regard to global warming. The
seawater system causes less pollution than the others because
it uses less materials. More particulate matter was observed in
the Mg-based system than the other systems. Chloride tends
to have the leading role in emissions to water, while sodium
and calcium cannot be neglected.
Above all kinds of materials used, the steel weld pipe
and the stainless steel not only show a superior quantity,
but also have obvious influences in most of the indicators.
The smelting process in metallurgical refinery is known as
the origin of abundant pollution. Due to the more radiant
molecule produced, they can cause harm to humans and
the ecosystem. However, steels have pretty good corrosion
and abrasion resistance, and in most cases, they are often
the best choice in the industry. The main FEP impact by
epoxy resin during fabrication is significant on account of
amine and other inactive diluents. In the operation phase, the
desulphurisation agent addition causes water consumption
and gives rise to the use of freshwater or seawater. Besides,
the preparation of the desulphuriser is a prominent reason
for the cost of the transportation and diesel mix.

Fig. 9. Mg-base system (a)construction phase; (b)operation phase

From Fig.9 (a), it can be seen that the steel weld pipe and
stainless steels play important roles in most of environment
indicators. Epoxy resin has a leading role in FEP and a
prominent influence in GWP, PMEP, FFP and WCP, while
it has slightly less impact in HTPc, MEP and ODP compared
with the NaOH system.
The Mg-based system employs seawater because freshwater
is scarce when sailing. Moreover, seawater can increase the
solubility of MgO. Thus, it will be cleaner and save resources.
In the operation phase, magnesium occupies a large part
of the affected indicators. Due to the considerable amount
of materials that need to be transported, diesel mix, and
transportation impacts appear in most of indicators except
MEP, SOP, EOFP and TETP.
COMPREHENSIVE EFFECT BASED ON 3E MODEL
Corresponding to the ReCiPe2016 endpoint indicators,
we combined the 3E model with the GaBi results for further
analysis.
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Economy aspect
This part can be assessed by life cycle cost (LCC) in GaBi
software, which calculates the spending in the whole life
cycle process. Because of the global warming, the ecosystem
verges to the poor status, meanwhile the balance is destroyed
by reason of over exploitation. However, for ship owners,
economy occupies a vital consideration as well as performance,
hence analysing synthetically is conducive to saving economic
costs. On the assumption that the cost of installation and
maintainence are quantified, we primarily compared the
cost of the desulphuriser to show the economic effect fairly.
Tab. 5 Expenditure comparation in CapEx and OpEx

CapEx ($)
OpEx ($/year)

Seawater system

NaOH system

Mg-based system

1.69E+06

2.49E+06

1.91E+06

/

3.00E+04

1.20E+03

According to practical expenditure data incorporated with
our project, CapEx and OpEx estimation is shown in Table 5.
The major compared objects are the Mg-based system and the
NaOH system because without the extra desulphuriser, the
seawater system dispenses with OpEx. On the subject of CapEx,
NaOH uses about 2.5 million dollars while the Mg-based
system costs less than the NaOH system, by approximately
two million dollars. As for OpEx, the expenditure of the
desulphuriser is taken into consideration. NaOH is about

260$/t and the total cost reaches $ 30000 per year. In the
Mg-based system, MgO is about 60$/t and the total cost is
no more than $1200 per year. As for the seawater system, it
takes about 1.7 million dollars to accomplish construction. In
a word, the seawater system is tentatively ascribed as the best
choice of the three deSOx systems from an economic aspect.
Energy aspect
Table 6 shows the primary energy used in the deSOx
systems during the construction phase. The quantity of the
following five kinds of fuels were estimated in the three
deSOx systems. From Table 6, it can be found that the NaOH
system consumes more fuel than the others. The Mg-based
and seawater systems have a similar quantity of materials.
These primary energies mainly provoke fossil fuel depletion
(FFP) because they can provide high heat values.

carbon dioxide and 3.86E+03kg chloride. From the economic
aspect, the least payment of desulphuriser is achieved by
the seawater system, which use natural seawater without
additional cost, the Mg-based system spends about $1200
per year while the NaOH system costs $30000 per year.
From the energy aspect, the most is consumed by the NaOH
system which uses more than 10 times the weight of primary
energy, except for lignite, compared with the Mg-based and
the seawater system in the construction process. In a word,
the seawater system has the best performance among all the
deSOx systems investigated in this research. However, the
efficiency of seawater also needs to be considered in practical
use. This work provides valuable opinions for boosting
technologies of ocean environment preservation in the future.
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Tab. 6 Primary energy consumption estimated in the deSOx systems
System mass(kg)
Material

Seawater system

NaOH system

Mg-based system

Crude oil

3.75E+01

1.03E+02

4.30E+01

Hard coal

3.69E+02

1.33E+03

2.77E+02

Lignite

1.86E+01

6.05E+01

1.10E+01

Natural gas

7.33E+01

2.13E+02

9.58E+01

Peat

7.70E-01

2.27E+00

6.88E-01

As the primary energy sources, crude oil, hard coal,
lignite, natural gas, and peat have become the focus. They
are fundamental to the production of all kinds of materials
constituting the system, and also the fundamental input flows
in the LCA. With a shortage of primary energy, every part
needs to be used efficiently. Moreover, other alternatives are
under development, such as wind and solar energy. We prefer
to use cleaner energy to protect the natural environment.

CONCLUSIONS
Under established strict standards, efficient marine
emissions control has been taken into account. In order to
treat the exhaust gas of marine engines, the performance
and economy are considered in the first place. So, this study
uses LCA tools to estimate the performance of three deSOx
systems, from cradle to grave, that is, seawater, NaOH, and
Mg-based systems. The results were combined with the 3E
model to analyse the construction and operation phases from
the environmental, economy, and energy aspects.
In summary, the part we pay more attention to is the
environmental effect. The emissions to air and water are
predominantly caused by the NaOH system which produced
the largest amount of CO2 and chloride in the construction
phase for a 10MW engine flue gas treatment, i.e. 1.30E+06kg
and 4.07E+04kg, respectively. Furthermore, the results show
that the seawater system seems more cleaner with 1.24E+03kg
CO2 and 1.48E+01kg chloride. Less than 450 times emissions
are induced by the Mg-based system, generating 5.86E+05kg
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ABSTRACT

The article presents the possibility to control the real operation process of an arbitrary device installed in the marine power
plant based on the four-state semi-Markov process, being the model of the process, which describes the transition process
of operational states of the device (ek, k = 1, 2, 3, 4), and the transition process of its technical states (sl, l = 1, 2, 3). The
operational states ek (k = 1, 2, 3, 4) have the following interpretation: e1 – active operation state resulting from the task
performed by the device, e2 – state of ready-to-operate stop of the device, e3 – state of planned preventive service of the
device, e4 – state of unplanned service of the device, forced by its damage. Whereas the interpretation of the technical
states sl (l = 1, 2, 3) is as follows: s1 – state of full serviceability of the device, s2 – state of partial serviceability of the
device, and s3 – state of unserviceability of the device. All these states are precisely defined for the ship main engine
(SG). A hypothesis is proposed which justifies the use of this model to examine real state transitions in marine power
plant device operation processes. The article shows the possibility to make operating decisions ensuring a rational
course of the device operation process when the proposed model of this process and the dynamic programming method
based on the Bellman’s principle of optimality are applied. The optimisation criterion adopted when making operating
decisions is the expected profit to be gained as a result of functioning of the device in the time interval [τ0, τm], being
the sum of the expected profit gained in interval [τ0, τ1] and to be gained in interval [τ1, τm].

Keywords: semi-Markov model, ship main engine, operation process, stochastic process, operational state, technical state, marine power
plant equipment

INTRODUCTION
In Ref. [2], the author presents a possibility to apply the
Bayesian decision-making theory for making one of two
possible operating decisions when the limiting distribution
of the three-state semi-Markov model of technical state
transitions of the ship main engine (SG) is known. The article
points out that the application of the Bayesian decisionmaking theory and the theory of semi-Markov processes
provides an opportunity to make a choice between one of
the two following decisions:
t decision d1 – first perform the relevant preventive
service of the engine to retore its state required for
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performing the commissioned task, and then start
performing the task within the time limit agreed by
the customer,
t decision d2 – omit the preventive service and start
performing the commissioned task.
The engine user must always make one of these two
decisions prior to ship’s departure. In those situations, the
decision-making procedure described in [2, 6, 11, 12] can be
very helpful. Making a choice between these two decisions is
also of high importance for other marine power plant devices.
However, there are more decisions to be made in operating
practice. In general, it is important that the decision made
ensures that the course of the operation process of not only the

main engine but also of the remaining devices in the marine
power plant is rational (preferably optimal). For an arbitrary
marine power plant device, its operation process needs to be
controlled. Each of these processes comprises a sequence of
casually related states zi  Z (i = 1, 2, 3, 4), bearing the name
of operation process states and describing the simultaneous
occurrence of operational states ek  E and technical states sl 
S, in which the device can stay [2, 4, 5, 6, 10, 12]. The definitions
of states zi  Z (i = 1, 2, 3, 4), ek (k = 1, 2, 3, 4), and sl (l = 1, 2, 3)
are given in Chapter 2. Their interpretation is similar to that
adopted for marine diesel engines [2, 5, 6].
The need to control the operation process of each device
(not only the main engine) installed in the marine power plant
by controlling its states zi  Z results from the fact that during
ship sailing, these devices should permanently stay in state z1
= (e1, s1), i.e. simultaneously in state e1 of active operation, and
state s1 of full serviceability. Unfortunately, the wear of a device
can lead to its failure, which should be avoided during ship’s
voyage. When any of marine power plant devices gets damaged
during the storm, this leads at least to a complicated and
troublesome situation in ship sailing, if not to the emergency
situation [11]. In particular, the damage of such an important
device as the main engine leads, as a rule, to a catastrophic
situation [11]. Those situations, which most often result in ship’s
sinking, frequently with crew and passengers, can be avoided
by applying a proper diagnosing system (SDG) to each device
to monitor its technical condition [2, 3, 5, 7, 10, 17, 18]. This way,
the times of preventive services could be rationally planned
and executed to avoid possible failures during ship’s voyage.
When the preventive service is performed, the device is in state
z3 = (e3, s2), being the consequence of simultaneous occurrence
of state e3 of its preventive service, and state s2 of its partial
serviceability. However, despite the use of SDG, the device can
get damaged, and additional unplanned service caused by this
damage is required. During this service the device is in state
z4 = (e4, s3), which means that it is simultaneously in state e4 of
unplanned service, and in state s3 of unserviceability. Certainly,
the device can also be in state z2 = (e2, s1), which occurs when it
is simultaneously in the ready-to-operate stop state e2, and the
full serviceability state s1 which allows the device to perform
tasks for which it was intended in the design and production
phases. Making decision di that the device should be in state zi
(i = 1, 2, 3, 4) will entail certain financial consequences. These
consequences can be expressed as the profit, which takes into
consideration both financial gains obtained when the device
performs its task and the cost of the device staying in one
of those states. The marine power plant user is interested in
making a decision which will bring him the profit as large
as possible, preferably the maximum. This is possible when
using the decision-making (control) theory of semi-Markov
processes for making decisions ensuring the maximum profit.
These decisions create an optimum strategy, which can be
determined using the dynamic programming method based on
the Bellman’s principle of optimality, or the iterative Howard
algorithm [12, 13, 15, 16, 21]. In the monograph [12], the author
describes in detail the issue of decision-making based control
of the operation process of internal combustion engines used

as ship main engines, which makes use of the process model
in the form of six-state semi-Markov process and Howard
algorithm. With some adaptations, the proposed method can
be used for an arbitrary device in an arbitrary marine power
plant. However, a simpler model can also be used for this
purpose [7, 10, 11, 12]. This article describes the possibility
of decision-making based control of the operation process of
a marine power plant device which makes use of the process
model in the form of four-state semi-Markov process, along
with dynamic programming and the Bellman’s principle of
optimality.

FORMULATING THE OPTIMISATION
PROBLEM FOR THE MARINE POWER
PLANT DEVICE OPERATION PROCESS
BASED ON THE FOUR-STATE SEMIMARKOV MODEL OF THIS PROCESS
AS AN EXAMPLE
At an arbitrary time t of its operation, the marine power
plant device, (the main or auxiliary internal combustion
engine, compressor, pump, steam or water boiler, water cooler,
or electric motor, etc.), can be in one of four operation process
states zi (zi  Z, i = 1, 2, 3, 4). The operation process states zi  Z
describe the simultaneous occurrence of operational states
ek (k = 1, 2, 3, 4) and technical states sl (l = 1, 2, 3). Formally,
the states zi  Z can be defined as: z1 = (e1, s1), z2 = (e2, s1),
z3 = (e3, s2), z4 = (e4, s3). The operational states ek belong to
the set of operational states, E (ek  E, k = 1, 2, 3, 4), defined
by the relation (1) [10, 11, 12]:

E = {e1, e2, e3, e4}

(1)

having the following interpretation:
t state e1 resulting from performing the intended task
by the marine power plant device,
t state e2 resulting from the ready-to-operate stop of
the device waiting for start and transition to state e1,
t state e3 of planned (preventive) service of the device,
performed to avoid its possible damage during state e1,
t state e4 of unplanned service of the device, forced by
its damage.
The set E = {e1, e2, e3, e4} of operational states can be
considered the set of values of the stochastic process
{X(t): t ≥ 0}with realisations constant in intervals and
continuous on the right [10, 12].
In the phase of rational operation of all marine power plant
devices, it is required that the operational state e1 takes place
only when the device is in the full serviceability state (s1).
Moreover, the existence of state e2 is only permissible in this
operation when the device is in state s1. When the device is
in the partial serviceability state, (s2), it must get preventive
service to avoid its possible damage. Starting this service
means the appearance of state e3. If the damage cannot be
prevented and takes place, the device changes to state s3. In
POLISH MARITIME RESEARCH, No 1/2021
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this case, the service forced by the damage is to be performed,
during which the device changes to state e4 .
The technical states sl (l = 1, 2, 3) being the condition for
the existence of states ek (k = 1, 2, 3, 4) belong to the set of
technical states, S (sl  S, l = 1, 2, 3), defined by the relation
(2) [5, 6, 10, 11, 12]:

S = {s1, s2, s3}

(2)

having the following interpretation:
 state of full serviceability, s1, which enables the device to
operate in all conditions (in the case of the main engine –
in the entire load range), for which it was intended in the
design and production phases;
 stan of partial serviceability, s2, which enables the device
to operate in limited conditions, (in the case of the main
engine - in the smaller load range), compared to those for
which it was intended in the design and production phases,
 state of unserviceability, s3, which precludes the device
operation (ship moving by the main engine) as intended
due to its damage.
The set S = {s1, s2, s3} of technical states can be considered
the set of values of the stochastic process {W(t): t ≥ 0} with
realisations constant in intervals and continuous on the right
[2, 5, 6, 12, 13, 14].
Consequently, the states zi belong to the set Z of operation
process states defined by the relation (3):

Z = {z1, z2, z3, z4}

(3)

having the following interpretation:
 the operation process state z1 = (e1, s1), which exists when
the device is in full serviceability state (s1) and is operated
as intended (actively used, or working), which means that
it is in operational state e1,
 the operation process state z2 = (e2, s1), which exists when
the device is in full serviceability state (s1) and is used
passively (not actively: not working) waiting for start,
which means that it is in operational state e2,
 the operation process state z3 = (e3, s2), which exists when
the device is in partial serviceability state (s2) and for this
reason gets preventive service, which means that it is in
operational state e3,
 the operation process state z4 = (e4, s3), which exists when
the device is in unserviceability state (s3) due to its damage,
and for this reason gets unplanned service, which means
that it is in operational state e4,
A more detailed interpretation of operational states ek (k = 1,
2, 3, 4) of the marine power plant device was already given
when discussing relation (1), while that of technical states sl
(l = 1, 2, 3) – for relation (2).
The above interpretation of states zi (i = 1, 2, 3, 4) is fairly
general, but it can be defined more precisely for an individual
device: main or auxiliary internal combustion engine, steam
or water boiler, impeller or positive displacement pump, radial
or axial compressor, water or oil or air cooler, oil or water
or fuel heater, etc.
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The set of operation process states of an arbitrary marine
power plant device, Z = {z1, z2, z3, z4}, can be considered
the set of values of the stochastic process {Y(t): t ≥ 0} with
realisations constant in intervals and continuous on the right
[5, 7, 9, 10, 11, 12]. This process includes the stochastic process
{X(t): t ≥ 0}, with operational states ek (k = 1, 2, 3, 4) as its
values, and the stochastic process {W(t): t ≥ 0}, with technical
states sl (l = 1, 2, 3) of the device as its values.
The graph of state transitions for the process {Y(t): t ≥ 0}
is shown in Fig. 1. This graph has been created based on
situations observed in operational practice of each marine
power plant device. The states z1 and z2 are desirable states,
while states z3 and z4 are undesirable, as they make it more
difficult to use the power plant device as intended at arbitrary
time t of its operation. States z3 and z4 are unavoidable evil
and cannot be escaped in the operation of any device [9, 11,
12, 13, 17, 18, 24], but proper control of its operation (such as
proper decision-making, for instance) can reduce negative
effect of those states on operating parameters, including ship
profitability.

Fig.1. Graph of state transitions, zi  Z(i = 1, 2, 3, 4), for the process
{Y(t): t ≥ 0} of marine power plant device operation: (z1) – state of active
operation of the device with full serviceability, (z2) – state of passive use of the
device with full serviceability, (z3) – state of planned preventive service of the
device with partial serviceability, (z4) – state of unplanned service of the device
(forced by its damage), which is therefore in unserviceability state, Ti – time
interval of existence of state zi (i = 1, 2, 3, 4), Tij – time interval of existence of
state zi provided that the next state is zj (i, j = 1, 2, 3, 4; i ≠ j), pij – probability
of state transition from zi to zj in process {Y(t): t ≥ 0}

Arcs in the graph shown in Fig. 1 result from the need to
ensure rational operation of a device installed in an arbitrary
marine power plant [2, 9, 10, 11, 12].
For the device user, the most important state is z1, which
exists when the device performs its task. Once the task is
completed, the state z1 changes to z2, which occurs with
probability p12 after time T12. When the device is still in the
technical state s1, which makes it possible to perform the
next task, the user of this device may initiate this task, which
will result in device’s state transition from z2 again to z1. This
transition takes place with probability p21 after time T21. When
the user, based on diagnostic tests, concludes that the device
is in technical state which precludes performing the next task,
he makes a decision that the device should get preventive

service. This is equivalent with state transition from z2 to
z3, taking place with probability p23 after time T23. Once the
service is completed, the state z3 changes again to z2, which
takes place with probability p32 after time T32. The need for
preventive service can be observed by the user when the device
performs its task. Then, immediately after task completion,
the user initiates device’s state transition from z1 to z3, which
takes place with probability p13 after time T13. After completing
the preventive service, the device changes state from z3 again
to z2 , which takes place with probability p32 after time T32 .
However, it is possible that the device gets damaged when
performing its task. Then it should get unplanned service,
forced by the damage, which changes its state from z1 to z4 .
This transition takes place with probability p14 after time T14 .
After completing the unplanned service, the device’s state
transition from z4 to z2 takes place with probability p42 after
time T42 . In rational operation of the device, there is also
the relation between states z3 and z4 which describes the
situation in state z3 , being the result of preventive service
execution, during which it may turn out that the device got
damaged when in state z1 and this was not detected by the
diagnosing system (SDG) being unable to detect such damage
types. In that case, after completing the preventive service,
the unplanned service forced by the damage is done, which
changes the device’s state from z3 to z4 . This state transition
takes place with probability p34 after time T34 . Certainly, each
marine power plant device can change state to z2 from both,
states z3 and z4 (Fig. 1).
The above-described operational situation is illustrated
in Fig. 2 as the realisation y(t) of the process {Y(t): t ≥ 0}of
transitions of operation process states zi (i = 1, 2, 3, 4) for an
arbitrary device during its inter-overhaul period.

Fig. 2. Sample realisation of process {Y(t): t ≥ 0} for an arbitrary marine
power plant device: t – operating time, (z1) – state of active operation of the
device with full serviceability, (z2) – state of passive use of the device with
full serviceability, (z3) – state of planned preventive service of the device with
partial serviceability, (z4) – state of unplanned service (forced by damage) of
the device being in unserviceability state

The interpretation of operation process states zi  Z (3) can
be more precise for a given marine power plant device. For
the ship main engine (SG), for instance, the interpretation of
these states zi  Z (i = 1, 2, 3, 4) is as follows:
t state z1 = (e1, s1), which has place when the main engine is

t

t

t

simultaneously in full serviceability state (s1) and active
operation state (e1). In this operation process state, the
main engine works and generates the average torque Mo
at rotational speed n at which the overall efficiency of
the propulsion is Ko z Ko(max), or generates the average
torque Mo at rotational speed n to ensure the optimal
overall propulsion efficiency Ko = Ko(max), etc.,
state z2 = (e2, s1), which has place when the main engine
is simultaneously in passive operational state (e2) and full
serviceability state (s1). In this operation process state,
the main engine is stopped at engine room temperature
t d 0 oC or at temperature ts > 0 oC, etc., and waits for start,
state z3 = (e3, s2), which has place when the main engine
is simultaneously in state of preventive service (e3) and in
partial serviceability state (s2). This operation process state
can result, for instance, from the need to check the quality
of fuel spraying by injectors, with possible correction of
injection pressure, or to adjust the fuel injection advance
angle, etc.,
state z4 = (e4, s3), which has place when the main engine is
in state of unplanned service (e4) forced by damage, which
means that it is also in unserviceability state (s3). This
operation process state can result, for instance, from the
need to replace a damaged injector, or broken piston rings,
or injection pump with plunger seized in the cylinder, etc.

The performed operation tests have shown that the created
model {Y(t): t ≥ 0} of a real operation process, with the values
(states) zi  Z (i = 1, 2, 3, 4) that describe simultaneous
existence of mutually implicating technical states sl (l = 1,
2, 3) and operational states ek (k = 1, 2, 3, 4) taking place in
the operational phase of a marine power plant device, is the
semi-Markov model, as it is characterised by the following
properties [7, 9, 11, 13, 14, 19, 24]:
1) the Markov condition for the evolution of future state
transitions of the operation process {Y(t): t ≥ 0} of
each marine power plant device to depend only on
the state of this device at a given time and not on its
functioning in the past is met; in other words: the
future of the device depends only on its present, and
not on its past;
2) random variables Ti (which are time intervals of
existence of state zi regardless of which state appears
next) and Tij (which are time intervals of existence
of state zi provided that the next process state is zj)
have distributions different than the exponential
distribution.
The properties 1 and 2, which justify considering the
model {Y(t): t ≥ 0} of the real operation process {Y*(t): t ≥ 0} as
the semi-Markov process, are, respectively, the consequences K1
and K2 of the following hypothesis: the semi-Markov process
{Y(t): t t 0} can be the model of a real operation process of
an arbitrary marine power plant device, as the arbitrary
state zi (i = 1, 2, 3, 4) of this device and the time interval of its
existence depend on the state zj ( j = 1, 2, 3, 4; j ≠ i) directly
preceding it, and not on earlier states and their time intervals.
Verifying the hypothesis H requires recognising the
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correctness of the following syntactic implication [7, 10, 20, 22]:

(4)

Then the non-deductive (inductive) inference conducted
in accordance with the following scheme can be applied [10,
21, 22]:
(5)

Logical interpretation of this inference scheme is as follows:
if experimental verification of consequences Ki(i = 1, 2) has
confirmed their truthfulness, then if the implication (4) is true
then the hypothesis H is also true and can be accepted. The
inductive inference conducted in accordance with the above
scheme (5) bears the name of reductive inference. Certainly,
like each other inference belonging to the group of inductive
inferences, this inference leads only to possible, and not sure
conclusions [7, 20, 22].
The property 1 is met (and hence the consequence K1 true),
as contemporary marine power plant devices are treated as
diagnosed systems (SDN) which are to be equipped with
advanced computer diagnosing systems (SDG). This makes a
basis for formulating complete and highly reliable diagnoses
(temporary diagnosis, genesis, and prognosis) concerning
the technical condition of the device at arbitrary time t of its
operation [4, 5, 10, 11, 12, 17, 18]. Consequently, the SDN user
gets satisfactory insight into the current technical condition
of each device, which allows him to make a right decision
whether state z3 or state z4 should be introduced, as these two
states cannot exist simultaneously. Therefore, if the process
{Y(t): t ≥ 0} stays in one of these states, (z3 or z4), then its
future state z2 and time interval T2 of its existence (Fig. 1) will
depend only on the state z3 or z4 directly preceding it. That
means that state z2 and its time interval T2 do not depend on
state z1 which existed before state z3 or z4 . But if the process
{Y(t): t ≥ 0} stays first in state z1, and then changes to state
z2, then the state z2 and its time interval T2 will depend only
on state z1, and not additionally on one of earlier states z3 or
z4 . Also, the state z1 and its time interval T1 will only depend
on state z2 directly preceding it, and not on earlier states z3
or z4 (Fig. 1).
The property 2 is also met (and hence the consequence K 2
true), as marine power plant devices, in particular mechanical
devices, suffer damages resulting from excessive surface
and/or volumetric wear caused by the action of so-called
cumulative stimuli, more rarely relaxation stimuli [3, 5, 6, 11,
12]. These devices are not subject to the action of so-called
stepwise stimuli, as there are not impact loads which could
damage them regardless of their technical condition.
Therefore, the exponential distribution cannot be used for
probabilistic description of random variables T1, T12, T13, and
T14 . The use of this distribution would only be justified when:
t the level of strength properties (wear resistance) of the
devices did not change, which means no ageing provoked
damages (coming from cumulative inputs),
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device damages were caused by accidental external or
internal impact actions, so-called stepwise stimuli, either
being the consequence of device operation or not.
The distributions of the remaining random variables
also cannot be considered exponential distributions. This
results not only from technical conditions, but also from
organisational and economic conditions of the existence of
states z1, z2, z3, and z4 [5, 6, 11, 12].
Hence, we can conclude that the developed model
{Y(t): t ≥ 0} of the real operation process {Y*(t): t ≥ 0}, which
is characterised by transitions of states zi (i = 1, 2, 3, 4) to
states zj (i, j = 1, 2, 3, 4; j ≠ i) taking place during the operation
of marine power plant devices, is the semi-Markov model.
This justifies the application of the theory of semi-Markov
processes to determine reliability characteristics of these
devices, while the application of decision-making (control)
theories to the semi-Markov processes enable making optimal
operating decisions, with profit used as the optimisation
criterion. The semi-Markov models of real processes are
characterised by the initial distribution and the functional
matrix bearing the name of the kernel of the process [13, 14].
The initial distribution of the process {Y(t): t ≥ 0} (Fig. 2)
is given by the formula:
(6)

while its functional matrix (kernel), according to the graph
shown in Fig. 1, has the following form:

(7)

where:
Qij (t ) pij Fij (t ) is the kernel element of the process (7), which
is the conditional probability of appearance of state zj at time
not longer than t, provided that the previous process state
was zi (i, j = 1, 2, 3, 4; j ≠ i),
pij – probability of transition of process {Y(t): t ≥ 0} from
state zi to zj,
Fij(t) – cumulative distribution function of random variable T,
Methods to determine the probability pij and the
cumulative distribution function Fij(t) are well known and
have been presented in numerous publications, for instance
in monographs [12, 13].
It results from the presented hypothesis that the model
{Y(t): t ≥ 0} of real operation processes of marine power plant
devices is the semi-Markov process, as it is characterised by
the fact that the time interval of the process state existing at
time τn and the process state which can appear at time τn+1
do not depend stochastically on earlier states and their time
intervals. In marine power plant device operation (Fig. 2), it
is important for the realisation y(t) of the process {Y(t): t ≥ 0}
to be optimal. This can be achieved by applying the decisionmaking (control) theory of semi-Markov processes to the

analysed process {Y(t): t ≥ 0} considered as the semi-Markov
decision-making process [6, 9, 12, 15, 16, 21].
The semi-Markov decision-making process {Y(t): t ≥ 0} is
the process, the realisation of which depends on decisions
di(τ) (i = 1, 2, 3, 4), made at times τ : first at initial time τ0,
and then at state transition times , W 1 ,...,W n ,... of this process.
Decision d i (W n ) is the decision made at time , when the semiMarkov process is in the operation state zi, which means that
Y (W n ) z i (i = 1, 2, 3, 4). In each state of process {Y(t): t ≥ 0},
the decision di belonging to the set of decisions, Di (di  Di),
can be made. Making decision di means selecting i-th row
of the functional matrix (kernel) expressed by the relation
(8) which results from matrix (7).

this decision does not depend on n, and
, which
means that it is also the stationary strategy, and the semiMarkov decision-making process {Y(t): t ≥ 0} is the uniform
process. With respect to marine power plant devices, the
optimisation of the semi-Markov decision-making process
{Y(t): t ≥ 0} consists in selecting a strategy for which profit,
being the optimisation criterion, takes the maximum value.

(8)

Optimisation of the semi-Markov process {Y(t): t ≥ 0}
with functional matrix (8) and initial distribution (6), being
the model of marine power plant device (USO) operation
process, is always done for a given time interval
of
device operation. That means that the number of transitions
of states zi  Z (4) of this process is predetermined.
The optimisation criterion is the profit gained in time
unit of existence of state zi, which is given by relation [12,
13, 16, 21]:

where:
is the kernel element of the process (8),
which is the conditional probability of appearance of state
zj at time not longer than t when the decision dk is made,
provided that the previous process state was zi,
– probability of transition of process {Y(t): t ≥ 0} from
state zi to zj when the decision dk is made,
– cumulative distribution function of random
variable ,
The probabilities
and cumulative distribution
functions
are determined in a similar way as for the
earlier mentioned probabilities pij and cumulative distribution
functions Fij(t) characterising the functional matrix (7).
The i-th row of the functional matrix (8) defines the
probabilistic mechanism of process evolution in time interval
. This row is selected from the set:
(9)

Decision
means that the semi-Markov
process evolves in such a way that, according to the distribution
, the process state zj is selected to which the
process changes at time
. The length of the time interval
is determined in accordance with the distribution
given by the cumulative distribution function
This
results from the fact that
[12, 13, 15, 21].
Decisions are made in accordance with the adopted strategy
(10)

comprising possible decisions
which may be made.
The elements of the decision sequence (10) are vectors with
components being the decisions made in given states, at times
of their transitions.
In the case of marine power plant devices, the strategy d is
the markovian strategy, as for each state zi  Z (3) and each
state transition time
the decision
does not depend on process realisation until time . Moreover,

OPTIMISING THE SEMI-MARKOV
DECISION-MAKING PROCESS AS THE
FOUR-STATE MODEL OF MARINE POWER
PLANT DEVICE OPERATION PROCESS

(11)

provided that at the transition time this state changes to zj, and
decision
was made at the time of state transition to zi.
The unit profit
is the function of time t calculated from
the time of appearance of state zi until the time of appearance
of state zj.
When the marine power plant device (USO) is in state,
the transport task is executed by the ship. Once this task is
completed, the crew is paid the salary, which means that they
have the unit profit
, regardless of whether
the USO changes next to state z2, z3, or z4 . This also means
that in the mathematical sense ,
, . On
the other hand, the existence of states z2, z3, and z4 generates
costs, which in the mathematical sense can be considered
negative profits. The cost
(as negative profit) of USO
state transition from z2 to z1 results from the need to spend
financial resources to ensure that USO will return to the
active operation state (z1). For instance, returning the main
engine (SG) to state z1 requires purchasing energy media,
such as fuel (heavy and/or diesel oil), lubricating oil, technical
water for engine cooling, etc. Also, state transition from z2 to
z3 of either SG or any other USO involves costs related with
crew activity to prepare conditions for preventive service (z3),
hence the (negative) profit
is to be considered. In turn,
the execution of preventive service to obtain state transition
from z3 to z2 requires incurring the cost
. Likewise, the
unplanned service forced by its damage which is necessary
to bring the device from state z4 to z2 requires incurring the
cost
. Also, when a damage to SG or another USO
is detected when performing the planned service, the cost
is to be incurred to change the state from z3 to z4 . The
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state z4 is related with the unplanned service, forced by the
damage and performed to bring the device back to state z2.
.
This state transition involves the cost
Taking into account the above characterised unit profits
, the total profit obtained until time t, as calculated from
the time of appearance of state zi of the process {Y(t): t ≥ 0} but
before transition to state zj, is given by the function [12, 13]:
(12)

In the economic sense, the profit is gained when the state z1
exists, while all remaining states zi (i = 2, 3, 4), generate costs
(losses) which, as already mentioned, can be considered in
the mathematical approach as negative profits (with a minus
sign). Except for the main engine (SG), this fact is not always
taken into consideration, which results from the fact that the
ship with non-functioning engine cannot perform transport
tasks. Moreover, when the ship is at sea in rough weather
conditions, the main engine failure can lead to the loss of
the ship with all transported cargo, which is equivalent for
the ship owner to substantial financial loss.
Along with the profit defined by relation (12), another
factor which needs considering is a one-off cash inflow (profit)
which gives bijd k ! 0 , or a one-off cost, with bijd k  0 . The
constant one-off profit and constant one-off cost (negative
profit) resulting from state transition from zi to zj(i, j = 1, 2,
3, 4) are given by the formula [12, 13]:
(13)

In the model {Y(t): t ≥ 0} , the cash inflows, i.e. profits
,
and
, are to be paid by the ship
owner to the crew to ensure start-up of the works related with
the appearance of states z2, z3 and z4 . For instance, when the
SG stays in state z2, the profit
, as the crew has to get
financial resources to purchase fuel, lubricating oil, spare
parts, etc. When in future, the ship owner is commissioned
to perform the transport task, these purchases will provide
the opportunity for SG state transition from state z2 to z1
and starting the execution of the commissioned task. Also,
rational state transition of either SG, or another USO from
state z1 do z3 requires involving financial resources to purchase
spare parts for the preventive service to be started. For the
SG for instance, this requires purchasing: injectors, filter
cartridges, injector pumps, etc., hence
. Likewise,
the crew gets financial resources for necessary purchases
to ensure rational state transition of either SG o any other
USO from state z1 to z4 , hence also
. In turn, state
transition from z2 to z1 is related with the costs incurred
by the crew to purchase fuel and lubricating oil, as well as
crew salaries to be paid to maintain the existence of state z1.
Therefore, state transition from z2 to z1 requires incurring oneoff cost, hence
Moreover, the cost
should
be determined which allows state transition from z2 to z3 ,
and the cost
for the transition from state z3 to z2, as
well as the cost
for the state transition from z3 to z4 .
The total profit taking into account relations (12) and (13)

is given by the function [12, 13]:
(14)

representing the expected profit to be gained in a single
interval of realisation of state zi, when the decision
was made at the beginning of this state.
Analysing profits gained from the realisation of the
operation process in time interval
requires defining
the expected (average) profit
to be gained as a result of the adopted decision-making
strategy dm (15).
In the USO operation phase, making a decision (choosing
from the set of possible decisions) at time τn does not depend
on the past realisation of the operation process, but on the
technical condition of the device. That means that the Markov
strategy can be applied [12, 13]
(15)

provided that the initial state of the process is state
.
Then we can determine the expected (average) profit
to be gained from time
, i.e. in time interval
when applying
the strategy
(16)

provided that state
was initiated at time .
Thus, the expected profit to be obtained as a result of
realisation of the USO operation process in time interval
is the sum of the expected profit gained in time
interval
and the profit expected to be gained in time
interval
, which can be expressed by the formula:
(17)

Taking into consideration formula (14), we get the function:

(18)

In the USO operation phase, of high importance are
optimal strategies, as they provide opportunities for gaining
maximum profits. Strategy can be considered the optimal
strategy when it allows the maximum profit to be gained
(19)

in time interval
for the semi-Markov decisionmaking process starting from state ei.
That means that the inequality [13]
(20)

is met for all possible strategies
122

POLISH MARITIME RESEARCH, No 1/2021

.

The optimal strategy can be found using the dynamic
programming method, based on a well-known Bellman’s
principle of optimality. In the analysed case, this principle
can be formulated as follows [1, 13]:

and the times of state transition from zi to zj of the process
{Y(t): t ≥ 0} can be considered random variables with gammadistribution [10, 11, 12]. Hence, the elements of matrix (8)
(27)

When
is the state of process {Y(t): t ≥ 0} existing
at time as a result of a decision made at time
then,
if the strategy

can be expressed as
(28)

is the optimal strategy, then the strategy
where:
is also the optimal strategy for the process initiated from state
zj at time .
(29)

Based on this principle and formula (17), the expected
(average) profit is given as:

The function

(21)
(30)

When at time
, the operation process is in state
,
then the optimal strategy is determined from the relation
(22)

is the gamma distribution density. In this distribution, the
expected value
and the standard deviation
are given
by formulas:

Consequently, the optimal strategy is given as:
(31)
(23)

After calculating the maximum profit
each
(i = 1, 2, 3, 4), the optimal strategy

for

Hence, the shape parameters
and the scale parameters
of this distribution can be expressed as:
(32)

(24)

is determined for the operation process {Y(t): t ≥ 0}, the initial
time of which is
. This strategy is determined from the
relation
(25)

Continuing this procedure, we obtain the optimal decisionmaking strategy
(26)

The optimal strategy of operating decision-making (26)
makes it possible to determine the next state zj, when the
process is in state zi (i, j = 1, 2, 3, 4; i ≠ j), in such a way that
the user of an arbitrary USO can gain the maximum profit.
Applying the above procedure to determine the optimal
strategy of operating decision-making requires taking into
consideration the initial distribution of the model {Y(t): t ≥ 0}
of the operation process, with the initial distribution given
by formula (6) and the functional matrix (kernel) in the form
(8). Certainly, matrix (8) is the matrix (7) modified such that
its functions Qij(t) depend on decisions dk.
Past examinations of USO operations have shown that
the time intervals of existence of states

Applying the above procedure of making optimal decisions,
i.e. decisions which will give the USO user the opportunity
to gain the maximum profit, requires defining the most
profitable state. In the analysed case, this state is z1, in which
the engine moves the ship, thus enabling the performance
of the transport task and providing profit to the ship owner.
According to the graph in Fig. 1 and the functional matrix
(8), the user of an arbitrary USO being in state z1 can make
one of three possible decisions: d1 – change to state z2, d2 –
change to state z3, and d3 – change to state z4 . Therefore, the
set of decisions for state z1 is as follows:
(33)

Each decision dk  D1, k = 1, 2, 3 (33), is attributed with time
interval of operation state (z1), probability of state transition
to z2, z3 and z4 , and profit gained from task realisation.
It results from the proposed four-state model of operation
process of an arbitrary USO with states zi  Z (i = 1, 2, 3,
4), matrix (8) and the graph shown in Fig. 1 that making
a decision requires determining the following operating
parameters:
1. Probabilities
of state transitions, i.e.:
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2. Conditional expected values
intervals ), i.e.:

3. Standard deviations
intervals, i.e.:

4. Average profits

(of operating state time

of conditional state time

The distribution parameters of conditional ready-tooperate stop state time intervals for different decisions, which
are necessary for decision-making, should be calculated from
formulas (32). Therefore, we should calculate:
6. Distribution parameters
and of conditional stop
time intervals, i.e.:

gained in ship operation time unit, i.e.:

5. Constant one-off profits
operating state realisation, i.e.:

obtained from single

Moreover, the distribution parameters of conditional
operating state time intervals for different decisions, which
are necessary for decision-making, should be calculated from
formulas (32). Therefore, we should calculate:
6. Distribution parameters
and
of conditional
operating state time intervals, i.e.:

After completing the task performed by an arbitrary USO,
but when it is still in state z1, the user can make a decision
that the next state will be z2 . Then, when the USO is already
in state z2, the user can make, according to the graph in Fig. 1
and the functional matrix (8), one of two possible decisions:
d1 – change to state z1, d2 – change to state z3. Therefore, the
set of decisions for state z2 is:

When the SG or any other USO, and, consequently,
the process {Y(t): t ≥ 0} are in state z3 , the user can make,
according to the matrix (8) and the graph in Fig. 1, only one
of two possible decisions: d1 – change to state z2, d2 – change to
state z4 . Therefore, the set of decisions for state z3 (preventive
service) is as follows
(35)

Like in the previous cases, in this case each decision dk  D3,
k = 1, 2 (35) is attributed with time interval of preventive
service state (z3), probability of transition to states z2 and z4 ,
and profit related with the existence of this state. Making a
proper decision requires determining the following operating
parameters:
1. Probabilities
of state transitions, i.e.:

2. Conditional expected values
), i.e.:

3. Standard deviations
time intervals, i.e.:

(of state time intervals

of conditional preventive service

(34)

Also in this case, each decision dk  D2 , k = 1, 2 (34) is
attributed with time interval of ready-to-operate stop (z2),
probability of transition to states z1 and z3, and profit related
with the existence of this state. Making a proper decision
requires determining the following operating parameters:
1. Probabilities
of state transitions, i.e.:

2. Conditional expected values
), i.e.:

3. Standard deviations
intervals, i.e.:

4. Average “profits”
operate stop, i.e.:

(of state time intervals

of conditional state time

gained in time unit of ready-to-

5. Constant one-off profits obtained from single readyto-operation stop state realisation, i.e.:
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4. Average “profits”
service, i.e.:

gained in time unit of preventive

5. Constant (negative) “profits”
realisation of state e3, i.e.:

obtained from single

The distribution parameters of conditional preventive
service state time intervals for different decisions, which are
necessary for decision-making, should be calculated from
formulas (32). Therefore, we should calculate:
6. Distribution parameters
and
of conditional
preventive service time intervals, i.e.:

In the case when the SG or any other USO and, consequently,
the process {Y(t): t ≥ 0} are in state e4 , the user can make,
according to matrix (8) and the graph in Fig. 1, only one
decision: d1 – change to state z2 . Therefore, the set of decisions
for state z4 (unplanned service forced by damage) has only
one element:

(36)

Making this decision requires the information of the values
of the following operational parameters:
1. Probability
of state transition, i.e.:

2.
3.

2. Conditional expected value
of time interval
unplanned service forced by damage, i.e.:

of

3. Standard deviation
of the conditional time interval
of unplanned service forced by damage, i.e.:
4. Average “profit”
gained in time unit of unplanned
service forced by damage, i.e.:
5. Constant “profit”
realisation of state e4 , i.e.:

(bonus) obtained from single

The distribution parameters of conditional time interval of
state e4, which are necessary for making decision d1, should be
calculated from formulas (32). Therefore, we should calculate:
6. Distribution parameters
and
of the conditional
time interval of the service forced by damage, i.e.:
.
After calculating the values of the above parameters of
the operation process {Y(t): t ≥ 0} for an arbitrary USO, the
procedure proposed in the article (formulas 17 ÷ 25) can be
applied to determine the optimal strategy.

profit to be gained in a single time interval of state zi
realisation when the decision
was made at the
beginning of this realisation
For each
, the maximal profit
is to be
calculated from formula (22) for the first decision ,
In successive steps, i.e. for l = 2, …, m, and for each
, the expected (average) profit is to be calculated
from formula (21), hence for l = 2

Calculating the expected (average) profit from formula (21)
for the final step (l = m), when at the initial time the process
{Y(t): t ≥ 0} was in state
, is equivalent to determining
the optimal strategy.
Verifying and demonstrating the practical usefulness of
this model requires the use of statistical methods to estimate
the probabilities pij and the expectation values E(Tj) and the
parameters of the distributions of the random variables Tij
and other performance parameters, which are considered
in this article. This is possible only in the case of obtaining
the realization y(t) of the process {Y(t): t ≥ 0} in a sufficiently
long testing interval, that is, for t [0, tb], with tb >> 0. Then
it is possible to determine the numbers nij (i,j = 1, 2, 3, 4; i≠j),
which denote the numbers of transitions from state zi to zj
in a sufficiently long time depending on the decisions made.
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ABSTRACT

The presented strength and fatigue calculations refer to an unsupported deck crane and its three distinct parts: housing,
jib and column. Static loads applied to the structure were due to the crane’s own weight and a maximum working load,
corresponding to a maximum lifting capacity at a maximum outreach of the crane. The numerical analysis was aimed
at determining the thickness of the skin plating of the column and the number, shape and distribution of stiffeners in
the column, housing and jib, ensuring that the crane yields correct strength and fatigue parameters. During the process
of designing marine structures, the standard numerical analysis is, in many cases, limited to calculations in the basic
strength range. Even when using numerical methods of analysis, complex strength and fatigue calculations are often
not performed. The modern numerical analysis chain for marine structures should concentrate not only on strength
analysis, but should take a further step, which encompasses fatigue analysis. The article presents a new outlook on
design methods, which should be the entry point to the design of marine structures. Based on the acquired number of
cycles of fatigue life, it is possible to estimate, with a sufficient degree of accuracy, the practical service life of a structure.
To solve the problem, the authors used the finite element analysis software ABAQUS supported by the fe-safe system.

Keywords: fatigue life analysis, strength analysis, fatigue factors, unsupported deck crane, FEM model

INTRODUCTION
Unsupported deck cranes are being installed more and
more often on container ships all over the world. This
is a response to ship owners’ greater demands for larger
container space on deck. More cargo room is gained by
sacrificing whatever can be removed from the open deck,
even by moving the superstructure further aft. For the same
reason, naval architects tend to locate deck cranes on one
side instead of on the ship’s centre line. One such example is
a new crane solution, the CBB 3800 from Liebherr, a powerful
machine that can easily handle oversize cargo items.
The pursuit for greater ship efficiency leads to crane design
restrictions, which may leave no space on the weather deck
for the crane jib support used during the sea passage. In
such a case, the installation of an unsupported deck crane is

often the only compromise solution, despite the higher cost
of such cranes and related operational problems. Besides
this, unsupported cranes require more precise strength and
fatigue calculations for crane housings and jibs, mounted on
a column higher than ten metres.
Ships and other marine structures are, obviously, subjected
to fatigue damage caused by dynamically acting waves and
slowly changing loads, that occur during cargo handling
operations. In a recent study [17], containing projected
trends in offshore structures, the authors postulated the
need for further investigation of fatigue damage prediction
procedures. In turn, Hirdaris et al. [10] pointed out that to
correctly assess and predict fatigue phenomena in offshore
structures one has to have a design philosophy based on
an analysis of model test results, field measurements and
simulations using up-to-date numerical modelling systems.
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Today, fatigue analysis commonly makes use of two
methodologies for solving problems of that type. One consists
of an analysis utilising the S-N relation (stress – number of
cycles to failure), the other is the fatigue crack growth (FCG)
method.
Many research studies relating to fatigue analysis of
various types of offshore structures have been based on these
methods. Wirsching [21], for instance, presented results of
fatigue tests on welded joints from steel offshore structures.
The author’s analysis took into account service life, wave
spectra, water depth, platform dynamics and the location
of the joint in the structure.
Fonte et al. [5], in turn, presented tests of welded joints and
cracks on a crane pedestal of a container ship. The authors
found that, although the crane column was subjected to
fatigue processes, sudden loads during cargo operations and
the phenomenon of crack corrosion found on the column
surface may be due to normal crane operation as well as
poor maintenance.
Deguchi et al. [4] examined the influence of the ultrasonic
peening method on increases in the fatigue strength of welded
joints in structural ship components. Taking into account
changes in the distribution of stresses occurring over the
entire service life of the ship, the authors proposed effective
methods for using ultrasonic peening to improve fatigue
strength.
Soares and Moan [20] proposed a special model of loading
that should be considered when designing offshore structures.
The model enables the assessment of fatigue damage in
structural ship components.
Soares and Garbatov [19] presented an assessment of
ship hull reliability, with respect to fatigue failure of the
longitudinal stiffeners, as well as plating. Their formula allows
modelling of the crack growth process.
Kvittem and Moan [13] undertook long term fatigue
damage analysis for a semi-submersible wind turbine. They
observed that it is essential for an analysis to adopt loading
that will not cause high fatigue damage. Thus, we can obtain
a reliable fatigue estimate for the adopted service life.
Lieurade [15] stated that wave loads, commonly acting on
offshore structures over an assumed 20+ years of operation,
caused about 1E8 cycles of stress variation and may be the
main cause of potential fatigue cracking. The author referred
to a number of offshore structures and the main factors
affecting the formation of fatigue effects in these objects.
Hirdaris et al. [9] provided a wide overview of loads on
maritime structures to support classification rule requirements
and procedures. In their fatigue analysis, the authors took into
consideration the loads acting on ships and offshore lifting
structures.
Researchers are also interested in fatigue analysis of
marine cranes. Marquez et al. [14] presented the causes of
crane failures and similarities in failure circumstances. They
examined a cylindrical luffing crane, designed to handle
containers at a river port. Due to damaged bolts, the crane
broke away from its base and collapsed into the water. The bolts
fixed the non-rotating part of the crane to the base. After the
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damaged parts were recovered from the water, it was found
that bolt damage was due to material fatigue and occurred
prior to the catastrophic failure.
Using a FEM model and the NASTRAN system, Han et al.
[7] presented an analysis of an offshore platform crane, aimed
at examining deformations and stress distribution. Moreover,
they made fatigue estimations to determine the life cycle of
the welded boom structure. The analysis took into account the
crane’s own weight, maximum working load, wind pressure
and wave action causing the ship’s rolling motion.
Examining a quayside container crane, Wu et al. [22] applied
a FEM model and MSC.Adams, MSC.Patran and MSC.Fatigue
systems to present the analysis chain comprising the modelling
of a structure, followed by strength and fatigue analyses.
Ozguc [23] presented non-linear FE results of ship-shaped
offshore vessels, where the deck structure is exposed to buckling
failure. The hybrid method (combination of the deformable
finite elements and the concentrated mass method) was applied
in [24] to design of some offshore steel structures. Samson and
Kahsin [25] described numerical and experimental results of
pre-tension forces in standing rigging of a mast.
The examples presented above, often do not encompass
a complex numerical analysis. The processes of analysis
should be conducted with the inclusion of industry codes,
standards and classification society requirements.
We will attempt to present an effective chain of engineering
analysis which contains numerical analysis using the Finite
Element Method in the range of fatigue analysis.
NUMERICAL MODEL OF THE UNSUPPORTED
DECK CRANE
This analysis deals with an unsupported deck crane with
a lifting capacity of 400 kN at a 32 m outreach, mounted on
a 13.8 m column, an integral part of the ship’s hull. The overall
height of the crane, including the column, is 24 6 m, while the
jib is 34.4 m long. The adopted model naturally distinguishes
three characteristic parts of the crane: column, housing and
jib, as shown in Figure 1. The figure presents a discrete, finite
element mesh model of the crane.

Fig. 1. A model of an unsupported deck crane mounted on a column

The crane column functions as a base for mounting the
housing at a required height so that the jib is located above the
level of the top container tier. This allows maximisation of the
use of space around the column by placing extra containers
there. The column interior is used by crane operators to climb
to the housing. The column interior comprises electric and
hydraulic installations. The crane column is topped with
a collar flange, to which the housing is bolted. The lower part
of the housing is where the jib is attached by pins, held in
a proper position by outreaching, changing ropes. Inside the
housing are drive units for controlling the outreach and crane
rotation and for cargo lowering and lifting. The numerical
model, created with the finite element method, is composed
of 17,352 elements and 64,879 nodes, which gives 365,478
degrees of freedom in total. To discretise the metal plates used
for the shell and stiffeners of the housing, column and jib, we
mainly used thin shell elements, denoted as S8R5, STRI65
(as in the ABAQUS system) [3].
The plate thicknesses ranged from 26 to 31 mm in the
column, from 10 to 28 mm in the housing and from 10 to
25 mm in the jib (note the different colour markings in
Figure 1). The stiffener distribution in the column and the
jib is shown in Figure 2.
The method of modelling the crane’s lifting ropes deserves
special attention. The most often used ropes in rope structures
are ordinary spiral or multi-strand plaited ropes, as well as
prefabricated wire and rope cables [16]. Plaited ropes used
in deck cranes are characterised by their high flexibility,
allowing easy winding of the ropes on lead pulleys and high
longitudinal deformability. The mechanical properties of ropes
are substantially different from those of individual wires.
The main difference is the value of Young’s modulus E 16].
An arbitrary adoption of the modulus of elasticity in the
numerical model may lead to significant differences between
the calculated and actual states of displacements and stresses in
the elements of the tie structures. When devices that may create
hazardous situations are designed, the modulus of elasticity
should be determined experimentally [16]. According to the
Polish guidelines contained in relevant design standards [16],
the values of the modulus of elasticity for plaited ropes range
from 120 GPa to 195 GPa. The value of the Young’s modulus
adopted for the numerical calculations was E = 120 GPa. For
rope modelling by the finite element method, the stiffness
matrix of a tie element is obtained from the superposition
of its elastic stiffness; it corresponds to the stiffness of a bar
element and its geometrical stiffness, taking account of the
longitudinal forces in a rope finite element [1, 12, 16]. For
the calculations, 30 finite elements of the rope were adopted
at each section from the jib end to the leading pulley block,
mounted at the upper part of the housing.
Structural elements of cranes and other handling equipment
are typically made of high strength, class 355 or normal
strength, class 235 steel. In the DNV regulations, steels with
similar strength properties (yield points) are classified as
VL-36 and VL, respectively. The calculations assume that the
crane is made of high strength steel (high strength, class 355).
Steel grade S355J2G3 (EN10025-2) was adopted here, with

Fig. 2. Discretisation using finite elements of the column and
jib internal transverse and longitudinal stiffeners

Fig. 3. A contact pin connection between the housing and the jib

a minimum yield strength of 355 MPa (for a sheet thickness
up to 16 mm). For these steels, the S-N curves are published
in the DNV regulations. In our calculations, it is steel marked
as material B. For comparison, the possibility of using another
steel material with the S-N curve provided by the manufacturer
(material A) was also tested.
FATIGUE CALCULATIONS
In engineering practice, it is generally estimated that more
than half of the permanent damage to machinery is caused
by fatigue changes occurring in a machine’s component
materials. In this context, it is essential to correctly use
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reliable engineering tools to assist the determination of
fatigue strength. Fatigue analysis, utilising the finite element
method, substantially reduces or, in some cases, eliminates
the cost of re-designing or withdrawing faulty products.
Besides, it is possible to curb the testing costs performed
before a prototype is made. Customer satisfaction, due to
solid and durable products, comes as an extra benefit.
Fatigue calculations for high cycle elements make use of
a method based on assigning certain values of stress to the
number of stress change cycles, this is well known to designers.
Numerous sources [6, 26] state that the boundary between high
cycle and low cycle fatigue life is 104 or 105 cycles. Besides
the strict determination of a limit value, it is more important
to accept the general principle that calculations of high cycle
fatigue strength are used for work within an elastic range, while
low cycle fatigue calculations refer to the elastic-plastic range.
In practical fatigue calculations, computer programs based
on the finite element method (FEM) are currently used,
which automates the entire calculation process. Classification
institutions also offer software of this type, e.g. the SESAM
system (DNV), which includes programs that enable the
performance of strength calculations, in accordance with the
requirements of the regulations of this institution.
The general-purpose FEM systems currently used, such as
ANSYS or ABAQUS (together with the SIMULIA software
package), are based on the results of static calculations, and they
enable fatigue calculations to be performed. These calculations
are performed by the appropriate module built into the postprocessor program (see the ANSYS Workbench – fatigue
module). An example of such a program is ‘fe-safe’ which is
delivered as part of the SIMULIA package (the manufacturer
of 3DS-Dassault Systems) in cooperation with the ABAQUS
program and other significant systems (NASTRAN, ANSYS).
The fe-safe program allows fatigue calculations to be
performed with a wider scope and in a more advanced way
than those required by the regulations and recommendations
of classification institutions. The choice is between fatigue
strength models based on Wohler stress relationships (known
as S-N or “Stress-Life”) and those based on deformation
(known as “Strain-Life”).
For the S-N type analyses, the program enables the definition
of the transformation of the mean stress according to Godman,
Gerber, Soderberg and others. For Strain-life analyses, the
transforms given by Morrow, Smiths and others can be used.
It is possible to define any fatigue load of characteristic load
cycles: alternating, zero-pulsating, non-proportional or based
on the readings of real signals (loads). The program includes
a ready-made material database with assigned S-N curves.
It is possible to define your own material library and the
corresponding S-N curves and to define the correction of
these curves due to the notch effect.
Fatigue analyses based on S-N (“Stress-Life”) relationships
are commonly used for high-cycle fatigue strength. As
a rule, low-cycle fatigue analysis is based on deformation
relationships (“Strain-Life”). As a result of the fatigue
calculations, the durability (or portions of failure) is obtained
according to the Palmgren-Miller hypothesis.
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The capabilities of the fe-safe program (as well as the AnsysWorkbench and others) enable fatigue calculations based on
S-N curves, taking into account the appropriate correction
factors contained in the regulations and recommendations of
classification institutions, e.g. DNV. Results of the high-cycle
S-N fatigue analysis in one of the above-mentioned programs
will be received in the same way as defined in the regulations
of these institutions.
It should be noted that the fatigue calculation methods
described above include the fatigue of the structure material.
Fatigue calculations of welds are a separate issue and
classification institutions have separate requirements in this
regard.
FATIGUE ANALYSIS ACCORDING
TO THE REGULATIONS OF CLASSIFICATION
INSTITUTIONS
Classification institutions, such as Lloyd’s Register or DNV
(formerly known as Det Norske Veritas and Germanisher
Lloyd, prior to a merger), issue separate classification and
approval rules for on-board equipment, including lifting
machinery and equipment. DNV has two separate standards
for lifting appliances: one for offshore lifting appliances
(“DNVGL-ST-0377 Standard for offshore and platform lifting
appliances”), the other for conventional deck equipment,
including the design of cranes mounted on merchant
ships (“DNVGL-ST-0377 Standard for shipboard lifting
appliances”). All of these regulations specify the number
of load cycles in the expected service life and the fatigue
strength.
Now, we briefly describe the requirements according to
DNV. DNV for fatigue design is mainly based on the application
of the S-N stress relationship, assuming linear cumulative
damage (the Palmgren-Miner rule). The methodology is
also widely described in the additional recommendation
DNVGL-RP-0005 “RP-C203: Fatigue design of offshore
steel structures”. For ship cranes, detailed fatigue strength
requirements are specified in DNVGL-ST-0377 (Chapter 4.6).
If they are in agreement with the classification institution,
other recognised fatigue calculations may be used. Fatigue
analysis is based on nominal S-N curves for plate structures.
S-N curves obtained from fatigue tests are given in the DNV
regulations or recommended practice.
If the fatigue life estimation based on S-N data is insufficient
for a component in which failure may lead to serious
consequences, a more detailed study covering the greater
part of the structure or the fracture mechanics analysis, should
be performed.
In this article, we discussed the Miner’s rule of cumulative
damage; it is the simplest cumulative damage model. It states
that if there are K different stress levels and the average number
of cycles to failure at the i-th stress, then the partial damage
Di is determined as follows:

Di =

(1)

where: K is the total number of blocks of the stress range
spectrum, nk is the number of stress cycles in block k and
Nk denotes the number of stress cycles determined from the
S-N curve.
The above equation can be thought of as assessing the
proportion of life consumed at each stress level and then
adding the proportions for all the levels together. Often, an
index for quantifying the damage is defined as the product
of stress and the number of cycles operated under this stress,
which is:

Wi = niSi

(2)

Assuming that the critical damage is the same across all
the stress levels, then:

Fig. 4. Contour lines of the displacement under its own weight and working
load of 400 kN (compared to the undisplaced model)

Wfailure = NiSi
Using Eq. (2) as the critical value of damage that will result
in failure, Eq. (1) becomes

Di =

(3)

For example, if Wfailure = 50 for a component, it means that
the component will fail after 10 cycles at a stress level of 5, or
after 25 cycles, at a stress level of 2.
It is assumed that the fatigue strength is achieved when
the cumulative failure D meets the condition:

D = Σ Di ≤ 1

Fig. 5. Places of occurrence of the highest von Mises stresses f
or individual structural elements of the crane

(4)

When the damage fraction reaches , failure occurs.
THE RESULTS OF NUMERICAL CALCULATIONS
In the fe-safe program, the fatigue calculations were
carried out in accordance with the requirements of the DNV
classification, adopting the high-cycle fatigue analysis of the
S-N type. To perform the calculations requires the definition
of the input parameters for the analysis. The most important
of these are material data and the definition of a fatigue load.
For comparison purposes, calculations were performed for
two defined materials, i.e. steel with different S-N curves. For
material A (steel, Rm = 400 MPa), the S-N curve was taken from
the fe-safe database (the selected values are shown in Table 2).
As a result of fem analysis, performed with ABAQUS, the
displacement of the jib end under a maximum load of 400 kN
was 1,067 mm as depicted in Figure 4.
For individual structural elements of the crane (jib, crane
housing and column), the locations of the highest von Mises
stresses were identified (Figure 4). These values are listed
in Table 1.
Spot B in Figure 5 is located at a height of 13.9 m from the
column base. The place of greatest effort in the column, marked
as C in Figure 5, is found 11.5 m up from the column base,
where the column changes its shape from a cuboid to a convex
socket. Maximum reduced stresses in the jib are located 15.8 m
from the jib end, denoted as A in Figure 5.

Fig. 6. S-N curves according to DNVGL (“RP C203 Fatigue design
of offshore steel structures”)
Tab. 1. The von Mises reduced stresses for structural elements of an individual crane
Part of the crane

Number of finite
elements

Maximum von Mises
stress [MPa]

Jib (A zone)

102,214

105.555

Crane housing (B zone)

300,714

368.251

Column (C zone)

203,798

281.16

Tab. 2 Material A (selected S-N values)
Number of cycles

10,000

1E7

Stresses

363 [MPa]

188.3 [MPa]
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For material B, the S-N curve in the fe-safe program was
defined on the basis of the DNV regulations and the curves
presented therein, as in Figure 6.
Tab. 3. Results of fatigue calculations for selected points of the crane’s
structural elements. Material A
Part of the
crane

Number of
finite elements

Number of
cycles

Damage/cycle

Jib (A zone)

102,214

No fatigue
damage

No fatigue
damage

Crane housing
(B zone)

300,714

77,897

1.28E-05

Column
(C zone)

203,798

2,286,472

4.37E-07

Tab. 4. Material B (selected S-N values, curve B1)
Number of cycles

10,000

1E7

Stresses

600 [MPa]

106.97 [MPa]

For material B, the S-N curve in the fe-safe program was
defined on the basis of the DNV regulations and the curves
presented therein, as in Figure 6.
The zero-pulsating cycle was adopted as the fatigue load
(Figure 7). Therefore, calculations should take mean stress
corrections into account.

The fe-safe system was also used to determine fatigue life
(FL); it is the number of cycles (N) after which material fatigue
will occur for a given value of stress. The higher the value of
N means the higher the value of fatigue life. Figure 8 presents
example contour lines of FL factor, determined for the surface
finish factor Kf = 1 and σm/σa = 1. The higher the value of FL,
the higher the value of fatigue life. For the previously selected
points, the fatigue results are given in Table 3 for material
A and Table 4 for material B, respectively.
Tab. 5. Results of fatigue calculations for selected points of the crane’s
structural elements for material B
Part of the
crane

Number of
finite elements

Number of
cycles

Damage/cycle

Jib (A zone)

102,214

No fatigue
damage

No fatigue
damage

Crane housing
(B zone)

300,714

163,538

6.115E-06

Column
(C zone)

203,798

591,920

1.689E-06

Another widely used indicator of fatigue strength is
Factor of Strength (FOS). FOS, defining the fatigue strength
of a material as a function of working stress, is generally
determined by using the Goodman or Soderberg formulas.
According to the Goodman formula, in the system (σm ,σa),
FOS is determined from the equation

1/FOS = σm/σu + Kf (σa/σ f)

(5)

where σa is stress amplitude, σm is mean stress, σu is the
ultimate (tensile) strength, σ f is the fatigue strength denoting
the maximum stress at which an element will work an infinite
number of cycles, and Kf denotes fatigue notch factor.
If the plasticity limitis σy introduced into equation (3), FOS
can also be determined according to the Soderberg formula

1/FOS = σm/σy + Kf (σa/σ f)

(6)

Figure 9 presents contour lines of the FOS, that were
determined by arbitrarily adopting the surface finish factor
Kf = 1 and σm/σa = 1.
Fig. 7. The assumed fatigue load

Fig. 8. Permissible number of cycles
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Fig. 9. Distribution of the Factor of Strength (FOS)

In the area marked B in the housing, the FOS assumes
a value of 0.631. At point C on the column it is 1.218 while,
at point A of the jib, FOS equals 2.0.
For the assumed zero-pulsating fatigue cycle, the influence
of the average stress Sm (mean stress) was taken into account
when adopting the Goodman formula. The graph of the
stresses of Sa (‘alternate stress’) depending on the number
of cycles, is shown in Figure 10.

The use of advanced fatigue calculation software, such
as fe-safe, allows one to automate and accelerate fatigue
calculations of structures for real load cycles, measured
experimentally. Such programs include advanced calculation
models of fatigue strength as well as the most basic ones,
which are included in the regulations and approved by
classification institutions. Correctly performed numerical
fatigue calculations can be accepted by classification
institutions.

PRACTICAL RECOMMENDATIONS

Fig. 10. Diagram of alternating stresses (Sa) versus the number
of cycles (N). Material A and B

CONCLUSIONS
We determined the thicknesses of the metal plates used for
the plating of the column, crane housing and the jib, and then
selected and laid out the longitudinal and transverse stiffeners.
Particular attention was paid to the modelling of those areas
of the structure that are crucial to the safe crane operation (tie
elements, pin joint connecting the jib and housing). When
discretising tie elements, one should bear in mind that the
mechanical properties of braided steel ropes substantially
differ from the properties of individual component wires.
The modelling of a structure by finite elements requires
a careful choice of these elements. For instance, for a model
of a girder, the ABAQUS library offers a number of plate and
shell finite element types. Adopting incorrect finite elements
may lead to wrong calculation results, regardless of the mesh
density. According to the recommendation of the ABAQUS
manual [3], thin plates (with a thickness to length ratio less
than 1/15) were discretised by using shell elements marked as
S8R5 (8-node tetragonal elements of a curved shell, reduced
numerical integration, five degrees of freedom in a node) or
STRI65 (6-node triangular elements, five degrees of freedom
in a node). Thick plate elements were modelled with 8-node
shell finite elements, denoted as S8R (tetragonal elements,
six degrees of freedom in a node, and reduced numerical
integration in calculations of the single element stiffness
matrix). The fatigue analysis included examination of how the
load characteristics (sinusoidal fluctuating, positive zero to
tension pulsating and unilateral positive) and fatigue surface
finish factor affect fatigue factors FOS and FL in selected
regions of the column, the housing and the jib. The greater the
values of FOS and FL are, the higher the value of fatigue life is.
Based on the acquired number of cycles of fatigue life it is
possible to estimate the practical service life of a structure.

1. Fatigue calculations (high-cycle fatigue strength) based
on S-N curves are the basic calculations for the design
of fatigue strength and for determining the life span of
ship and offshore structures. These calculations reduce the
probability of the formation and development of fatigue
cracking (fracture mechanics) at the design stage (due to the
probabilistic nature of loads and the dispersion of material
property inaccuracies in performance).
2. Fatigue calculations of structural elements, based on the
fracture mechanics according to the recommendations
of classification institutions, can supplement those
based on the S-N fatigue curves. For this purpose, the
recommendations (according to DNV) are based on the
known Paris equation describing fatigue (life expectancy
and crack development) depending on the stress intensity
factor K (not used here), which may be expressed as:

K = σg
where σ is the normal stress in the member normal to the
crack, g denotes the factor depending on the geometry of
the member and the crack, and a is crack depth.
3. The development of cracking usually occurs in the area
of welded joints. Additional recommendations for the
modelling and calculation of fatigue strength of welds
are provided in the recommendations of classification
institutions. According to DNV, they are also based on
S-N curves (for welded joints). Numerical calculations
with the use of FEM (appropriate mesh) are recommended
with appropriate interpolation of the obtained numerical
results regarding the nominal stresses in the area of stress
concentration (notch).
4. In the case of crane fatigue strength, the calculations are
reduced to fatigue calculations based on S-N curves and
a comparison of the number of fatigue cycles obtained from
calculations with those assumed at the design stage. In the
case of ship structures, the operational period is assumed
to be 20 years although, currently, there is a tendency to
extend this period (up to 30 years or more).
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ABSTRACT

With the vigorous development of maritime traffic, the importance of maritime navigation safety is increasing day
by day. Ship trajectory extraction and analysis play an important role in ensuring navigation safety. At present,
the DBSCAN (density-based spatial clustering of applications with noise) algorithm is the most common method in
the research of ship trajectory extraction, but it has shortcomings such as missing ship trajectories in the process of
trajectory division. The improved multi-attribute DBSCAN algorithm avoids trajectory division and greatly reduces
the probability of missing sub-trajectories. By introducing the position, speed and heading of the ship track point,
dividing the complex water area and vectorising the ship track, the function of guaranteeing the track integrity can
be achieved and the ship clustering effect can be better realised. The result shows that the cluster fitting effect reaches
up to 99.83%, which proves that the multi-attribute DBSCAN algorithm and cluster analysis algorithm have higher
reliability and provide better theoretical guidance for the analysis of ship abnormal behaviour.

Keywords: clustering algorithm,abnormal route,DBSCAN,Feature trajectory extraction,fitting analysis

INTRODUCTION
In the continuous development of maritime traffic, AIS
(automatic identification system) data plays an extremely
important role in the process of extracting ship tracks,
analysing ship behaviour [1], and ensuring course safety.
An AIS is an automatic identification system that can realise
global coverage and send ship position information to the
competent department and other ships every few minutes,
so as to track the ship’s trend and monitor its heading. It is
an important resource for studying maritime activities [2].
AIS can be used in ship trajectory detection, ship trajectory
outlier analysis and other aspects [3]. It can efficiently excavate
typical sections of each characteristic pattern in the water
area, and effectively use the AIS data of ship navigation to
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provide great help for ship trajectory extraction [4][5], so as
to guarantee the navigation safety of ships.
Scholars around the world have done a lot of research on
AIS data application. Zhang et al. propose a multi-state ship
trajectory reconstruction model. The model is processed in
three steps, including (i) removal of outliers, (ii) estimation
of the ship navigation state and (iii) ship trajectory fitting.
The model allows the reconstruction of the ship’s trajectory
under different navigational conditions, such as berthing,
manoeuvring and normal speed navigation. It is concluded
that the performance of the model is better than that of the
linear regression model [6]. Yan et al. propose a ship traffic
route extraction method based on automatic ship history
identification system (AIS) data. In this method, the ship
trajectory with rich position information is transformed

into a ship navigation semantic object (STSO) with semantic
information, and each ship navigation is abstracted into
a stop-waypoint-stop navigation object. In addition, based on
graph theory, STSO is further integrated into nodes and edges
of directed maritime traffic charts to realise the extraction
and expression of routes [7]. Wei et al. propose a new AIS
trajectory compression algorithm based on ship behaviour
characteristics, which takes into account the spatial and
motion characteristics of the trajectory. The algorithm is
mainly composed of two parts: one is to simplify the trajectory
by using the Douglas‒Peucker (DP) algorithm according to the
spatial characteristics; the other is to simplify the trajectory by
using a sliding window based on the motion characteristics.
In addition, statistical theory is applied to determine the
threshold of motion characteristics in the sliding window
algorithm. The two results are combined to form a trajectory
simplification algorithm considering ship behaviour [8]. Li et
al. put forward the problem that AIS redundant information
can reduce the accuracy of trajectory clustering. In order to
improve the calculation accuracy and reduce the amount of
calculation, the merged distance can be used to measure the
similarity between tracks, and the low-dimensional spatial
expression of the similarity between tracks can be used in
multi-dimensional zoom (MDZ). Lin M.L used language to
design and realise a prototype system of ship track clustering,
so as to mine and analyse the important information in the
AIS data and obtain the behavioural patterns of ships [22].
Sheng and Yin put forward a clustering model based on the
track of the AIS data applied to the analysis of transport
routes, where the entire model includes four main parts:
data pre-processing, similarity measurement structure and
typical path extraction, and clustering. The model considers
the ship trajectory through geospatial information where
different transport routes can be automatically classified. It
allows experimental verification through specific waters. The
results show that the model is effective, and helps to further
understand the route model [10].
However, due to the impact of objective factors such as the
environment, climate and the crew’s subjective behaviour
when the ship is underway, abnormal data will appear in
the process of AIS data generation, and the accuracy and
navigation under direct AIS data processing will be improved.
Therefore, the detection of outliers in AIS data can better
ensure navigation safety and make the processing of AIS
data more accurate.
In AIS data processing research, a clustering algorithm
is often used to process the ship trajectory, equipment and
other data. Clustering algorithms have been widely used
in various aspects such as ship trajectory extraction, ship
anomaly detection and ship evaluation. Scholars around
the world have conducted a large number of studies on this.
Xiao et al. designed a ship track clustering algorithm based
on AIS information. This clustering algorithm used the
change of heading to obtain a candidate set of feature points,
and determined the final feature points by the Minimum
Description Length (MDL) criterion, so as to classify ship
track class clusters, clustering large ships in specific waters

and obtaining the typical representative trajectories of ships
[11]. Zhou et al., based on AIS data of a large number of
ships, measured the trajectory similarity by fusion distance
(MD). Aiming at the problem that the traditional DBSCAN
algorithm needs to query the neighbourhood of each sample
repeatedly, an improved DBSCAN algorithm is proposed
to reduce the number of regional queries, thus improving
the time efficiency of the algorithm and completing the
clustering of the existing trajectory [12]. Cui has done much
work and in his paper the characteristics and structure of the
ship AIS trajectory data are summarised, a ship trajectory
prediction model is established by using the related method
of machine learning, and the future trajectory of the ship is
predicted. The main research work includes data completion
and exception handling methods. Based on the original AIS
data, data completion and abnormal data processing were
carried out. The work also includes a clustering and regression
method for ship trajectory prediction. Combined with the
classification idea, the K-medoids method is used to cluster
the trajectory samples, and a regression prediction is made
in each class to effectively reduce the difference between
the trajectory samples. The experimental results show that
the clustering regression method can improve the accuracy
of prediction [13]. Liu and Shi use a new way to solve the
problem. The skeleton extraction technology used for model
reconstruction is used to carry out trajectory clustering
analysis on the historical data of ships, which lays a foundation
for studying the behaviour pattern of ships, and then provides
a new method for regional navigational goods supervision.
In view of the problem that the current trajectory clustering
algorithm consumes a lot of computing resources and cannot
process the trajectory quickly, the trajectory is converted into
images for gradient compression and extraction clustering.
The thermal surface of the track line was constructed by
relying on the thermal distance field, and then the Laplacian
operator was used to iteratively shrink the meshing thermal
surface, and the profile skeleton line was obtained as the
clustering effect picture [14].
In numerous studies, many extended algorithms have
been developed based on clustering algorithms, among
which the DBSCAN algorithm is widely used in ship
trajectory extraction. Jiang, Xiong and Tang proposed an
improved DBSCAN clustering algorithm. The ship trajectory
was segmented by taking the angle and speed change as
information measures, and the discrete Frechet distance
was used as a trajectory similarity measure. The DBSCAN
algorithm was used to cluster the trajectory segments, and
the typical trajectory of ship movement was obtained [15].
Zhao, Shi and Yang proposed an adaptive hierarchical
clustering method for the ship trajectory based on DBSCAN.
By analysing the characteristics of the DBSCAN algorithm,
the parameters are determined according to the internal
distribution law of the data set and the change law of the
quasi-clustering effect. Hierarchical clustering is carried out
with statistical theory to adapt to ship trajectory data with
an uneven density distribution [16]. Peng et al., based on the
AIS data, used cloud computing and a clustering algorithm
POLISH MARITIME RESEARCH, No 1/2021
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to carry out trajectory clustering analysis on the historical
data of ships and build the normal trajectory model of ship
navigation, which lays a foundation for real-time detection of
abnormal ship trajectories, and then provide a new method
for improving the intelligent level of water traffic supervision.
Aiming at the low efficiency of the current trajectory clustering
algorithm, an improved parallel DBSCAN of sub-trajectory
clustering algorithm SPDBSCANST (Parallel DBSCAN of
sub-trajectory based on Spark) was proposed, based on Spark
memory computing technology and data partitioning in order
to mine the important AIS information [17]. Jiang, Xiong
and Tang used an improved DBSCAN algorithm based on
the turning angle and speed change rate of ships, combined
with the Frechet Distance (FD) to measure the distance,
and divided the track sections of ships. After realising the
clustering results, typical representative tracks of ships’
navigation were extracted, using a particular body of water
for experiments. The experimental results show that the
algorithm can improve the clustering effect and accuracy, and
lay a foundation for the detection of ship trajectory anomalies
[15]
. Li et al. proposed that the redundant information of the
AIS would reduce the accuracy of trajectory clustering. In
order to improve the accuracy and reduce the amount of
calculation, the similarity between trajectories was measured
by combining the distance, and the low-dimensional space
expression of the similarity between trajectories used multidimensional zoom (MDZ). The fusion between MDZ and the
improved DBSCAN algorithm can identify the trajectory
route well, and through the sampling data of specific waters,
the DBSCAN algorithm is used to cluster the spatial points
to verify the effectiveness and accuracy of the algorithm [9].
The existing clustering algorithms are mostly K-means,
Spark, etc., compared with which DBSCAN has higher
accuracy and a wider application range. However, the existing
DBSCAN algorithm still needs to divide the ship trajectory,
which will cause the loss of the ship trajectory and decrease
the accuracy. Therefore, this paper proposes a multi-attribute
DBSCAN extension algorithm, which vectorises the ship
trajectory and avoids having to divide it, thus ensuring the
complete ship trajectory and improving the calculation
accuracy.

MULTI-ATTRIBUTE DBSCAN
OPTIMISATION ALGORITHM FOR SHIP
TRAJECTORY CLUSTERING
SHIP TRAJECTORY CLUSTERING BASED ON MULTIATTRIBUTE DBSCAN OPTIMISATION ALGORITHM
Currently, there are two main two research ideas about
trajectory analysis and trajectory extraction: one idea is to
target the trajectory as a whole for cluster analysis, which can
better dig out the trajectory of the key path, but its existence
may lose some general sub-tracks defects as shown in Fig. 1.
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Fig. 1. Locally similar trajectories

Track 1, track 2 and track 3 have short movements with
a similar general trajectory, as shown in the dotted box of
the figure. If the clustering trajectory is treated as a whole,
it could cause the loss of some similar sub-tracks, leading to
a lack of important information. Another research idea is
to divide the whole ship track into several sub-tracks. This
method can effectively avoid missing sub-track information,
but it also damages the integrity of the track.

SHIP TRAJECTORY CLUSTERING MODEL
Formula and similarity measure of distance between
ship track points
The division of data needed to calculate the similarity
between samples and the similarity calculation method
between samples can be abstracted as a sample distance
function. In order to calculate the distance between samples
and the similarity between samples from a distance matrix,
assuming that the extracted sample is X, the number of
samples is n, the dimensions p, the distance matrix can be
expressed in the following form:

ଵଵ Ǥ Ǥ Ǥ ଵ୮
 ڭڰڭ
୬ଵ  ڮ୬୮
where Xij represents the j-th dimension data of the i-th
sample.
Design of structural similarity distance formula
In the distance calculation, the following formulas are
needed: Euclidean distance [18], Manhattan distance [19],
Chebyshev distance and Minkowski distance [21].
1) Euclidean distance
Used to represent the distance between two points. In
n-dimensional space, the Euclidean distance formula can
be expressed as
୫

ଶ

୧୨ ൌ ሺ୧ ǡ ୨ ሻ ൌ ሺห ୧୩ െ ୨୩ ห ሻଵȀଶ
୩ୀଵ

2) Manhattan distance
Used to represent the sum of the absolute values of the
wheelbase of two points in the standard coordinate system.
In n-dimensional space, the Manhattan distance calculation
formula is expressed as
୫

୧୨ ൌ ሺ୧ ǡ ୨ ሻ ൌ ห୧୩ െ ୨୩ ห
୩ୀଵ

3) Chebyshev distance
Used to represent the maximum value of each coordinate.
In n-dimensional space, the Chebyshev calculation formula
is expressed as

 ൌ ሺหଵభ െ ଵమ หǡ หଶభ െ ଶమ หǡ ǡ ǡ ห୬భ െ ୬మ หሻ
4) Minkowski distance
When n=1, the Minkowski distance is the Manhattan
distance; when n=2, the Minkowski distance is the Euclidean
distance. The calculation formula is as follows:
୫

DBSCAN OPTIMISATION ALGORITHM
DBSCAN is one of the most widely used and referenced
clustering algorithms. In density-based clustering, the
phenomenon of clustering is that high-density regions are
separated by low-density regions. Compared with other types
of clustering, the density-based clustering algorithm is an
unsupervised clustering algorithm, which is not sensitive
to noise data and can find clusters of any shape and size
without setting the number of clusters in advance. It is very
suitable for clustering in the case of AIS trajectory data with
many noise points and a highly uncertain trajectory pattern.
The following describes the relevant definitions involved in
density-based clustering:
1 Eps fields
Given an object P, with P as the centre, the area with a
radius of eps (epsilon) becomes the eps domain of object P.
The expression of the definition is as follows:

ୣ୮ୱ ሺሻ ൌ ሼ  אȁሺǡ ሻ  ሽ
where D is the given data set, and dist(P, Q) represents the
distance between P and Q in the data set.

୬

୧୨ ൌ ሺ୧ ǡ ୨ ሻ ൌ ሺห ୧୩ െ ୨୩ ห ሻଵȀ୬ 
୩ୀଵ

The Manhattan distance, also known as the “taxi distance”,
depends heavily on the coordinate system. The distance
between points changes as the coordinate axis changes. The
Euclidean distance refers to the distance between two points.
In order to solve the problem of trajectory loss caused by
trajectory similarity, the concept of structural distance is
introduced, and different weights are assigned to different
attributes of the trajectory according to the actual scene, so as
to comprehensively judge the similarity between trajectories.
The distance between ship tracks is abstractly defined as the
distance between vector points by using the position, speed
and heading attributes contained in the ship track data. Thus,
the formula of the structural similarity distance between two
vector points is given as follows:
ୢ୧ୱ୲ ሺͳǡ ʹሻ ൌ ͳ ͳ כሺͳǡ ʹሻ  ʹ ʹ כሺͳǡ ʹሻ  ͵ ͵ כሺͳǡ ʹሻ
ͳ  ʹ  ͵ ൌ ͳ

where:
Ddist (P1, P2) represents the structural distance between the
vector points P1 and P2;
d1 (P1,P2) represents the spatial distance between the vector
points P1 and P2;
d2 (P1, P2) represents the speed deviation between P1 and P2;
d3 (P1, P2) represents the course deviation between the vector
points P1 and P2;
wn represents the weight of the attribute N of the trajectory
over the structural distance.

2 Core objects
If the eps domain of an object P includes at least minPts
objects (minPts represents the minimum number of points),
then P is called the core object.
3 Direct density can be reached
In a given object data set D, if P exists in the eps field of Q,
where P is a core object, the object P to object Q is directly
denser.
4 The indirect density is achievable
If there is an object chain P1, P2...,Pn, P1=q, Pn= P, for
PIÌ',QLI3,DQG3,IURPHSVDQGPLQ3WVDUH
GLUHFWO\DFFHVVLEOHWKHQWKHGHQVLW\RIREMHFW3WRREMHFW4
LVUHDFKDEOHDQGLWLVDQLQGLUHFWGHQVLW\
5 Densities are connected
If there is an object O in the given object set D, for objects
P and Q, from object Q about eps and minPts are densityaccessible, then it means that objects P and Q are connected
about the eps and minPts density.
The DBSCAN algorithm requires two parameters (eps and
minPts) and works by differentiating between core points,
border points and noise. The concept relationship of the
DBSCAN algorithm is shown in Fig. 2. The operation effect
of the DBSCAN algorithm is shown in Fig. 3.
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Fig. 2. DBSCAN algorithm concept relationship

Fig. 3. DBSCAN algorithm running effect

The original DBSCAN algorithm is a clustering algorithm
based on density. The core of the algorithm is two parameters,
namely the eps field and the minimum number of points,
minPts. The eps field represents the field within the object
radius eps, and Neps(p) is used to represent the set within
the eps radius of point P. An object is called a core object if
it contains at least minPts of other objects within the eps
domain of the object. In this paper, the DBSCAN algorithm
is extended on the basis of the AIS data set, making full use
of the three attributes of ship position, speed and heading,
and simplifying the originally complex trajectory segment
to the similarity measure between vector points. In order to
conform to the reality of the more complex marine traffic flow
situation, two control variables SpdRange and DirRange are
added to the input variables of the model, to control the ship’s
speed range and scope of course, according to the practical
application scenarios. In the process of ship’s trajectory
clustering, constraints of the ship speed and the range of
the course must be considered, because it may enter port
at a low speed, and may also have left port at a high speed,
so SpdRange and DirRange are considered. Ship trajectory
points that are not only similar in spatial position but also
have little difference in ship speed and basically the same
ship direction are gathered into a cluster. The pseudocode
of this algorithm is shown in Table 2 below.
Tab. 2 Multi-attribute DBSCAN extension algorithm pseudocode

The pseudocode of the DBSCAN algorithm is shown in
Table 1.
Tab. 1. DBSCAN algorithm pseudocode
DBSCAN Algorithm
Input: data object D, object radius eps, minimum number of minPts
Output: Clustering results
Algorithm start˖
1: Initialise a new class cluster C
2:    object that is not marked in the data set P do
3:  ሺሻ Contained objectıP 
4:
Add all the points in P to C
5:for all unprocessed objects in Neps(p) the q do
6;ifNeps(q) contains at least minPts objects
7;
Objects in Neps(q) that do not belong to the class cluster are
added to C
8;
9:
10:
 Label P for noise
11:
END

MULTI-ATTRIBUTE DBSCAN OPTIMISATION
ALGORITHM
Trace clustering follows the law of “birds of a feather flock
together”, which divides a bunch of unmarked data into piles
after some similarity measurement method, which is called
clustering. Each cluster comprises trajectory data points
with high similarity. When the similarity between points is
higher and the similarity between clusters is lower, the overall
clustering effect will be better.
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The purpose of Method 2 (QueryNeighbourPoints) is to
compare point P with all other ship track points to find track
points similar to it. The core idea of this method is as follows:
first, to judge whether there is a point‒point P relationship
in the ship trajectory data set that conforms to the designed
similarity structure. The second step is to judge whether the
number of track points contained in the cluster is greater
than minPts. The third step is to judge whether the cluster
contains at least minPts track points. If so, it means that the
cluster is reasonable. Otherwise, the return object is null.
In the pseudocode, short (P, Q) < eps && | p. OG - Q.S
OG | < SpdRange && | P.C OG - Q.C OG | < DirRange’s role
is to judge a vector points with another vector in line with
the similarity measure scheme. With the formula expressed
as follows:

Given Ddist (P, Q), the structural distance between points
P and Q, the structural distance between two points needs
to meet conditions: short (P, Q) < eps && | p. OG - Q.S OG
| < SpdRange && | P.C OG - Q.C OG | < DirRange, where
short (P, Q) is the space distance between points P and Q;|
p. OG - Q.S OG | is the speed deviation of the points P and
Q;| P.C OG - Q.C OG | indicates points P and Q of the ship
to the deviation range.
Method 3 (mergeClusters) consolidates the cluster of
classes obtained through method 2 (queryNeighbourPoints).
If the core point of class cluster A happens to be the boundary
point of class cluster B, then according to the merge condition
of the DBSCAN algorithm, class cluster A and class cluster
B need to be fused.
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SHIP SIMULATION
The improved multi-attribute DBSCAN extension
algorithm is applied to ship trajectory extraction in waters
near the main waterway of Jintang Bridge to carry out
a simulation verification of the algorithm.
AIS DATA PRE-PROCESSING

Fig. 4. Algorithm flow chart

After correction of AIS information that were incorrect
for 221217 real AIS data of 638 ships, we removed redundant
AIS data information used in the simulation. For the obtained
AIS data samples, the proportions of each ship type were
calculated statistically. The distribution of ships is shown
in Fig. 5.

By 1 June 2017 solstice JCP 4, AIS data after being decoded
pre-treatment according to the ship MMSI number matching
with AIS static information table are not accessible. Therefore,
some static information is inaccurate and it required to adopt
the method of manual entry of real AIS data.

Fig. 5. Distribution of ships
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As can be seen from Fig. 5, the main types of ships in the
study area from large to small are: cargo ships (mainly liquid
cargo ships and dry cargo ships), oil tankers, fishing ships
and other types of ships (mainly pilot ships, dredging ships
and tugboats). Among them, cargo ships, oil tankers and
fishing vessels account for the majority, at 70.49%, 14.76%
and 8.63% respectively, and amounting to 91.79% of the total
number of ships.

of the port authorities. The draft depth of small ships is
relatively shallow and the manoeuvrability is good, which
will cause small ships to travel too fast and be unable to enter
or leave ports according to the requirements of ports. If the
AIS data is not screened in advance, the clustering results will
be very confusing, making it difficult to show the clustering
effect, so the validity and correctness of the clustering results
cannot be accurately judged.

Fig. 6. Average ship length distribution
Fig. 8. Parallel coordinate chart of ship data

Fig. 7. Distribution of average ship speed

After screening, counting and calculating the lengths of
the three ship types (cargo ships, oil tankers and trawlers),
the average length distribution of all kinds of ships can be
obtained, as shown in Fig. 6.
After screening, counting and calculating the speed of the
top three types of ships (cargo ships, oil tankers and trawlers),
the average speed distribution of all kinds of ships can be
obtained, as shown in Fig. 7.
In order to analyse the main features of ship navigation
in the water area, the multi-dimensional ship information
in the water area is visualised and a four-dimensional ship
information parallel coordinate chart is made. The relevant
information of different types of ships is divided into four
categories (cargo ship, oil tanker, fishing ship and others)
in different colours. For each type of ship there are three
corresponding attributes: speed, length and ship width, as
shown in Fig. 8.
Ships of different tonnage have different requirements for
speed control and water depth. In the process of entering
and leaving port, the inertia and draft depth of large ships
are larger, and the elimination of residual velocity is slower.
Navigation must be in strict accordance with the regulations
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According to the distribution of ship types in the study
area, their different ship track density and different ship
lengths were displayed with the help of the BDP visual tool
at the distance of 50 m and analysed according to the different
ship lengths, so as to determine that the main objects of study
were cargo ships and oil tankers. The process is as follows:
The track points of this water area are divided into two
types: ship shelving point and ship movement point. In
determining the speed threshold values of the shelving points
and movement points of the ships in the study waters, it
was found that when the sailing speed was within the range
of 0‒1 kn, the ship tracks presented the largest number of
scatter points, and there were no continuous track points.
These scatters were thus judged to be shelving points. If the
filter speed value range is 0‒1.1 kn, there will be continuous
trajectory points, indicating that the current 1.1 kn is not
the optimal speed threshold. Therefore, the optimal speed
threshold is set as 1 kn to distinguish the shelving points
and movement points. Track density visualisation is carried
out for the shelving points of freighters and oil tankers with
different lengths, showing the distribution of the ship track
density when the speed is 0‒1 kn. From the ship track density
distribution, the hot spots of shelving points of different types
of ships with different lengths can be intuitively found.
The following is a visual analysis of the trajectory density
of the shelving points of cargo ships and oil tankers. First,
the distribution of the trajectory density of the cargo ships’
shelving points is shown in Fig. 9, Fig. 10 and Fig. 11. When the
speed distribution is 0‒1 kn, it is found from these three figures
that the shelving point of each length presents a scattered
distribution. Among them, 0‒50 m and 50‒100 m cargo ships
are mainly anchored near Taepokou. The 100‒150 m cargo
ships are mainly anchored near the Yongjiang waterway.

have the most concentrated
and regular movement tracks.
Next, the trajectory density of
the movement points of oil
tankers was analysed visually
as shown in Fig. 17, 18 and 19.
It can be seen from Figs. 17,
18
and 19 that the movement
Fig. 9. Track density distribution of
Fig. 10. Track density distribution
Fig. 11. Track density distribution of
lay down points of 0-50m long cargo of lay down points of 50-100m long
lay down points of 100-150m long
points of the tankers with
ship
cargo ship
cargo ship
a length of 0-50 m are
Fig. 12 and Fig. 13 show the distribution of the trajectory
distributed in a concentrated
density of the shelving points of oil tankers.
way, mainly in the channel
near Beilun. The trajectory
distribution of 50‒100 m and
100‒150 m length tankers
is similar and relatively
regular. However, from the
comprehensive consideration
of the track number, track
density and track regularity,
100‒150 m long cargo ships
Fig. 12. Track density distribution of lay down points of
Fig. 13. Track density distribution of lay down points of
are more dominant and more
50-100m oil tankers
100-150m oil tankers
representative in the study
When the speed distribution is 0‒1 kn, it can be seen from
area. To sum up, in order to avoid the poor display of the ship
the above figures that the shelving points of each ship length
trajectory clustering results, the cargo ships with a length of
also present a scattered distribution. As tankers with a length
100‒150 m are selected as the research objects of this clustering
of 0‒50 m do not have a shelving point, they are not shown.
experiment. These research objects are representative, and
The 50‒100 m and 100‒150 m vessels are mainly anchored
the clustering results can be used as a reference for future
near Zhenhai, Beilun and the Yongjiang waterway. Visual
channel planning research of this study area.
analysis of the trajectory density of the movement points of
cargo ships and oil tankers is carried out. The motion point
CLUSTERING ANALYSIS
trajectory density distribution of the cargo ships is shown
in Fig. 14, 15 and 16.
By 1 June 2017 solstice 4 JCP 4, a total of 221217 AIS data
after decoding and data pre-processing, and removal of
incorrect AIS data we selected
the research object. It was
ships of lengths of 100‒150 m
with the set speed threshold
of 0‒1 kn. After extracting the
movement track points, a total
of 40147 AIS data were used.
The daily AIS data statistics are
Fig. 14. Trajectory density
Fig. 15. Trajectory density
Fig. 16. Trajectory density
distribution of 0-50m cargo ship
distribution of 50-100m cargo ship
distribution of 100-150m cargo ship
as shown in Table 3.
The ship shelving points and
movement points are treated
differently. According to the
navigation speed threshold of
1 kn, the ship shelving point or
the ship movement point in the
water area of interest in this
study is regarded as the critical
Fig.17. Trajectory density
Fig. 18. Trajectory density
Fig. 19. Trajectory density
value. Collision hazards are
distribution of 0-50m oil tanker
distribution of 50-100m oil tanker
distribution of 100-150m oil tanker
more likely to occur when
It can be seen from Figs. 14, 15 and 16 that the movement
the ship is moving, and the damage caused by an impact at
track of the 0‒50 m ships is very similar to that of the 50‒100
speed is greater. Therefore, compared with the shelving point,
m ships, but the movement track distribution is chaotic.
analysis of the ship’s movement point is more important.
Comparatively speaking, ships with a length of 100‒150 m
Therefore, trajectory clustering analysis is mainly carried
POLISH MARITIME RESEARCH, No 1/2021
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out for ship movement points. In this study, there are 511
AIS data of ship shelving points and 36,719 AIS data of ship
movement points in total. The trajectory data sets of each
ship trajectory cluster were obtained by inputting the optimal
parameters obtained from multiple experiments through
the ship trajectory cluster model (eps =0.015, minPts=45,
DirRange=1.5, SpdRange=2), and the trajectory data sets of
each ship trajectory cluster were visualised through the BDP
visualisation platform, distinguished in different colours.
Tab. 3. AIS data statistics table
Time

June 1

June 2

June 3

June 4

AIS numbers

10420

9380

10693

9654

The traffic flow in this water area involves an intersection
of three directions, which resembles the shape of a “man”, and
the traffic flow at the middle crossing is relatively complex.
This paper simplifies the complex problem, divides the whole
traffic flow into three data sets, and conducts clustering for
each segment, each with its own route segment characteristics,
as shown in Fig. 20.

significance to the regulation of ships entering and leaving
ports.
Trajectory cluster 5 represents the cluster in the direction
of Zhenhai. A small number of ships enter the Yongjiang
Channel. Trajectory cluster 6 indicates that the river flows
out of Yongjiang in other directions.
Based on the main channel clustering results (track
clusters 1 and 2) in the water area of Jintang Bridge, the speed
and course frequency of each track cluster are statistically
analysed. The results are shown in Fig. 21 and Fig. 22.
It can be seen from Figs. 23 and 24 that, in track cluster
1, the average speed is 9.67 kn, and the interval with the
most frequent occurrence of speed value is [5.0,7.7], [7.7,10.4],
[10.4,13.1], which is similar to the southbound track cluster,
with a large range of speed variation. Ships belonging to
this track cluster also have significant speed reductions
or increases while moving. Due to the particularity of the
traffic flow direction in this water area, it is shaped like
a “man”. After a section of direct travel, ships often need to
turn sharply, which has a great impact on their speed. The
average course is 355.76°. The maximum range of course is
from 154° to 189°, among which the ranges with the highest
frequency of course values are [349,355], [355,0] and [0,5],
which are in line with the actual direction of traffic flow.
濋濃
濊濃

濹瀅濸瀄瀈濸瀁濶瀌

濉濃
濈濃
濇濃
濆濃
濅濃
濄濃
Fig. 20. Results of ship trajectory clustering
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瀆瀃濸濸濷澻濾瀁澼
Fig. 21. Speed frequency distribution of trajectory class cluster 1

濆濃濃
濅濈濃

濹瀅濸瀄瀈濸瀁濶瀌

A total of 6 ship track class clusters were obtained,
represented in different colours and numbered 1‒6
respectively. The main channel of the bridge in and out of
the Jintang Water area has been separated and is navigable,
while the remaining sections have not been set up yet. Based
on the analysis of the experimental results of ship trajectory
clustering, ship trajectory clusters 1 and 2 of the main channel
are found. Due to the implementation of the lane separation
and navigation system in this water area, the ship trajectory
cluster is relatively regular. All the ships passing through this
area can navigate well within the established channel range,
and the ship trajectory clustering results are consistent with
the actual traffic flow.
Ship trajectory clusters 3 and 4 respectively represent the
clusters entering and leaving the waters near Tapukou. Since
the traffic separation system has not been implemented in
this area, as shown in Fig. 18, some ship trajectories will
deviate from the usual navigation tracks of most ships. It
is found from the result of ship track clustering that the
implementation of a traffic separation system is of positive
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濶瀂瀈瀅瀆濸澻瀽澼
Fig. 22. Course frequency of trajectory class cluster 1

濊濉

濊濄

the interval as the normal line. The width is determined based
on domain knowledge or the results of multiple experiments.
Finally, the parameter eps value used in the clustering
algorithm is 0.15 as the block length. Each parallel block is
calculated to represent the vector points, in which Avg(LAT)
and Avg(LON), the central positions of all locus points, are
taken as the starting points of the representative vector points.
The average speed Avg(SOG) of all trajectory points is used
as the magnitude of vector points. Avg(COG), the average
course of all track points, is used as the direction to represent
the vector points, and the three dimensions (centre position,
average speed and average heading) together constitute the
vector track points. After calculating the representative vector
points of all parallel blocks, all the representative vector points
are connected to form the representative trajectory, as shown
in Figs. 23 to 34. In this paper, only the trajectory fitting to
the represented trajectory cluster 1 and 2 is listed, and the
remaining trajectories are similar to these.
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Fig. 23. Speed frequency distribution of trajectory class cluster 2
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Fig. 23. Class cluster 1 represents the Fig. 24. Cluster 1 represents trajectory
trajectory
Fig. 24. Cluster 2 represents trajectory

Fig. 24. Course frequency of trajectory class cluster 2
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To sum up, the average speeds of ships heading south and
north do not differ much, at 8.12 kn and 9.67 kn respectively
and the average speed of ships heading north will be greater.
The average heading of ships heading south and north is
approximately opposite, which is 179.39° and 355.76°
respectively. The analysis of the other four track clusters is
the same as above. The ship navigation profile of each track
cluster can be obtained by analysing the distribution of the
speed and course frequency of each track cluster.
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In order to further verify the reliability and accuracy
of the multi-attribute DBSCAN algorithm, representative
trajectories of class clusters are extracted for fitting. Each
ship trajectory cluster has three attributes: position, speed
and heading. Combined with the characteristics of vectors,
a concept similar to representing vector points is proposed to
compress the number of track points in the trajectory cluster.
Existing studies have introduced the clustering method
based on the trajectory line. In this paper, the method is the
point-based clustering algorithm, so the output result of the
algorithm is a collection of multiple trajectory points. The
process is to calculate the average direction of all trajectory
points of each trajectory cluster. In this direction, the
trajectory cluster is divided into multiple parallel blocks, using
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Fig. 27. Cluster 3 represents the
trajectory
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Fig. 28. Cluster 4 represents the
trajectory
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out of Town harbor

RESULTS
From 40147 AIS data, 579 effective representative trajectory
points were extracted to form 6 representative trajectory lines,
accounting for about 1.44% of the total points.
The locus cluster 1 represents the starting position of the
locus (30.033285°N, 121.804102°E) and the ending position
(29.995572°N, 121.80227°E). At the same altitude, the distance
between two points in geographical space is 2.266 nautical
miles, and the azimuth angle formed between two points is
182.4°. By means of the regression model, the fitting degree
of the original representative trajectory was calculated to be
about 96.37%.
The locus class cluster 2 represents the starting position
of the locus (30.00184°N, 121.811125°E) and the ending
position is (30.032807°N, 121.8078°E). At the same altitude,
the distance between two points in geographical space is
1.869 nautical miles, and the azimuth angle formed between
two points is 349.1°. By means of the regression model, the
original trajectory fitting degree is about 97.62%.
The locus class cluster 3 represents the starting position
of the locus (30.001808°N, 121.809547°E) and the ending
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position (29.966182°N, 121.841095°E). At the same altitude,
the distance between two points in geographical space is 2.696
nautical miles, and the azimuth angle formed between the
two points is 142.5°. By means of the regression model, the
original trajectory fitting degree is about 99.89%.
The locus class cluster 4 represents the starting position
of the locus (29.965868°N, 121.835008°E) and the ending
position (30.009402°N, 121.804738°E). At the same altitude,
the distance between the two points in geographical space is
3.052 nautical miles, and the azimuth angle formed between
the two points is 328.9°. By means of the regression model,
the original trajectory fitting degree is about 99.55%.
The locus class cluster 5 represents the locus starting
position of (29.994542°N, 121.801375°E), and the ending
position of (29.980973°N, 121.75394°E). At the same altitude,
the distance between two points in geographical space is 2.599
nautical miles, and the azimuth angle formed between the
two points is 251.7°. By means of the regression model, the
original trajectory fitting degree is about 97.12%.
The locus class cluster 6 represents the locus whose starting
position is (29.967733°N, 121.730498°E) and ending position is
(29.996267°N, 121.8094°E). At the same altitude, the distance
between the two points in geographical space is 4.448 nautical
miles, and the azimuth angle formed between the two points is
67.3°. By means of the regression model, the original trajectory
fitting degree is about 99.44%.
To sum up, after calculation by the polynomial regression
equation, the trajectory fitting degree of the 6 trajectory class
clusters is respectively 96.37%, 97.62%, 99.89%, 99.55%,
97.12%, 99.44%, and the average fitting degree is 98.33%.
The closer the value of R is to 1, the better the fitting degree
of the regression equation for the observed value is, which
indicates that the fitting degree of the ship representative
tracks extracted is at a high level, and also reflects the
feasibility and effectiveness of the ship representative track
extraction algorithm. It is also proved that the multi-attribute
DBSCAN extension algorithm has a high degree of fit. The
representative trajectory results of the six ship trajectory
clusters are shown in Figs. 26. The experimental results show
that the clustering operation conducted by the multi-attribute
DBSCAN extended algorithm has a very high degree of fitting.

CONCLUSION
The density-based clustering method is extended, and
the multi-attribute DBSCAN extension algorithm suitable
for ship trajectory clustering is introduced to establish an
effective ship trajectory clustering model, after which the
ship trajectories are analysed by using the ship automatic
identification system AIS data. Combined with the idea of
representing vector points, the representative trajectories of
the ship trajectory class clusters are extracted, which proves
that the multi-attribute DBSCAN algorithm has reliability
and accuracy.
1. After decoding and pre-processing the AIS data, they are
divided according to different ship types and lengths. Through

visual analysis of the ship trajectory density distribution, the
type of ship object to be studied is determined.
2. A multi-attribute DBSCAN extension algorithm is
proposed. The original DBSCAN algorithm is extended by
combining the three attributes of ship position, speed and
heading in the AIS data, and a multi-attribute DBSCAN
extension algorithm is established. The ship trajectory
clustering model is used to carry out experiments in the
waters of the Jintang Bridge area. Ship trajectory clustering
is carried out for ships with a length of 100‒150 meters in
this water area. The trajectory clustering results show that
six ship trajectory clusters are obtained.
3. Corresponding to the actual ship traffic flow pattern in
this water area, the feasibility of the multi-attribute DBSCAN
extension algorithm is verified. The representative trajectory
extraction algorithm was proposed, which combined the idea
of representing vector points to extract the representative
trajectories of six ship trajectory class clusters. The polynomial
regression model was used to calculate the similarity fitting
degree of each representative trajectory, verify the feasibility of
the representative trajectory extraction algorithm, and prove
the reliability and accuracy of the multi-attribute DBSCAN
algorithm.
4. Using the ideas of representative vector points, the
trajectory extraction algorithm is put forward, The average
direction of all trajectory points of each trajectory class
cluster is calculated. In this direction, the trajectory class
cluster is divided into several parallel blocks with the
width of λ, taking the interval λ as the normal. The width
is determined by domain knowledge or the results of many
experiments. Finally, the parameter EPS value of 0.15 used in
the clustering algorithm is selected as the length of λ. Then,
the representative vector points are calculated for each parallel
block, and the center positions AVG (LAT) and AVG (lon)
of all trajectory points in the parallel block are taken as the
starting points of the representative vector points; the average
speed AVG (SOG) of all trajectory points is taken as the size
of the representative vector points; the average direction
AVG (COG) of all trajectory points is taken as the direction
of the representative vector points, with three dimensions
(center position, average speed and average speed) The vector
trajectory points are composed of two parts. After calculating
the representative vector points of all parallel blocks, connect
all the representative vector points to form the representative
trajectory
5. Compared with the traditional DBSCAN algorithm, the
multi-attribute DBSCAN extension algorithm proposed in
this paper simplifies the originally complex trajectory segment
to the similarity measure between vector points. In order to
better conform to the complex marine traffic flow situation
in reality, two control variables, SpdRange and DirRange,
are added to the input variables of the model to control the
range of ship speed and heading range, which is more in line
with the environmental changes of sea navigation and makes
the clustering accuracy higher.
6. Although the algorithm is not sensitive to noise,
clustering of arbitrary shapes can be found, but the result

of clustering has a good relationship with the parameters.
DBSCAN uses fixed parameters to identify clustering, but
when the sparsity of clustering is different, the same criteria
may destroy the natural structure of the clustering; that is,
sparse clustering will be divided into multiple clusters or
dense and close clusters will be merged into one cluster.
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ABSTRACT
This paper presents a method for the cooperative formation control of a group of underactuated USVs. The problem
of formation control is first converted to one of stabilisation control of the tracking errors of the follower USVs using
system state transformation design. The followers must keep a fixed distance from the leader USV and a specific heading
angle in order to maintain a certain type of formation. A global differential homeomorphism transformation is then
designed to create a tracking error system for the follower USVs, in order to simplify the description of the control system.
This makes the complex formation control system easy to analyse, and allows it to be decomposed into a cascaded
system. In addition, several intermediate state variables and virtual control laws are designed based on nonlinear
backstepping, and actual control algorithms for the follower USVs to control the surge force and yaw moment are
presented. A global system that can ensure uniform asymptotic stability of the USVs’ cooperative formation control is
achieved by combining Lyapunov stability theory and cascade system theory. Finally, several simulation experiments
are carried out to verify the validity, stability and reliability of our cooperative formation control method.

Keywords: unmanned surface vehicle (USV),cooperative formation control,underactuated system,nonlinear backstepping,cascade system
theory

INTRODUCTION
An unmanned surface vehicle (USV) is an intelligent
autonomous surface vessel, of a type that has played an
indispensable role in several fields such as science, economics
and the military [1-3]. The problem of cooperative formation
tracking control of multiple USVs has attracted increasing
amounts attention from researchers from all over the world
over recent years, since a team of USVs working together is often
more effective than a single vehicle for challenging missions
such as surveillance, hydrographic surveys, autonomous
exploration of ocean resources, reconnaissance, rescue
operations and perimeter security [4-6]. It is well-known
that the control system of an USV is generally underactuated,

since the number of control inputs is less than the degrees of
freedom and there is an unintegrable acceleration constraint
on the system. Kinematic and dynamic models of cooperative
formation tracking for USVs are highly nonlinear and coupled
[7-10]; this means that classic linear methodologies cannot be
applied, and more advanced methods need to be developed
to achieve cooperative formation tracking control of USVs.
Several exploratory algorithms have been proposed for
this problem. A leader-follower formation tracking control
algorithm was presented for an underactuated USV in [2,
11], in which a radial basis function neural network and
adaptive robust control techniques were adopted to preserve
the robustness of the controller against unmodelled dynamics
and environmental disturbances induced by waves and ocean
POLISH MARITIME RESEARCH, No 1/2021
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currents. Another control strategy was proposed in [12], in
which each follower was designed to track a virtual vehicle
and the formation control problem was transformed into a set
of position (including heading) tracking problems. In [13],
cooperative formation control was formulated as an adaptive
feedback control problem for a line of sight (LOS)-based
configuration of a leader and a follower, and asymmetric
barrier Lyapunov functions were used in the design of the
controller to account for time-varying constraints on the LOS
and bearing angle. An approach based on model prediction
control was proposed in [14] to address the vessel train
formation problem. This method considered cooperative
collision avoidance and the grouping of vessels, and a singlelayer serial iterative architecture was adopted to reduce the
communication requirements and ensure robustness against
failure. The leader-follower formation control problem for
USVs with unknown nonlinear dynamics and actuator
faults was addressed in [15], and a low-complexity prescribed
performance controller was proposed without the help of
auxiliary neural/fuzzy systems or adaptive mechanisms. The
authors of [16] explored the problem of finite-time extended
state observer-based distributed formation control for
USVs with input saturation and external disturbances, and
a novel finite-time extended state observer was proposed to
estimate the unavailable velocity measurements and external
disturbances. A novel nonlinear sliding mode control method
for dealing with the formation control of underactuated
ships was presented in [17], in which the state space of
the system was partitioned into two regions, and in [18],
the dynamic equations for the position and attitude were
analysed using a coordinate transformation with the aid of
the backstepping technique. In [19], the platoon formation
control problem for USVs in the presence of modelling
uncertainties and time-varying external disturbances was
studied, and performance guarantees were enforced in the
control design to provide transient performance specifications
for formation errors, including errors related to the LOS range
and angle. A novel robust adaptive formation control scheme
based on a minimal learning parameter (MLP) algorithm
and a disturbance observer (DOB) was presented in [20],
and a novel disturbance rejection control was designed in
[21] that took into account the disturbance caused by the
formation adjustment among ships. A system for motion
planning, collision avoidance, guidance and control for
a formation of autonomous surface vehicles navigating in
a complex marine environment was presented in [6]; the
motion planning unit was based on an angle-guidance fastmarching square method, while the control unit is composed
of a PID heading controller and a speed controller. The authors
of [4] presented a coordinated tracking strategy with swarm
centre identification, self-organised aggregation, collision
avoidance and a distributed controller design for multiple
USVs, while an adaptive observer based on a neural network
was designed to estimate the velocity information of USVs
in [22]. Decentralised finite time formation control of
underactuated USVs in the presence of model uncertainty and
environmental disturbance was addressed in [23], and in [24],
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the authors presented an approach for the distributed timevarying formation control of a swarm of underactuated USVs
subject to unknown input gains, model uncertainties and
ocean disturbances. A robust control scheme was developed
for the time-varying formation of multiple underactuated
autonomous underwater vehicles (AUVs) with environment
disturbances and input saturation in [25]. A new robust model
predictive control (MPC) algorithm for trajectory tracking
of an autonomous surface vehicle (ASV) in the presence of
time-varying external disturbances was proposed in [5], and
a high-performance super-twisting sliding mode control
method for a maritime autonomous surface ship (MASS)
using approximate dynamic programming (ADP)-based
adaptive gains and time delay estimation was presented in
[26]. Although MPC is a superior method for motion control
of a ship, especially when the model is unknown, the design
process of constraint conditions is strict and the calculation
of the system is complex in some cases.
Despite the multitude of research results in the literature on
the cooperative formation control of USVs, the design process
of the controller is often too complicated for calculation
and analysis, and the performance of the controller needs
to be further improved. In this paper, we present innovative
work on the transformation of the cooperative formation
control problem, and propose some design ideas for
maintaining a formation and applying control methods
and stability theories. Compared with existing studies, the
main contributions of this paper can be summarised as
follows: (i) we present a novel description of the cooperative
formation control problem for a group of USVs, in which the
desired positions and attitude angles of the follower USVs are
transformed into intermediate variables that can help in the
design of the controller; (ii) we design a new kind of global
differential homeomorphism transformation for the tracking
error system of the follower USVs, which simplifies the
description of the control system, thus making the complex
formation control system easy to analyse and allowing it to
be decomposed into a cascaded system; (iii) we propose an
improved controller for the cooperative formation control of
a group of underactuated USVs by combining a backstepping
technique with Lyapunov’s direct method and cascade system
theory, and devise some intermediate state variables and
virtual control laws for the design process of the control
algorithm.

PROBLEM FORMULATION
A. USV MODELING
When designing a cooperative formation controller for
a group of underactuated USVs, mathematical models are
used, including kinematic and dynamic models, which can
be expressed as follows [27]:
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where j k  1,k =1,..., N . This means that there is one leader
USV and N follower USVs in this group. x j and y j denote the
position coordinates of each USV in the earth-fixed frame;
M j is the heading angle; u j , v j and rj represent the velocity
vectors for each USV in the surge, sway and yaw directions
in the body-fixed frame, respectively. The surge force W uj and
the yaw moment W rj are considered as control inputs which
drive the USV to move. m11 j , m22 j , m33 j express the inertia
coefficients of the USV, including added mass effects, and
d11 j , d 22 j , d 33 j represent hydrodynamic damping coefficients.
B. PROBLEM FORMULATION
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Fig. 1 Cooperative formation control of USVs based on a leader-follower
scheme

The cooperative formation control of a group of USVs
using a leader-follower approach is illustrated in Fig. 1, which
shows one leader and two followers. As we can see from the
figure, {xl ol yl } denotes the body-fixed frame of the leader
USV, while {x f Fi y f } and {x f Fi1 y f } represent the body-fixed
frames of the two follower USVs, and Ml , M f , M f indicate
their heading angles. All of the headings are defined in the
same direction, with a rotation from the earth-fixed frame
to the body-fixed frame; the clockwise direction is negative,
and the counterclockwise direction is positive. The leaderfollower scheme for cooperative formation control of the USVs
can then be formulated as follows: if the distance between
each follower i and the leader Li , and the angle Ti between
the lines ol xl and ol Fi shown in Fig. 1, can be kept to certain
i

i
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i

i

i

i

( x fi  xl ) cos Ml  ( y fi  yl ) sin Ml
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We can see that Li and the angle Ti should be kept at certain
values, and this also means that lx ,l y ,Mi need to be maintained
in a specific state. The desired outcome can be expressed as
lx d ,l y d ,Mid . We then obtain the following equations, which
express the desired stable positional relationship between
the leader and follower USVs when USVs’ formation control
has been realised:
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The following expressions can be obtained from a system
state transformation:
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values, then the follower and the leader will sail in a specific
formation, and cooperative formation control is achieved.
We assume that the desired trajectory, heading angle
and velocities of the leader USV can be expressed as
{xld , yld ,Mld ,uld vld ,rld } , while the desired state of the follower
USV can be represented as {x f d , y f d ,M f d ,u f d v f d ,rf d }. From the
geometric description in Fig. 1, we can deduce the following
mathematical expression, in which the heading angles are
defined in the range from S to S , and the positions of the
leader USV and the follower USVs can be arbitrarily chosen
according to the requirements of the task:
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In order to keep the overall formation of the USVs in
line with the expected form, the real state variables for the
leader USV, such as its position, heading angle and velocities
{xl , yl ,Ml ,ul vl ,rl } , are used as a reference for the desired values
{xld , yld ,Mld ,uld vld ,rld } . To achieve overall cooperative formation
control, the desired position and heading angle of follower i
can be described as follows, i.e. the desired state of the follower
USVs that will be used in the actual formation tracking
control process:
 x fi d
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Taking derivatives of both sides of the above equations
and applying a mathematical conversion gives:
 x fi d
°°
® y fi d
°
°̄M fi d

rl lxi d sin Ml  rl l yi d cos Ml  ul cos Ml  vl sin Ml
rl lxi d cos Ml  rl l yi d sin Ml  ul sin Ml  vl cos Ml

(6)

rl

The expected tracking state information for the follower
USV can be obtained based on the state information for the
leader USV and the desired formation. The intermediate
variables can then be designed and the tracking errors
obtained, and the model of the cooperative formation control
error system can be established. Finally, the control algorithm
is designed based on nonlinear backstepping and cascade
system theory.

The desired velocities of a follower i can be expressed as:
u fi d
°°
® v fi d
°
°̄ rfi d

x fi d cos M fi d  y fi d sin M fi d

A. GLOBAL DIFFERENTIAL HOMEOMORPHISM
TRANSFORMATION DESIGN

rl lxi d sin Mid  rl l yi d cos Mid  ul cos Mid  vl sin Mid

 x fi d sin M fi d  y fi d cos M fi d

rl lxi d cos Mid  rl l yi d sin Mid  ul sin Mid  vl cos Mid (7)

M f d
i

In this way, the problem of formation control of the
underactuated USVs can be converted to the problem of
designing control inputs (W ui ,W ri ) for each individual follower
USV. This can help in achieving the following goal:
lim || Ki  Kid || 0

In order to create a better description and to carry out
an analysis of the state variables of the follower USV, the
following differential homeomorphic intermediate state
variables znf , n 1,...,6 are proposed based on the kinematics
and dynamics equations expressed in (1). The main goal is
to transform the system into a form that can be expressed
as a cascading system.
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where Ki [ x f , y f , M f , u f , v f , rf ] are the real state variables of
the follower USV i, including its position, heading angle
and velocities, while Kid [ x f d , y f d , M f d , u f d , v f d , rf d ] represent the
desired state variables of the USV, as shown below:
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In this section, a cooperative formation control algorithm
is proposed for underactuated USVs based on nonlinear
backstepping and cascade system theory. The main process
of this algorithm is illustrated in Fig. 2.

Intermediate state variables

Fig. 2. Main process of the controller algorithm

152

Mf

(u fi cos M fi  v fi sin M fi )cos M fi  rfi x fi sin M fi  (u fi sin M fi  v fi cos M fi )sin M fi  rfi y fi cos M fi

i

Leader USV

 x fi sin M fi  y fi cos M fi  m22 fi v fi / d 22 fi

Differentiating each equation in (10) leads to the following
expressions:
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We define the following cooperative formation tracking
control error variables for follower i:
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m11 fi u fi / d 22 fi  d 22 fi ( z1 fi  z4 fi ) / m11 fi  z2 fi z6 fi  m22 fi z5 fi z6 fi / d 22 fi

z5 fi

m11 fi u fi rfi / m22 fi  d 22 fi v fi / m22 fi
m11 fi [d 22 fi ( z1 fi  z4 fi ) / m11 fi ]z6 fi / m22 fi  d 22 fi z5 fi / m22 fi
d 22 fi ( z1 fi  z4 fi ) z6 fi / m22 fi  d 22 fi z5 fi / m22 fi

z6 fi

(15)

rfi

(16)

Using equations (14) and (16), the virtual intermediate
control input variables, f1 f and f 2 f , can be expressed as
follows:
i

° f1 fi
®
°̄ f 2 fi

i

m11 fi u fi / d 22 fi  d 22 fi ( z1 fi  z4 fi ) / m11 fi  z2 fi z6 fi  m22 fi z5 fi z6 fi / d 22 fi
rfi

(20)

Differentiation and analysis of the error variables in (20)
leads to the following equations for the cooperative formation
tracking control error system:
 e1 fi
°
°e2 fi
° e
° 3 fi
®
°e4 fi
° e
° 5 fi
°
¯e6 fi

d 22 fi e1 fi / m11 fi  d 22 fi e4 fi / m11 fi  (e2 fi e6 fi  e2 fi z6 fi d  e6 fi z2 fi d )  m22 fi (e5 fi e6 fi  e5 fi z6 fi d  e6 fi z5 fi d ) / d 22 fi
e4 fi e6 fi  e4 fi z6 fi d  e6 fi z4 fi d
e6 fi
f1 fi  f1 fi d

(21)

d 22 fi (e4 fi e6 fi  e4 fi z6 fi d  e6 fi z4 fi d  e1 fi e6 fi  e1 fi z6 fi d  ei 6 z1 fi d ) / m22 fi  d 22 fi e5 fi / m22 fi
f 2 fi  f 2 fi d

This means that if the cooperative formation-tracking
control error system mentioned above can be stabilised
globally and asymptotically, we can achieve stable cooperative
formation control of the USVs. The error system can be
decomposed into the cascading system shown in (22) and (23):

(17)

Based on the above design and analysis, our mathematical
model of the USVs can be converted into the following form,
which is differentially homeomorphic with the system
expressed in (1):
 z1 fi
°
° z2 fi
° z
° 3 fi
®
° z4 fi
° z
° 5 fi
°
¯ z6 fi

znfi  znfi d ,n 1,...,6

enfi

(14)

ªe1 fi º
« »
«e2 fi »
«e »
« 4 fi »
«e5 f »
¬ i¼

d 22 fi
m22 fi
ª d 22 fi
º ª
m22 fi
º
e1 fi 
e4 f  e2 fi z6 fi d 
e5 f z6 f d »
0 e2 fi  z2 fi d 
(e5 fi  z5 fi d ) »
«
m11 fi i
d 22 fi i i » ««
d 22 fi
« m11 fi
»
«
» «
» ªe º
e4 fi z6 fi d
e4 fi  z4 fi d
«
» «0
» « 3 fi »
«
» «0
» «¬e6 fi »¼
f1 fi  f1 fi d
0
«
» «
»
d 22 fi
d 22 fi
«
» «0 d 22 fi
»
e
z
e
z
(
)



e
e
z
e
z
(
)



4 fi
4 fi d
1 fi
1 fi d »
«
» «
5 fi
4 fi 6 fi d
1 fi 6 fi d
m
m22 fi
m22 fi
22 fi
¼
¬
¼ ¬

ªe3 fi º
« »
«¬e6 fi »¼

d 22 fi z1 fi / m11 fi  d 22 fi z4 fi / m11 fi  z2 fi z6 fi  m22 fi z5 fi z6 fi / d 22 fi
z 4 fi z6 fi

(22)

ª e6 fi
º
«
»
«¬ f 2 fi  f 2 fi d »¼

(23)

z6 fi
f1 fi

(18)

d 22 fi ( z1 fi  z4 fi ) z6 fi / m22 fi  d 22 fi z5 fi / m22 fi

Based on the system of equations in (22), we first take the
system in (24):

f 2 fi

B. DEVELOPING THE TRACKING ERROR SYSTEM
The expected trajectory of the follower USV i described
in (9) also needs to comply with the kinematic and dynamic
expressions in (1), since otherwise the required trajectory will
not be followed. The desired state variables and control inputs
of follower i described in (9), namely ( x f d , y f d , M f d , u f d , v f d , rf d )
and (W uf d ,W rf d ) , could be similarly transformed to znf d ,n 1,...,6
and ( f1 f d , f 2 f d ) as shown in expressions (10) and (17). Thus, the
desired trajectory of the follower i can be expressed as follows:
i

i

i

i

C. DESIGN OF A CONTROL LAW FOR f1 fi

i

i

i

i

i

ª  d 22 fi e1 fi / m11 fi  d 22 fi e4 fi / m11 fi  e2 fi z6 fi d  m22 fi e5 fi z6 fi d / d 22 fi º
«
»
e4 fi z6 fi d
«
»
«
» (24)
f1 fi  f1 fi d
«
»
«
»
d 22 fi e5 fi / m22 fi  d 22 fi (e4 fi z6 fi d  e1 fi z6 fi d ) / m22 fi
¬
¼

ªe1 fi º
« »
«e2 fi »
«e »
« 4 fi »
«e5 f »
¬ i¼

We then design the following virtual input variable e4 f
for e4 f as follows:

i

i

i

e4 fi

i

k1 fi e1 fi  k2 fi z6 fi d e2 fi  k3 fi z6 fi d e5 fi

(25)

where k1 f , k2 f and k3 f are all positive definite parameters.
i

i

i

POLISH MARITIME RESEARCH, No 1/2021

153

We define the virtual input variable error between e4 f
and e4 f as ' f :
i

i

i

' fi

e4 fi  e4 fi

where k5 f are all positive definite parameters. We define the
virtual input variable error between e6 f and e6 f as 4 f :
i

i

(26)

4 fi

i

i

e6 fi  e6 fi

(33)

Differentiating the error variable in (26) yields:
Differentiation of the error variable in (33) yields:
' fi

e4 fi  e4 fi

f1 fi  f1 fi d  (k1 fi e1 fi  k2 fi z6 fi d e2 fi  k2 fi z6 fi d ei 2  k3 fi z6 fi d e5 fi  k3 fi z6 fi d e5 fi )

(27)

Combining expressions (24), (25), (26) and (27) gives the
following new error system:
 e1 fi
°
°°e2 fi
®
° ' fi
°
°̄ e5 fi

°e3 fi
®
°̄4 fi

k2 fi z62 fi d e2 fi  k1 fi z6 fi d e1 fi  k3 fi z 2i 6 d e5 fi  z6 fi d ' fi

(28)

f1 fi  fi1d  (k1 fi e1 fi  k2 fi z6 fi d e2 fi  k2 fi z6 fi d e2 fi  k3 fi z6 fi d e5 fi  k3 fi z6 fi d e5 fi )

d 22 fi (1  k3 fi z62 fi d )e5 fi / m22 fi  d 22 fi (1  k1 fi )e1 fi z6 fi d / m22 fi  d 22 fi k2 fi z62 fi d e2 fi / m22 fi  d 22 fi z6 fi d ' fi / m22 fi

1
1
1
1
O1 f e12f  O2 f e22 f  ' 2f  O3 f e52 f
2 i i 2 i i 2 i 2 i i

V1 fi
i

i

i

O1 f e1 f e1 f  O2 f e2 f e2 f  ' f ' f  O3 f e5 f e5 f
i

i

i

i

i

i

i

i

i

i

V2 fi

ee 6 fi  k5 fi e3 fi

(35)

f 2 fi  f 2 fi d  e6 fi

1
1
k6 f e32 f  4 2f
2 i i 2 i

(36)

i

V2 fi

i


k6 fi e3 fi e3 fi  4 fi 4
fi

O1 fi d 22 fi (1  k1 fi )e / m11 fi  O1 fi (k2 fi d 22 fi / m11 fi  1) z6 fi d e1 fi e2 fi  O1 fi (k3 fi d 22 fi / m11 fi  m22 fi / d 22 fi ) u

k6 fi e3 fi (4 fi  k5 fi e3 fi )  4 fi ( f 2 fi  f 2 fi d  e6 fi ) (37)

z6 fi d e1 fi e5 fi  O1 fi d 22 fi ' fi e1 fi / m11 fi  k2 fi O2 fi z62 fi d e22 fi  k1 fi O2 fi z6 fi d e1 fi e2 fi  k3 fi O2 fi z62 fi d e2 fi e5 fi  O2 fi z6 fi d u

k5 fi k6 fi e32 fi  4 fi ( f 2 fi  f 2 fi d  e6 fi  k6 fi e3 fi )

' fi e2 fi  ' fi [ f1 fi  f1 fi d  (k1 fi e1 fi  k2 fi z6 fi d e2 fi  k2 fi z6 fi d e2 fi  k3 fi z6 fi d e5 fi  k3 fi z6 fi d e5 fi )]  O3 fi d 22 fi (1 
k3 fi z62 fi d )e52 fi /m22 fi +O3 fi d 22 fi (1  k1 fi ) z6 fi d e1 fi e5 fi / m22 fi  O3 fi k2 fi d 22 fi z62 fi d e2 fi e5 fi / m22 fi  O3 fi d 22 fi z6 fi d ' fi u

(30)

e5 fi / m22 fi

O1 fi d 22 fi (1  k1 fi )e12fi / m11 fi  k2 fi O2 fi z62 fi d e22 fi  O3 fi d 22 fi (1  k3 fi z i26 d )e52 fi / m22 fi  [O1 fi (k2 fi d 22 fi / m11 fi 
1) z6 fi d  k1 fi O2 fi z6 fi d ]e1 fi e2 fi  [O1 fi (k3 fi d 22 fi / m11 fi  m22 fi / d 22 fi ) z6 fi d  d 22 fi O3 fi (1  k1 fi ) z6 fi d / m22 fi ]e1 fi u
e5 fi  (k3 fi O2 z62 fi d  O3 fi k2 fi d 22 fi z62 fi d / m22 fi )e2 fi e5 fi  ' fi [ f1 fi  f1 fi d  (k1 fi e1 fi  k2 fi z6 fi d e2 fi  k2 fi z6 fi d u

Based on the expression for
can be proposed as follows:

According to the expression in (30), a control law for
can be proposed as follows:

f1 fi

i

i

i

i

i

i

i

i

(31)

i

where k4 f are all positive definite parameters and
shown in (19).
i

f1 fi d

in (37), a control law for

k7 fi 4 fi  f 2 fi d  e6 fi  k6 fi e3 fi

f 2 fi

k7 fi (4 fi  k5 fi e3 fi )  k5 fi e3 fi  k6 fi e3 fi  f 2 fi d

(38)

k7 fi 4 fi  (k6 fi  k7 fi k5 fi )e3 fi  k5 fi e3 fi  f 2 fi d

f1 fi d  (k1 fi e1 fi  k2 fi z f6 i d e2 fi  k2 fi z6 fi d e2 fi  k3 fi z6 fi d e5 fi  k3 fi z6 fi d e5 fi )  O1 fi d 22 fi e1 fi / m11 fi 

O2 f z6 f d e2 f  O3 f d 22 f z6 f d e5 f / m22 f  k4 f ' f

V2 fi

f 2 fi

e2 fi  k3 fi z6 fi d e5 fi  k3 fi z6 fi d e5 fi )  O1 fi d 22 fi e1 fi / m11 fi  O2 fi z6 fi d e2 fi +O3 fi d 22 fi z6 fi d e5 fi / m22 fi ]

i

(34)

where k6 f are all positive definite parameters. Differentiation
of the Lyapunov function in (36) leads to:

2
1 fi

f1 fi

f 2 fi  f 2 fi d  e6 fi

A candidate Lyapunov function for the system in (35)
could be designed as follows:

(29)

where O1 f , O2 f and O3 f are all positive definite parameters.
Differentiation of the Lyapunov function in (29) gives:

e6 fi  e6 fi

Combining expressions (23), (32), (33) and (34) gives the
following new error system:

d 22 fi (1  k1 fi )e1 fi / m11 fi  (k2 fi d 22 fi / m11 fi  1)e2 fi z6 fi d  (k3 fi d 22 fi / m11 fi  m22 fi / d 22 fi )e5 fi z6 fi d  d 22 fi ' fi / m11 fi

A candidate Lyapunov function for the system in (28)
could be designed as follows:

V1 fi


4
fi

where k7 f are all positive definite parameters and
shown in (19).
i

f 2 fi d

is as

is as

STABILITY ANALYSIS
D. DESIGN OF A CONTROL LAW FOR f 2 fi

A. STABILITY THEORIES

According to the system of equations in (23), the virtual
input variable e6 f for e6 f can be designed as follows:
i

i

e6 fi

154

k5 fi e3 fi

(32)
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In order to better describe the stability analysis process
of the control algorithm presented here, the following two
classic stability analysis theories are applied.
Theorem 1[28] Consider the system:

f1 (t , x)  g (t , x, y ) y

 x
®
¯ y

f 2 (t , y )

(39)

point for (45) and let D  R n be a domain containing x 0 .
Let V :[0, f) u D o R be a continuously differentiable function
such that

where x  IR n , y  IR m , f1 (t , x) is continuously differentiable
with respect to (t , x) and f 2 (t , y ) , g (t , x, y ) are continuous in
their arguments and are locally Lipschitz in y and ( x, y )
respectively. We can view the system in (39) as:
x

f1 (t , x)

(40)

f 2 (t , y )

(41)

The cascaded system in (39) is globally uniformly
asymptotically stable (GUAS) if the following three
assumptions hold:

where k1 , k2 , k3 and are positive constants.

B. STABILITY ANALYSIS
By combining the expressions (22), (23), (25), (26) and (27),
the following system can be derived:

where x f

(42)

f 2 fi (t ,y fi ) [e6 fi , f 2 fi  f 2 fi d ]7
g fi (t ,x fi ,y fi ) {[0,e2 fi  z2 fi d  m22 fi (e5 fi  z5 fi d ) / d 22 fi ];[0,
 ' fi  k1 fi e1 fi  k2 fi z6 fi d e2 fi  k3 fi z6 fi d e5 fi  z4 fi d ];[0,0];
[0,d 22 fi [' fi  (k1 fi  1)e1 fi  k2 fi z6 fi d e2 fi  k3 fi z6 fi d e5 fi  z4 fi d  z1 fi d ] / m22 fi ]}7

Three steps are taken to prove that the system in (47)
satisfies all the conditions of Theory 1, as follows.
Step 1: In order to make the subsequent calculations
more straightforward, we define the parameters shown in
expression (48):
 c1 fi
°
°c2 fi
®
° c3 fi
°c
¯ 4 fi

(43)

Assumption 3: The system (41) is GUAS and for all t0 t 0 ,

³

t0

[e3 fi ,e6 fi ]7 , and

d 22 fi (1  k3 fi z62 fi d )e5 fi / m22 fi  d 22 fi (1  k1 fi )e1 fi z6 fi d / m22 fi  k2 fi d 22 fi z62 fi d e2 fi / m22 fi  d 22 fi z6 fi d ' fi / m22 fi ]7

where T1 ,T 2 : IRt 0 o IRt 0 are continuous functions.

||y (t , t0 , y (t0 ))||dt d N (|| y (t0 ) ||)

[e1 fi ,e2 fi ,' fi ,e5 fi ]7 , y fi

f1 fi (t ,x fi ) [d 22 fi (1  k1 fi )e1 fi / m11 fi  (k2 fi d 22 fi / m11 fi  1)e2 fi z6 fi d  (k3 fi d 22 fi / m11 fi  m22 fi / d 22 fi )e5 fi z6 fi d  d 22 fi ' fi / m11 fi ,

Assumption 2: For all t ! t0 , the function g (t , x, y ) satisfies

f

i

(47)

f 2 fi (t ,y fi )

k2 fi z62 fi d e2 fi  k1 fi z6 fi d e1 fi  k3 fi zi26 d e5 fi  z6 fi d ' fi , f1 fi  fi1d  (k1 fi e1 fi  k2 fi z6 fi d e2 fi  k2 fi z6 fi d e2 fi  k3 fi z6 fi d e5 fi  k3 fi z6 fi d e5 fi ),

where W ( x) is a positive definite proper function and c ! 0
and K ! 0 are constants.

||g (t , x, y )|| d T1 (|| y ||)  T 2 (|| y ||) || x ||

f1 fi (t ,x fi )  g fi (t ,x fi ,y fi )y fi

°x fi
®
°̄y fi

Assumption 1: The system (40) is GUAS and there exists a
continuously differentiable function V (t , x) : IR t 0 u IR n o IR
that satisfies:
W ( x) d V (t , x)
° wV wV
°°

 f1 (t , x) d 0,  || x ||t K
® wt wx
° wV
°
|| x ||d cV (t , x),  || x ||t K
°̄ wx

(46)

Then x 0 is exponentially stable. If these assumptions hold
globally, then it is globally exponentially stable.

which is perturbed by the output of the system:
y

k1 || x ||a d V (t , x) d k2 || x ||a
°
t t 0,x  D
® wV wV
f (t , x) d k3 || x ||a

°
¯ wt wx

(44)

where the function N ( ) is a class N function.

O1 f (k2 d 22 f / m11 f  1)  k1 f O2 f
i

i

i

i

i

O1 f k3 f d 22 f / m11 f  O3 f d 22 f (1  k1 f ) / m22 f
i

i

i

i

i

i

i

O1 f m22 f / d 22 f
i

i

(48)

i

By combining the control law in (31) for
Lyapunov function in (30), we obtain:
V1 fi

i

k3 fi O2 fi  O3 fi k2 fi d 22 fi / m22 fi

f1 fi

with the

(1  k1 fi )O1 fi e12fi d 22 fi / m11 fi  k2 fi O2 fi z62 fi d e22 fi  O3 fi d 22 fi (1  k3 fi z62 fi d )e52 fi / m22 fi  c1 fi z6 fi d e1 fi e2 fi 
c2 fi z6 fi d e1 fi e5 fi  c3 fi z6 fi d e2 fi e5 fi  c4 fi z6 fi d e1 fi e5 fi  k4 fi ' 2fi

Theorem 2[29] Consider the nonautonomous system

d (1  k1 fi )O1 fi e12fi d 22 fi / m11 fi  k2 fi O2 fi z62 fi d e22 fi  O3 fi (1  k3 fi z62 fi d )e52 fi d 22 fi / m22 fi  c1 fi (e12fi 
z62 fi d e22 fi ) / 2  c2 fi (e12fi  z62 fi d e52 fi ) / 2  c4 fi (e1 fi  z6 fi d e5 fi ) 2 / 2  c4 fi e12fi / 2  c4 fi z62 fi d e52 fi / 2 

x

f (t , x)

c3 fi z62 fi d (e2 fi  e5 fi ) 2 / 2  c3 fi z62 fi d e22 fi / 2  c3 fi z62 fi d e52 fi / 2  k4 fi ' 2fi

(45)

(49)

d [(1  k1 fi )O1 fi d 22 fi / m11 fi  (c1 fi  c2 fi  c4 fi ) / 2]e12fi  [k2 fi O2 fi  (c1 fi  c3 fi ) / 2]z62 fi d e22 fi  [O3 fi (1 
k3 fi z62 fi d )d 22 fi / m22 fi  (c2 fi  c3 fi  c4 fi ) z62 fi d / 2]e52 fi  k4 fi ' 2fi

where f :[0, f) u D o R is piecewise continuous in t and is
locally Lipschitz in x on [0, f) u D , and D  R n is a domain that
contains the origin x 0 . The origin is an equilibrium point
for (45) at t 0 if f (t ,0) 0ˈ
t t 0 . Let x 0 be an equilibrium
n

=  Z1 fi e12fi  Z2 fi e22 fi  Z3 fi e52 fi  Z4 fi ' 2fi
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 Z1 fi
°
°Z2 fi
where ®
°Z3 fi
°
¯Z4 fi

[(1  k1 fi )O1 fi d 22 fi / m11 fi  (c1 fi  c2 fi  c4 fi ) / 2]
[k2 fi O2 fi  (c1 fi  c3 fi ) / 2]z

which satisfies Assumption 2 of Theory 1.

2
6 fi d

[O3 fi d 22 fi (1  k3 fi z62 fi d ) / m22 fi  (c2 fi  c3 fi  c4 fi ) z62 fi d / 2]

.

Step 3: Combining the control law in (38) for
Lyapunov function in (37) leads to:

k 4 fi
V2 fi

If parameters such as k1 f , k2f , k3f , k4f , O1 f , O2f and O3f are
selected appropriately, then the parameters Z1 f , Z2 f , Z3 f and
Z4 f can be guaranteed to be non-negative. The following
results can then also be derived:
i

i

i

i

i

i

k5 fi k6 fi e32 fi  k7 fi 4 2fi d  min{k5 fi , k6 fi , k7 fi } [e3 fi ,4 fi ]

i

i

i

2
1

°V fi (t , x fi ) V1 fi t min{O1 fi , O2 fi ,1, O3 fi } x fi t 2 min{O1 fi , O2 fi ,1, O3 fi } x fi
°
®
wV1 fi wV1 fi
°V1 f

f1 fi (t , x fi ) d 0 x fi t K fi
°¯ i
wt
wx fi

2

W fi ( x fi )

(50)

i

2

(56)

2

2

min{k6 fi / 2,1 / 2} [e3 fi ,4 fi ] d V2 fi d max{k6 fi / 2,1 / 2} [e3 fi ,4 fi ] (57)

where V 1 f

min{k6 fi / 2,1 / 2}ˈV 2 fi

i

max{k6 fi / 2,1 / 2} .

According to Theory 2, [e3 f ,4 f ] 0 is globally exponentially
stable. If we combine the expressions in (32) and (33), we can
[e ,e ] 0
shown that 3 f 6 f
is globally exponentially stable.
i

i

i

!0

i

d max{O1 fi , O2 fi ,1, O3 fi } x fi

wx

V 3 fi [e3 fi ,4 fi ]

and

i

where W f (x f ) are positive definite proper functions and K f
are constants. Since
wV1 fi

2

i

i

i

with the

f 2 fi

y fi (t , t0 , y fi (t0 )) d k fi y fi (t0 ) e
(51)

 O fi ( t  t0 )

,  y fi (t0 ) d G fi

where k f , O f and G f are positive constants and
arbitrarily small. Then
i

i

i

Gf

i

(58)

can be

the following expression can be obtained:
wV1 fi
wx fi

x fi d max{O1 fi , O2 fi ,1, O3 fi } x fi

2

d

2 max{O1 fi , O2 fi ,1, O3 fi }
min{O1 fi , O2 fi ,1, O3 fi }

V1 fi

³

f

t0

c fi V fi (t , x fi )

f

y fi (t , t0 , y fi (t0 )) d ³ k fi y fi (t0 ) e

 O fi ( t  t0 )

t0

=k fi y fi (t0 ) / O fi

N f ( y f (t0 ) ) (59)
i

i

(52)

where the function N f ( ) is a class N function.
i

where c f 2 max{O1 f , O2 f ,1, O3 f } / min{O1 f , O2 f ,1, O3 f } are positive
constants. Thus, Assumption 1 of Theory 1 has been satisfied.
i

i

i

i

i

i

i

Step 2: In this step, the correlation function g f (t ,x f ,y f ) in
(47) is analysed. This can be expressed as follows:
i

i

i

g fi (t ,x fi ,y fi ) {[0, z2 fi d  m22 fi z5 fi d / d 22 fi ];[0,
  z4 fi d ];[0,
 0];[0,
 d 22 fi ( z4 fi d  z1 fi d ) / m22 fi ]} 
{[0,e2 fi  m22 fi e5 fi / d 22 fi ];[0,'  k1 fi e1 fi  k2 fi z6 fi d e2 fi  k3 fi z6 fi d e5 fi ];[0,
 0];

Hence, the system described in (47) satisfies all the
conditions of Theory 1. The system in (47) is GUAS, and the
variables x f and y f are GUAS to 0. By combining expressions
(25) and (26), we see that [e1 f ,e2 f ,e3 f ,e4 f ,e5 f ,e6 f ] 0 is GUAS.
Based on the tracking error system described in (21), stable
cooperative formation control of the USVs can be realised
using the control law expressed in (31) and (38).
i

i

i

i

i

i

i

i

[0,d 22 fi [' fi  (k1 fi  1)e1 fi  k2 fi z6 fi d e2 fi  k3 fi z6 fi d e5 fi ] / m22 fi ]}
g1 fi (t ,x fi ,y fi )  g 2 fi (t ,x fi ,y fi )

(53)

SIMULATION EXPERIMENT
where,
g1 fi (t ,x fi ,y fi ) {[0, z2 fi d  m22 fi z5 fi d / d 22 fi ];[0,
  z4 fi d ];[0,
 0];[0,
 d 22 fi ( z4 fi d  z1 fi d ) / m22 fi ]}

g 2 fi (t ,x fi ,y fi ) {[0,e2 fi  m22 fi e5 fi / d 22 fi ];[0,
 '  k1 fi e1 fi  k2 fi z6 fi d e2 fi  k3 fi z6 fi d e5 fi ];[0,
 0];[0,
 d 22 fi [' fi  (k1 fi  1)e1 fi 

.

k2 fi z6 fi d e2 fi  k3 fi z6 fi d e5 fi ] / m22 fi ]}

From norm theory, we can show that:
g fi (t ,x fi ,y fi ) d g1 fi (t ,x fi ,y fi )  g 2 fi (t ,x fi ,y fi ) (54)
where

g1 fi (t ,x fi ,y fi ) d z2 fi d  m22 fi z5 fi d / d 22 fi  (1  d 22 fi / m22 fi ) z4 fi d  d 22 fi z1 fi d / m22 fi

T1 f ( y f )
i

i

,

g 2 fi (t ,x fi ,y fi ) d e2 fi  m22 fi e5 fi / d 22 fi  (1  d 22 fi / m22 fi ) ' fi  [k1 fi  d 22 fi (k1 fi  1) / m22 fi ] e1 fi  (d 22 fi / m22 fi 

.

1)k2 fi z6 fi d  e2 fi  (d 22 fi / m22 fi  1)k3 fi z6 fi d  e3 fi
d [1  m22 fi / d 22 fi  1  d 22 fi / m22 fi  k1 fi  d 22 fi (k1 fi  1) / m22 fi  (d 22 fi / m22 fi  1)k2 fi z6 fi d  (d 22 fi / m22 fi 
1)k3 fi z6 fi d ] x fi

T2 f ( y f ) x f
i

i

i

and T1˄
˅
y f ,T 2 f y f x f : R (t 0) o R (t 0) are continuous functions.
f
The following expression therefore holds:
i

i

i

i

Tab. 1. Model parameters
Parameters

Value

Parameters

Value

m11

25.8

d11

12

m22

33.8

d 22

17

m33

2.76

d33

0

i

g fi (t ,x fi ,y fi ) d T1˄
˅
y fi
fi
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Several simulation experiments were carried out to verify
the effectiveness and reliability of our cooperative formation
control algorithm. The mathematical model for the USVs
is taken from [30], and the parameter values are shown in
Table 1.

 T 2 fi y fi

x fi

(55)
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The trajectory of the leader USV is generated by the
following expression, which can be used to design different
forms of leader trajectory.

 xd
°
° yd
®
°Md
°¯vd

ud cos M d  vd sin M d

Symbol

Value

Symbol

Value

Symbol

Value

ud sin M d  vd cos M d

k6l

1

k6 f1

0.001

k6 f 2

5

k7l

1

k7 f1

1

k7 f 2

1

O1l

1

O1 f

1

O1 f

1

O2l

1

O2 f

1

O2 f

O3l

1

O3 f

1

O3 f

rd
m11ud rd / m22  d 22 vd / m22

Three USVs with same model parameters (a leader
USV and two follower USVs) were used in the simulation
experiment, and three kinds of trajectory (a straight line, a
circular trajectory and a general S-shaped trajectory) were
designed to demonstrate the performance of our control
algorithm. In order to verify the robustness and stability of
the proposed algorithm, a stable disturbance and a sinusoidal
disturbance were added in the longitudinal and steering
control directions. Disturbances of du 2  0.1sin(0.2t ) in
the longitudinal direction and d r 1  0.1sin(0.5t ) in the
heading control direction were also added.
Since there are numerous control parameters that need
to be set for the control system, several basic principles were
followed: (a) all the parameters should be positive, since they
are all defined as positive; (b) the parameters for each follower
should be the same except for k1 f , since different speeds are
needed for different followers; (c) k6 f should be small, since
a higher value of k6 f means a lower convergence speed, as can
be seen from (56) and (57); (d) Onf can be chosen arbitrarily,
as this has a minor impact on the system.
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Leader reference trajectory
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Case 1: A straight line trajectory is designed for the leader
USV, and in order to ensure a cooperative formation, the
positional information of the follower USVs relative to the
leader USV is determined based on the parameters in Table 2.
The initial states of the USVs and the control parameters are
also shown in Table 2, and the simulation results are presented
in Figs. 3 and 4.

Fig. 3. Results from our cooperative formation control algorithm for a straight
line trajectory
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Tab. 2. Initial states and control parameters
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(a) Convergence curve for the
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(b) Convergence curve for the
position and heading angle of the
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0
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(0)
k1l
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-50
0

0.03
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(c) Convergence curve for the
position and heading angle of the
Follower 2 USV
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(d) Surge control forces for the three
USVs
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(e) Yaw control torque for the three
USVs

(f) Convergence of intermediate
states for the Leader USV
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(g) Convergence of intermediate
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(h) Convergence of intermediate
states for the Follower 2 USV

(a) Convergence curve for the position (b) Convergence curve for the position
and heading angle of the leader USV and heading angle of the Follower 1
USV
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Fig. 4 Detailed error convergence curves and control forces for Case 1
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Case 2: A circular trajectory was designed for the leader
USV, and in order to ensure a cooperative formation, the
positional information for the follower USVs relative to the
leader was designed as shown by the initial states in Table 3.
The initial states of the USVs are also shown in Table 3, and
the results of the simulation are presented in Figs. 5 and 6.
Tab. 3. Initial states for Case 2
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(e) Yaw control torque for the three
USVs

0

10

20

30

40

50

60

(f) Convergence of intermediate states
for the Leader USV;
20

15

10

5

250

5

0

0

-5
-5
-10

200
-10

-15
0

150

20

30

40

50

60

0

10

20

30

40

50

60

(g) Convergence of intermediate states (h) Convergence of intermediate states
for the Follower 1 USV;
for the Follower 2 USV

Leader reference trajectory
Leader actual trajectory
Follower 1 reference trajectory

100

10

Follower 1 actual trajectory
Follower 2 reference trajectory

Fig. 6. Detailed error convergence curves and control forces for Case 2
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Fig. 5. Results of our cooperative formation control algorithm for a circular
trajectory
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Case 3: A general S-shaped trajectory was designed for
the leader USV by setting uld 10m / s , rld 0.1rad / sˈt d 30
and rld 0.05rad / sˈt ! 30 . In order to ensure a cooperative
formation, the positional information for the follower
USVs relative to the leader USV was designed based on the
parameters shown in Table 4. The initial states of the USVs
are also shown in Table 4, and the results of the simulation
are presented in Figs. 7 and 8.

Tab. 4. Initial states for case 3
Symbol
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(e) Yaw control torque for the three
USVs
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Fig. 8 Detailed error convergence curves and control forces of Case 3
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Fig. 7 Results from our cooperative formation control algorithm for a general
S-shaped trajectory
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The simulation results shown above in Figs. 3 to 8 indicate
that the necessary system convergence time for each kind
of trajectory tracking processes is within the range 10−30
seconds, and there are no instabilities or divergences after
the system has converged. It is therefore obvious that the
cooperative formation control algorithm proposed in this
paper is stable, reliable and effective. Tracking control
was successful for all three kinds of formation trajectories
examined here, indicating that the general applicability of
our control method is superior to conventional algorithms.
From the simulation results presented above, and compared
with the results reported in the literature [11] and [22], we
can see that the convergence time of the proposed control
algorithm is shorter, and the stability of control is better in our
simulation results. In addition, the actual tracking trajectory
of the USVs is smoother, and our algorithm has a wider range
of applications for different kind of trajectories.
In Cases 2 and 3, the control inputs of surge control force
and yaw control torque do not converge to zero, since the
reference trajectories are curved in these cases, and certain
control inputs in terms of both the surge control force and yaw
control torque are required to ensure the sailing formation of
the USVs. In addition, the actual control inputs are different,
since the length of each trajectory is not the same and the
necessary velocities are different. In Case 3, a state switch
occurs in the middle part of the reference trajectory (that is,
a change in the desired angular velocity), meaning that both
the surge control force and yaw control torque undergo an
abrupt adjustment process, as shown in Figs. 8(d) and (e).
From the results for Case 3, we know that in order to change
the formation of the USVs, the control inputs for both the
surge and yaw vary rapidly due to the fast convergence of
the control algorithm; if the desired trajectory is smooth
transition designed then this sudden adjustment could be
POLISH MARITIME RESEARCH, No 1/2021
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avoided. In an actual application, the rate of change could be
set to an even value based on the change rate of the propulsion
devices of USVs. In addition, for USVs that are not equipped
with reversible propellers, the surge control force could also
be set to a non-negative value throughout the cooperative
formation control process of the underactuated USVs.

CONCLUSION
A method of cooperative formation control is proposed
in this paper for a group of underactuated USVs based on
nonlinear backstepping and cascade system theory. A novel
description of the problem of cooperative formation control
of a group of USVs is presented, and the desired positions
and attitude angles of the follower USVs are transformed
into intermediate variables that facilitate the design of the
controller. A new type of global differential homeomorphism
transformation is put forward for the tracking error system
of the follower USVs in order to simplify the description of
the control system; this makes the complex formation control
system easy to analyse and means that it can be decomposed
into a cascaded system. In order to improve the stability
of the cooperative formation controller, novel intermediate
state variables and virtual control laws are devised for use
in design process of the control algorithm. By combining
the backstepping technique, Lyapunov’s direct method and
cascade system theory, we develop an improved controller for
cooperative formation control of a group of underactuated
USVs. We prove that our cooperative formation control
algorithm for USVs is GUAS, and a variety of simulation
experiments are carried out to verify the validity, stability
and reliability of the algorithm, which show that the general
applicability of the control method designed is superior to
conventional algorithms. Some interference factors such as
actual ocean environmental disturbances and uncertainties
in the USV models are not fully considered in this paper, and
we intend to focus on these in future research work.
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COMPUTATIONAL INTELLIGENCE IN MARINE CONTROL
ENGINEERING EDUCATION
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ABSTRACT

This paper presents a new approach to the existing training of marine control engineering professionals using artificial
intelligence. We use optimisation strategies, neural networks and game theory to support optimal, safe ship control
by applying the latest scientific achievements to the current process of educating students as future marine officers.
Recent advancements in shipbuilding, equipment for robotised ships, the high quality of shipboard game plans, the
cost of overhauling, dependability, the fixing of the shipboard equipment and the requesting of the safe shipping and
environmental protection, requires constant information on recent equipment and programming for computational
intelligence by marine officers. We carry out an analysis to determine which methods of artificial intelligence can
allow us to eliminate human subjectivity and uncertainty from real navigational situations involving manoeuvring
decisions made by marine officers. Trainees learn by using computer simulation methods to calculate the optimal safe
traverse of the ship in the event of a possible collision with other ships, which are mapped using neural networks that
take into consideration the subjectivity of the navigator. The game-optimal safe trajectory for the ship also considers
the uncertainty in the navigational situation, which is measured in terms of the risk of collision. The use of artificial
intelligence methods in the final stage of training on ship automation can improve the practical education of marine
officers and allow for safer and more effective ship operation.

Keywords: ship control,marine engineering curriculum,computational intelligence,game theory,computer simulation

INTRODUCTION
This paper addresses the theoretical and practical training
of students as future ship officers in the field of ship control
engineering and its functional facilities and processes.
Control engineering includes the fundamentals of automation
and specialist subjects in the field of automation, computer
science, electronics, optimisation and artificial intelligence
(AI). Knowledge in the field of control engineering is acquired
successively, through the following stages: lectures, laboratory
work, simulations and operational practice on a ship.
In laboratory sessions dealing with the fundamentals
of automation, students become acquainted with the two
main decision support tools of AI and game theory. These

are represented by two exemplary control algorithms, which
allow for a better understanding and application of training
in simulator sessions.
The purpose of control engineering training within marine
territories is to pass on information on the development of
ship computerisation frameworks and associated tasks, as
set out by the International Maritime Organisation in the
STCW-95 convention. The training of marine officers on
automation should include the modern equipment carried on
ships, in addition to control engineering theory and modern
control engineering techniques, and may follow the textbook
by Nise [19]. Heiselberg and Stateczny [7], Huang et al. [10],
Lazarowska [13], Lebkowski [14] and Zhuang et al. [32] have
shown that computer-aided navigation training on safe ship
POLISH MARITIME RESEARCH, No 1/2021
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controls that involves computational intelligence methods
and game theory has become important. Annual statistical
studies prepared by the European Maritime Safety Agency
(EMSA), have demonstrated that around 80% of maritime
accidents are caused by the subjectivity of a navigator when
assessing the navigation situation, and before making the
final manoeuvring decision.
An analysis by Ahn et al. [1] has shown that the use of AI
methods in the form of a neural network to decide on the
correct direction for the ship during situations of excessive
proximity to others allows for the consideration of the
navigator’s subjectivity during the impact on the final safe
manoeuvre.
Liu et al. [16] demonstrated that the use of game hypothesis
to decide on a safe direction for a ship in a collision event
allows for the consideration of uncertainty when encountering
large numbers of nearby ships, especially in areas of limited
visibility. In both cases, there are many solutions for
determining safe directions for ships, and the best of these
solutions should be selected, i.e. the optimal solution based
on a particular criterion, such as extending the cruise route to
ensure safe avoidance of other ships. As reported by Guenin
et al. [5], Speyer et al. [24], Szlapczynska et al. [25], Witkowska
et al. [30] and Yong [31], both static and dynamic optimisation
methods can be used.
The aim of this research is to present two control algorithms
to represent the two main components that are important
when making decisions in simulator training: the subjectivity
of decisions, which can be described by an artificial neural
network model, and the uncertainty of navigation situations,
as measured by the possible risk of collision, which can be
mapped using a model of an appropriate game. These studies
can be very valuable both when designing of new versions of
simulators and when using them for training.
These new elements link the Bellman optimality principle
with a neural network model to generate domains for ships
and a matrix game, with collisional risk to the synthesis of
safe steering of the ship’s movement.

CONTROL ENGINEERING
Control engineering is taught within the Faculties of
Navigation, Marine Engineering and Electrical Engineering
at the Maritime University. Cwilewicz et al. [4] found that the
curriculum grades within each department were different,
and addressed both the explicit responsibilities of graduates
when on board and the requirements arising from maritime
conventions.
Cadets in the Faculties of Navigation and Marine
Engineering mainly receive instruction in the single subject
of automation fundamentals, while those in the Faculty of
Electrical Engineering receive a broader range of training in
automation due to their wider range of official duties when
operating devices onboard. Based on the principles identified
by Borrego et al. [3], Henri et al. [8] and Lattuca et al. [12], it is
possible to design curricula in such a way that cadets receive
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practical instruction in automatic control techniques, which
is more useful within the profession of ship electroautomatics.
The two-level system for training in automation within the
Faculty of Electrical Engineering includes the following
topics, delivered via lectures and laboratories:
t At the basic engineering level:
Basics of Automatics
Electronics and Power Electronics
Digital Technology
Mechatronics and Robotics
Devices and Control Systems Engineering
Automated Electrical Ship Power Drives
Automation of Ship Power Systems
Programmable Logic Controllers
Visualisation of Control Processes
t At the more advanced Master’s level:
Advanced Control Engineering Methods
Optimisation Methods
AI Methods
Digital Control Systems
Automation of Electrical Power Plants
Distributed Control Systems
Computer Control Support.

FUNDAMENTALS OF AUTOMATION
The course on the Basics of Automatics includes the
following themes:
1) Theory and techniques of automation:
t Principles of automation-basic definitions, open and
closed-loop feedback control systems, types of automatic
control;
t Methods of describing the static and dynamic properties
of the physical elements of control systems: transfer
function, time and frequency responses, state equations;
t Basic physical elements of control systems and their
features;
t Characteristics of typical industrial control objects;
t Identification of control objects;
t Structural block diagrams of automatic control systems;
t The requirements that shoud be met by automatic
control systems-stability margins, quality control within
transitory states, accepted steady-state errors, correction
of control systems;
t PID controllers-structures and characteristics, selection
of optimal settings;
t Direct digital control;
t Complex systems of automatic control-cascade control,
closed-open systems, multivariable control systems;
t Nonlinear systems, relay control, two-set controllers,
three-set controllers, step controllers.
2) Modern control systems:
t Extremal control;
t Optimal control;
t Adaptive control;
t Game control;

t Computational intelligence control-expert systems,
fuzzy control, artificial neural networks, evolutionary
algorithms.
3) Systems engineering for control of ship movement:
t Methods for describing the dynamics of a ship as an
automatically controlled object;
t Ship control systems-maintenance of course and
trajectory, control of the ship’s speed, dynamic
positioning, precise ship steering via thrusters, roll
stabilisation, safe control in collision situations,
optimisation of the ship’s route.
4) Shipboard control systems:
t Main propulsion system of a ship with adjustable pitch
propeller;
t Power generation plant;
t Cargo refrigerated hold;
t Ballast and bilge systems;
t Thruster system;
t Fire detection, alarm and fighting system;
t Microprocessor system for monitoring and control of
the engine room.

PRACTICAL EDUCATION
Trussell et al. [28] and Weisner et al. [29] report that the
teaching process takes place in the following three forms:
t Lectures, exercises and laboratory exercises;
t Operating experience through a school (seafaring and
manoeuvring practices) and on board commercial ships
(operational practices);
t Exercises on training simulators (navigational, radar, cargo
and specialist).
Based on experience, Guzey et al. [6], Nikolic [18] and
Trevelyan [27], from the perspective of the forthcoming work
of a graduate as an administrator of control frameworks
onboard a ship, the training on ships and test system practices
play a key role.

COMPUTER SUPPORT FOR OPTIMAL AND
SAFE SHIP CONTROL
Safe ship control relies upon constant monitoring
of the conditions at sea, anti-collision manoeuvres, its
acknowledgement and the safe control to the closest return
point, recently assigned on the electronic map. These factors
are crucial when deciding on a safe trajectory for a ship, since
a ship’s single-manoeuvre system or potential speed is a multistage decision-making process, as discussed by Bellman [2].
The implementation of a multi-stage safety control system is
difficult, due to the complex properties of the control process.
In training strategies that involve the selection of a manoeuvre
or trajectory, one should expect the control algorithms
programmed within the microprocessor controller, which
defines the anti-collision framework of the ARPA radar, as
illustrated in Figure 1.

Fig. 1. Computer navigator decision support system in a collision situation
at sea.

Ship control relies on the accuracy of traffic data, and
uses mathematical descriptions of control processes. These
descriptions consist of three components: kinematic and
dynamic equations for the motion of the ship, sea waves,
and complex navigational situations, as determined by the
number of ships passed and the visibility at sea.
Kula [11], Liu [17] and Nise [19] show how a wide variety
of models have different impacts on the synthesis of various
control algorithms and the impact of safe ship motion
controls.
The aim of this article is to show that it is possible to
determine the single best solution from the many possible
alternatives for calculating the safe trajectory of a ship, i.e. the
one that ensures the least loss of the way to the safe passing
of the encountered ships.
COMPUTER SIMULATION OF A NEURO-OPTIMAL
SAFE TRAJECTORY THAT TAKES ACCOUNT
OF NAVIGATOR SUBJECTIVITY
Over 80% of ship collisions are caused by human factors
arising from subjective assessments of navigational situations
and manoeuvring decisions. It is estimated that about half of
these losses could be avoided by using computer programmes
to support manoeuvring decisions by the navigator, based on
AI, game theory and optimisation methods. When educating
students as future officers for sea-going vessels, computer
simulations or programmes should be included that take
into consideration both the subjectivity of the navigator
when making the final manoeuvring decision and the
characteristics of the real and often complex navigational
situation at sea.
The basic criterion used to ensure the quality of ship
steering is the safe movement of ships within a given area,
and this is considered by the simulation algorithm in the
form of limitations on the state of the steering process.
Optimisation of this control task is achieved by minimising
the changes needed to the cruise route in order to safely pass
all encountered ships. Since most anti-collision manoeuvres
are performed in practice by changing the course while
maintaining a constant speed, this task is reduced to one of
time-optimal control.
Hongguang and Yong [9] illustrate the danger of ship
collisions, and show that it is possible to assign certain areas
to each ship in the form of domains. These domains may
have fixed or variable shapes depending on the collisional
POLISH MARITIME RESEARCH, No 1/2021
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risk, and an artificial neural network implemented in Matlab
software can be used to generate these. Figure 2 shows four
types of ship domains, for which values are assigned based
on the dimensions and speed of the ship and the safe distance
at which other ships should be passed under real visibility
conditions at sea.
As described in [9], the domains used for the ships may
be in the form of a circle, a hexagon, an ellipse or a parabola;
the choice depends on the relative speed of other passing
ships, and can be changed based on the responses from an
appropriately designed neural network that assesses the level
of collision risk.

࢘ൌ
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ۓ
ۗ
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ͲǤͷ ՜ ܿ݇ݏ݅ݎ݊݅ݏ݈݈݅

Ͳ۔Ǥ ՜ ݀ܽ݊݃݁ۘ݊݅ݐܽݑݐ݅ݏݏݑݎ
ۖ
ۖ
Ͳ ەǤͻ ՜ ܿۙ ݊݅ݏ݈݈݅

(3)

This leads to the following equation:

 כ ܫൌ  ȭሺݎ െ ݎ ሻଶ

(4)

where A are the activation functions of the neural network
layers; ri and rei are the real and expected network responses;
6 is a mathematical measurement of the neural network
learning processes; and i is the time parameter.
Figure 3 shows the structure of a neural network with
three layers: the input and hidden layers have activation
functions with a digressional nature and the output layers
have sigmoidal activation functions.

Fig. 3. Neural network for generating ship domains: Wil –weight factors of the
input layer; Whl –weight factors of the hidden layer; Wol –weight factors of
the output layer; Ail –activation functions of the input layer; Ahl –activation
functions of the hidden layer; Aol –activation function of the output layer.

Fig. 2. Shapes of neural encountered ships domains: Dsafe – safe distance,
Bd – dynamic length of the ship, Ld – dynamic beam of the ship, Vs –speed of
met s ship, Ts,min - minimum time to approach with s met ship.

The neural network is characterised by six input quantities
u that describe the current collision situation, and which are
gathered from measuring devices such as radar, logs, and
gyrocompasses. These are combined to form a single output
quantity r that represents the risk of collision:

࢘ ൌ ܣሾܹ࢛ሿ
࢛ ൌ ൣܦ ǡ ܰ ǡ ܸ ǡ ߰ ǡ ܸǡ ߰൧
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(1)

(2)

When mapping current navigational situations using a
neural network, a backpropagation error algorithm with
comprehensive learning and moment indicators is used. The
data needed for this learning process were prepared using an
ARPA system simulator by 285 navigators.
The ship’s dynamics can be described by the state equations
in discrete form:
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భ

where:
(x0, y0) are the coordinates of the ship’s position, ψ is the
ship’s course, is the angular turning speed, is the
angular acceleration of the ship, V is the ship’s speed,
is its acceleration, is the change in the acceleration, α is

the rudder angle, n is the rotational speed of the screw
propeller, (k1, k2, k3) are proportionality parameters, and
(T1, T2, T3) are the time parameters of the dynamic model.
Determining the optimal route for the ship can be treated
as a multi-stage decision-making process, and can be solved
using Bellman’s dynamic programming method. We use a
quality criterion Q, which represents the smallest extension to
the voyage route that is necessary to safely pass encountered
ships, leading to time-optimal steering while matching the
speed of the other ships:
௧

௧
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(6)

Bellman’s method defines the principle of optimality,
stating the optimal strategy characterises that whatever the
initial state or steering may be, the remaining controls must
form the optimal strategy from the point of view of the state
resulting from the first control:
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Fig. 4. Multi-stage decision-making process involving dynamic programming of
the optimal voyage route, in which the domains of passed ships are mapped.

The time required to reach the k-th stage can be determined
as follows:
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The navigation situation in Kattegat Strait is shown in
Figure 5, and was used in simulation tests of the safe ship
control algorithm, as recorded in the ARPA anti-collision
system and installed on the research-training vessel.

(8)

It is results from this how calculations utilising this strategy
are typically started from the last stage, and afterwards the
procedure goes towards the first. According to Bellman’s
theorem [2], the collision avoidance procedure meets the
conditions of duality, and according to this principle, the
optimal trajectory for a ship in a collision situation can also
be determined using the optimisation principle, starting with
the calculation of the first stage before coordinated towards
the last stage, as illustrated in Figure 4.

Fig. 5. Navigational situation affecting the movement of a ship between
seventeen passing vessels.
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Figures 6 and 7 show the neuro-optimal safe trajectories for
ships under conditions of good and restricted visibility, which
were processed using a programme implemented in Matlab.

Figure 7. Computer simulation results for the neuro-optimal safety of a ship’s
trajectory and control sequence under conditions of restricted visibility at sea
for Ds = 1.5 nm, with circular domains, Qmin = 4033 s: (a) – safe trajectory of
own ship, (b) – changes in the rudder angle, (c) – changes in the rotational
speed of the propeller.
Figure 6. Results of a computer simulation of the neuro-optimal safety of a
ship’s trajectory and control sequence under good visibility conditions at sea for
Ds = 0.5 nm, with circular and hexagonal domains, Qmin = 2678 s: (a) – safe
trajectory of own ship, (b) – changes in the rudder angle, (c) – changes in the
rotational speed of the propeller.

COMPUTER SIMULATION OF A GAME-OPTIMAL SAFE
TRAJECTORY THAT CONSIDERS THE UNCERTAINTY
IN THE NAVIGATIONAL SITUATION
According to Lisowski [15], Song [23], Szlapczynska et al.
[25] and Wang [26], the definition of the collision avoidance
problem may be obvious, ignoring data sensitivity which may
result from external elements dictated by climatic conditions
and the state of the ocean, insufficient knowledge concerning
other ships and imprecise proposals of international conflict
of law rules (COLREGs).
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The first approach, which involves using the theory of
differential games in steering as described by Reddy et al.
[21], allows for control of the ship to be considered under
conditions of uncertainty in navigational situations.
Single procedure models have been helpful in training
students as future seagoing officers and allowing for the
selection of algorithms for safe ship control in collision
situations. For the practical synthesis of control algorithms,
the positional and matrix game models presented by SanchezSoriano [22] can be used.
The model that is closest to real situations is the matrix
game model, which uses a risk matrix of ship collisions to
identify various manoeuvring strategies in terms of changing
courses or speeds.
The control variables of the ship are represented by the
course \ and the speed V, while for s met ship by course ys
and speed Vs . The state variables for the ship are represented
by the risk of collision r s , while for the met ship by distance
Ds and bearing Ns.
The risk of collision with the s-th ship encountered, rs, is
a relative assessment of the current situation of the approach
characterised by the quantities Ds,min and Ts,min, compared to
the expected safe situation characterised by the previously
adopted safe values of Dsafe and Tsafe.
In most real control processes, the matrix game does not
reach the saddle point, and does not guarantee balance when
used in pure object strategies. The approximate solution of the
real game, according to Osborne [20], constitutes a component
of the mixed strategy, which expresses the probability
distribution ps of the players’ pure strategies.
The optimal game control of the ship is the strategy of the
highest probability to use is as follows:
ሺఙబ ǡఙೞ

ݑǡ௧ ൌ ݑ ቂቀ௦

ቁ

௫

ቃ

Our computer simulation of cooperative and noncooperative game control algorithms was implemented in
Matlab for the navigational situation illustrated in Figure 5.
Figures 8 and 9 show the optimal safe voyage routes under
good and restricted shipping conditions, respectively, for
cooperation and no cooperation between ships in terms of
avoiding collisions.

(9)

where:
σ0 – single strategies for controlling the ship’s movement to
avoid collisions; in game theory, these are called ‘pure
strategies’,
σs – single strategies for controlling the movement of the s-th
ship that is cooperating to avoid collisions or scenarios
leading to collisions for various reasons; in game theory,
these are called ‘pure strategies’.
In a non-cooperative game, the quality index Q for optimal
ship control can be formulated as follows:

ܳ ି ሺߪ ǡ ߪ௦ ሻ ൌ ఙబ ఙೞ ௦ ሺߪ ǡ ߪ௦ ሻ

(10)

Fig. 8. Game-optimal safe ship trajectories in a computer simulation of
navigational in good shipping conditions for Ds = 0.5 nm: (a) in a cooperative
matrix game, Qmin = 3312 s; and (b) in a non-cooperative matrix game,
Qmin = 3660 s.

However, in a cooperative game, this can be expressed
as follows:

ܳ  ሺߪ ǡ ߪ௦ ሻ ൌ ఙబ ఙೞ ௦ ሺߪ ǡ ߪ௦ ሻ

(11)
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neural domains of variable size, depending on the distance
and time between approaching ships, allowed us to take into
account the subjectivity of the navigator when assessing
the risk of collision. The use of several hundred navigator
officers to teach an artificial neural network allowed the
computational algorithm to interpret the domain in which
there is a danger of encountering ships better than if only a
single experienced navigator had been used. An analysis of
the possible domain shapes shows that they can be adapted
to open or restricted waters. The node density in the dynamic
programming trajectory of the ship is a compromise between
calculation time and ship-route accuracy.
When calculating the game-optimal safe trajectory, our
algorithm takes into account both the COLREG rules when
starting the game and the dynamics of the ships, in the form
of the advance manoeuvring time, their degree of cooperation
and the end game when the risk of collision becomes zero. A
new definition of ship collision risk was also presented here
based on two assessments of the same navigational situation:
the real situation regarding the proximity of objects, and the
safe situation as determined by the reference parameters.
This work does not cover all of the issues associated
with the safe management of the movement of ships at sea.
Subsequent studies will include an analysis of the sensitivity
of safe ship control to inaccurate information from navigation
devices, changes in the parameters of the ship dynamics, and
the impact of hydrometeorological disturbances.
Future papers on computational intelligence in marine
control engineering education should focus on additional
groups of ship officers, such as mechanics and electricians.
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Fig. 9. Game-optimal safe ship trajectories in a computer simulation of
navigation with restricted shipping conditions for Ds = 1.5 nm: (a) in
a cooperative matrix game, Qmin = 3990 s; and (b) in a non-cooperative matrix
game, Qmin = 4896 s.

CONCLUSIONS
An analysis of our research results in an effort to determine
a safe and optimal route for a ship based on the use of selected
computational intelligence methods allows us to draw the
following conclusions.
In terms of calculating the neuro-optimal safe trajectory,
the use of ARPA radar to identify object movement
parameters allowed us to develop an algorithm to support
the navigator in determining a safe trajectory, as a sequence
of changes in the course and speed of the ship. Representing
the movements of encountered ships in the form of moving
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