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It is compulsory to return the revise paper with response comment as 
attached. 
Please state clearly the revision based on reviewer's comment. 
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Dear Mr./Mrs. Daeng Paroka, 
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Dear Mr./Mrs. Daeng Paroka,  
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accepted to be published in IJTech next Volume 8 Issue 3, 2017. 
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We have carried out necessary layouting and editing of your 
manuscript. Prior to publication we need your final proof and 
copyright of the paper.  
  
Enclosed please find the copyright form and 
the paper for a final check and please confirm that the article ready for 
printing. 
 
Any confirmation of the final check should be submitted no later than 
April 28, 2017. Copyright form can be printed, signed, scanned and 
send by email to ijtech@eng.ui.ac.id. 
 
On behalf of editorial boards, we want to express you and your 
collaborators our deep appreciation for your contribution to IJTech. 
 
We look forward to receiving the copyright form and proofs at your 
earliest convenience. 
 
With kind regards, 
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Managing Editor 
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grammar and formatting. We will notify you when the manuscript is ready. 
 
On behalf of IJTech, we want to express you and your collaborators the 
Editorial Boards appreciation for your paper submission. 
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IJTech Secretariat 
ijtech@eng.ui.ac.id 
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Dear Mr./Mrs. Daeng Paroka, 

We confirmed that the editorial board has received your final proof and 
copyright of the paper. We appreciate your effort to refine your paper to 
meet the quality of IJTech publication standard and we already revise the 
final paper. Thank you. 
 

--  
Kind regards, 
Secretariat IJTech 
International Journal of Technology (IJTech) 
ISSN : 2086-9614 
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Dear the Editor of IJTech, 
 
Many thanks for the proof reading of our manuscript with publication 
schedule of Volume 8 Issue 3, 2017. we have proof reading with some 
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copyright statement in this email. 
 
With best regards 
 
 
Daeng Paroka 
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April 2017. Please 
visit: http://www.ijtech.eng.ui.ac.id/old/index.php/journal/issue/view/34/s
howToc  
You can access and download the article for free of charge. The hardcopy 
version is being printed and will be delivered 1 copy for the corresponding 
author. 
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Thank you for your contribution to IJTech and looking forward to a good 
collaboration in the next future.  
 
With kind regards,  
Dr. Nyoman Suwartha  
Managing Editor  
International Journal of Technology  
ISSN : 2086-9614 
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PREDICTION OF SHIP TURNING MANEUVERING IN CONSTANT WIND AND 

REGULAR WAVES 

 

 

ABSTRACT 

A ship usually perform maneuvering under influence of external forces and moments such 

as wind, waves and current. Therefore, the maneuvering behaviour of ships under action of 

the external forces becomes important to understand. This paper discusses regarding 

turning maneuvering of an Indonesian ro-ro ferry under influence of combined constant 

wind and regular waves by using MMG model. The ship position relative to the wave 

through is added to the original MMG model in order to estimate the exciting forces and 

moment induced by waves. The results of numerical simulation show that effect of wave 

height on turning ability is more significant in small wave length and this effect decreases 

as the wave length increases. Effect of wave length on the sway force and yaw moment is 

more significant compared with its effect on surge force. The ship initial position relative 

to the wave through does not have significant effect on turning characteristic and its can be 

neglected in case for the present subject ship. 

 

Keywords: Turning; Maneuvering; Wind; Waves 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1. INTRODUCTION 

Maneuvering performance of ship in the initial design stage is typically predicted in calm 

water condition. However, the ships usually maneuver in presence of external forces such 

as wind, wave and current. Therefore, it is important to understand the maneuvering 

behaviour of ship in combined action of the environment forces. 

Some mathematical models for predicting the maneuvering of a ship in wind and wave 

have been developed by several authors. Fang, et al. (2005) used a 6 DOF nonlinear 

mathematical model to simulate turning maneuver in waves by taking into account effect 

of wave encounter frequency on inertia, damping and linear hydrodynamic derivative of 

forces and moments acting on ship hull. Similiar approach was used by Zipfel and 

Maksoud (2011) to determine ship maneuvering motion in regular waves. The frequency-

dependent of hydrodynamic coefficients were transfer into time-dependent by using impuls 

response function. A unified seakeeping and maneuvering problem with second order 

regular waves was proposed by Skejic and Faltinsen (2008) to analysis seakeeping and 

maneuvering of a ship in wave. Here, the wave drift force was estimated by using two-

time-scale model in order to separate low-frequency motion (maneuvering motion) and 

high-frequency motion (seakeeping motion). The same method for estimating the wave 

drift force was used by Seo and Kim (2011) to predict ship maneuvering in waves by using 

combination of MMG model for ship maneuvering and seakeeping mathematical model. 

The second order wave force was also used by Chroni, et al. (2015) to investigate effect of 

environmental forces on ship maneuvering with 4 DOF matahematical model. This second 

order wave force was also used by Skejic (2013) to simulate ship maneuvering in irregular 

waves. The two-time-scale method seems to be unefficient because solution of the 

seakeeping motion can be obtained after the maneuvering motion has been solved. 

The most practical method for predicting maneuvering behaviour of ship in the initial 

design stage may be the MMG model because empirical formula for estimating the 

coefficients of hydrodynamic derivative have been developed (Yoshimura & Masumoto, 

2012). Even the original MMG model is pure maneuvering motion problem with 3 DOF 

mathematical model, some researchers included the roll or heeling effect on the original 

model to be 4 DOF model. Fujiwara, et al. (2006) and Paroka, et al. (2015) used the MMG 

model to investigate steady state equilibrium of ship maneuvering in wind and wave. 

The discrepancy between the MMG model and the previous mentioned methods is the 

encounter frequency dependency of forces and moment induced by ship hull. In cases of 

long wave (the wave length is larger than the ship length) some authors neglected the 

effect of encounter frequency (Munif & Umeda, 2000; Umeda & Hashimoto, 2002) on 

hydrodynamic forces and moments induced by ship hull but it was taken into account for 

forces and moments induced by the waves. With long waves, the heave and pitch motion 

may not be significant as shown by Munif and Umeda (2000). Following this assumption, 

the MMG model seems to be applicable to predict the turning characteristic of ship in 

waves. 

This paper discusses regarding turning maneuverability of a small Indonesian ro-ro ferry 

under combined action of wind and wave by using the modified MMG model. The effect 

of wave characteristic such as wave heigh, wave length and the initial position of ship 

relative to the wave willl be investigated. For small ships, such wave characteristics may 

have significant effect on maneuvering performance as indicated by Fang, et al. (2005). 



The wind velocity is assumed to be constant and to be uncorrelated with the wave 

characteristic. 

 

2. RESEARCH METHODOLOGY 
In order to describe the present mathematical model, two coordinate systems are used as 

shown in Figure 1. The fixed coordinate system o-xoyozo is fixed on the calm water surface 

and is used to describe the coordinate of ship position and wave propagation, respectively. 

The second coordinate system is G-xyz with its origin on the ship center of gravity, G, and 

moving with the ship motion. The symbols u, v and r indicate the surge, sway and yaw 

velocity, respectively. The drift angle is designated by β and δ for the rudder angle. The 

propeller thrust is indicated by Tj and the heading angle is indicated by ψ. ψW is the angle 

of wave direction which is assumed to be the same as the wind angle. 

 

Figure 1 Coordinate system  

 

According to the Newton’s second law, the equation of ship maneuvering in combined 

action of wind and wave is written as follows: 

𝜉 𝐺 = 𝑢 cos 𝜒 − 𝑣 sin 𝜒 (1) 

 𝑚 + 𝑚𝑥  𝑢 − 𝑣𝑟 = 𝑋𝐻 + 𝑋𝑃 + 𝑋𝑅 + 𝑋𝐴 + 𝑋𝑊 

 𝑚 + 𝑚𝑦  𝑣 − 𝑢𝑟 = 𝑌𝐻 + 𝑌𝑅 + 𝑌𝐴 + 𝑌𝑊  

 𝐼𝑧𝑧 + 𝐽𝑧𝑧  𝑟   = 𝑁𝐻 + NR + NA + NW − 𝑥𝐺 𝑌𝐻 + 𝑌𝑅 + 𝑌𝐴 + 𝑌𝑊  

(2) 

(3) 

(4) 

 

Here, m, mx and my indicate the ship mass, the added mass in surge and the added mass in 

sway, respectively. 𝑢 , 𝑣  and 𝑟  are the surge, the sway and the yaw accelerations, 

respectively. The subscripts H, P, R, A and W indicate the hull, the propeller, the rudder, 

the wind and the wave forces and moments in surge, sway and yaw directions. The 

equation (1) is added to the original maneuvering equation in order to avoid the two step 

solution of combination between seakeping dan maneuvering motions. Integration of 

equation (1) over time results in the relative position of ship center of gravity relative to the 

ψW 



wave trough. The equation (1) – (4) therefore can be solved at the same time without 

separation between seakeeping motion and maneuvering motion. The symbol χ in the 

equation (1) indicates the angle of wave encounter relative to the ship heading angle. 

The hull forces and moment in the equation (1) – (4) are empirically estimated by using 

polynomial regression of the non-dimensional hydrodyanmic derivatives (Yoshimura, 

2005; Yoshimura & Masumoto, 2012). The ship resistance is estimated by using Holtrop 

method. The propeller thrust  is estimated by using the equation proposed by Kijima, et al. 

(1990). The thrust coefficient is modelled as a quadratic polynomial equation as function 

of advance coefficient. The coefficients of this polynomial equation are determined based 

on statistical data of open water test of B series propeller (Carlton, 2007). The rudder 

forces and moment are calculated by using formula proposed by Kijima, et al. (1990) for 

twin propeller and twin rudder. 

The forces and moment induced the wave are estimated using formula proposed by Umeda 

and Hashimoto (2002). A correction factor depending on the block coefficient is used on 

estimating the wave force in surge direction (Ito, et al., 2014). The equation for estimating 

the wave force in surge and sway direction as well as the wave moment in yaw direction 

are shown in the equation (5) – (7). 

 

𝑋𝑊 =  −𝛼𝜌𝑔𝜁𝑊𝑘 cos 𝜒 𝐶1 𝑥 
𝐹𝐸

𝐴𝐸

𝑆 𝑥 𝑒−𝑘𝑑 𝑥 2 × sin 𝑘 𝜉𝐺 + 𝑥 cos 𝜒  𝑑𝑥 

 

(5) 

𝑌𝑊 = 𝜌𝑔𝜁𝑊𝑘 sin 𝜒 𝐶1 𝑥 
𝐹𝐸

𝐴𝐸

𝑆 𝑥 𝑒−𝑘𝑑 𝑥 2 × sin 𝑘 𝜉𝐺 + 𝑥 cos 𝜒  𝑑𝑥 + 𝜁𝑊𝜔𝜔𝑒  

sin 𝜒 𝜌
𝐹𝐸

𝐴𝐸

𝑆𝑦 𝑥 𝑒
−𝑘𝑑 𝑥 2 × sin 𝑘 𝜉𝐺 + 𝑥 cos 𝜒  𝑑𝑥 − 𝜁𝑊𝜔𝑢 sin 𝜒

×  𝜌𝑆𝑦 𝑥 𝑒
−𝑘𝑑 𝑥 2 cos 𝑘 𝜉𝐺 + 𝑥 cos 𝜒   

𝐴𝐸

𝐹𝐸
 

+ 1 + 𝑎𝐻 
𝜌

2
𝐴𝑅𝑓𝛼𝜀𝑅 1 − 𝑤𝑝 𝑢 1 + 𝜅𝑃

8𝐾𝑇

𝜋𝐽2
𝜐𝑊𝑅  

(6) 

𝑁𝑊 = 𝜌𝑔𝜁𝑊 sin 𝜒 𝐶1 𝑥 
𝐹𝐸

𝐴𝐸

𝑆 𝑥 𝑒−𝑘𝑑 𝑥 2 × 𝑥 sin 𝑘 𝜉𝐺 + 𝑥 cos 𝜒  𝑑𝑥 + 𝜁𝑊𝜔𝜔𝑒

× sin 𝜒 𝜌
𝐹𝐸

𝐴𝐸

𝑆𝑦 𝑥 𝑒
−𝑘𝑑 𝑥 2 𝑥 sin 𝑘 𝜉𝐺 + 𝑥 cos 𝜒  𝑑𝑥

+ 𝜁𝑊𝜔𝑢 sin 𝜒 𝜌
𝐹𝐸

𝐴𝐸

𝑆𝑦 𝑥 𝑒
−𝑘𝑑 𝑥 2 × cos 𝑘 𝜉𝐺 + 𝑥 cos 𝜒  𝑑𝑥

− 𝜁𝑊𝜔𝑢 sin 𝜒 

×  𝜌𝑆𝑦 𝑥 𝑒
−𝑘𝑑 𝑥 2 𝑥 cos 𝑘 𝜉𝐺 + 𝑥 cos 𝜒   

𝐴𝐸

𝐹𝐸
 

+ 𝑥𝑅 + 𝑎𝐻𝑥𝐻 
𝜌

2
𝐴𝑅𝑓𝛼𝜀𝑅 1 − 𝑤𝑝 𝑢 1 + 𝜅𝑝

8𝐾𝑇

𝜋𝐽2
𝜐𝑊𝑅  

(7) 



Here, α is the correction factor depend on the block coefficient. ζW, k, 𝑆 𝑥 , 𝑑 𝑥  are the 

wave amplitude, wave number, area  and draught of section at longitudinal distance x from 

midship, respectively. The symbols ω, ωe and 𝑆𝑦 𝑥  indicate the wave frequency, the wave 

encounter frequency and the added mass of section in sway direction. xR, xH, aH and AR are 

the longitudinal position of rudder from midship, the longitudinal position of center of 

interaction force between hull and rudder, the interaction factor between hull and rudder as 

well as the rudder area, respectively. The rudder coefficient is indicated by fα and the 

effective propeller wake fraction is designated by wp. εR, κp, J and KT are the wake ratio 

between propeller and rudder, the interaction factor between propeller and rudder, the 

advance coefficient and the thrust coefficient respectively. 𝐶1 𝑥  and 𝜐𝑊𝑅  are calculated 

by using the equation (8) and the equation (9), respectively. 

𝐶1 𝑥 =
sin 𝑘 sin 𝜒 . 𝐵 𝑥 2  

 𝑘 sin 𝜒 . 𝐵 𝑥 2  
 (8) 

𝜐𝑊𝑅 = 𝜁𝑊𝜔 sin 𝜒 𝑒𝑥𝑝 −𝑘𝑧𝑅 cos 2𝜋 𝜉𝐺 𝜆 + 𝑘𝑥𝑅 cos 𝜒  (9) 

 

Here, 𝐵 𝑥 , zR and λ are the breadth of section, the center of rudder from baseline and 

wave length, respectively. 

The wind forces and moment in surge, sway and yaw direction are calculated using 

empirical formula proposed by Fujiwara, et al. (2006). The angle of wind attack is 

determined based on the wind direction and the ship heading angle. The wave angle is 

assumed to be the same as the wind angle. 

 

Ship data 

The subject ship using in the numerical simulation is an Indonesian ro-ro ferry with 

principle dimension shown in Table 1 and her propeller and rudder geometry are shown in 

Tabel 2, respectively. 

 

Table 1 Principle dimension of the subject ship 

Items Dimension 

Length overall (LOA) 36.40 m 

Length between perpendicular (LBP) 31.50 m 

Breadth (B) 8.70 m 

Height (H) 2.65 m 

Draught (T) 1.65 m 

Ship speed (VS) 10.5 knot 

Lateral projected windage area (AL) 36.40 m
2 

Transverse projected windage area (AF) 93.61 m
2 

Lateral projected area of superstructure (AOD) 187.21 m
2 

Center of windage are from midship (C) -0.558 m 

Vertical center of AL (HC) 0.720 m 

Vertical center of AOD (HL) 4.930 m 

Height of transverse projected area (HBR) 10.73 m 



Table 2 Propeller and rudder geometry 

Items Dimension 

Number of propeller  2 

Propeller blade (Z) 4 

Propeller diameter (DP) 1.10 m 

Propeller revolution (n) 8.58 rps 

Transverse position propeller (yP) ±2.55 m 

Long. position propeller (xP) 15.50 m 

Rudder area (AR) 2.08 m
2 

Rudder coefficient (fΛ) 2.10   

Transverse rudder position (yR) ±2.55 m 

Long. Rudder position (xR) 15.75 m 

 

3. RESULTS 

The numerical results of turning maneuvering simulation for wave height of 0.50 meters 

and 0.75 meters are shown in Figure 2a for wave length the same as the ship length and in 

Figure 2b for the wave length of 50.0 meters, respectively. The wind velocity for all wave 

characterisrics is 6.75 m/s (beaufort scale 4). The turning diameter decreases as the wave 

height increases. The second turning circle moves away from the first one with longer 

distance for larger wave height. A similiar result is obtained for larger wave length. The 

distance of turning circles movement becomes smaller when the wave length increases. 

These results show that the wave height has more significant effect on the ship turning 

maneuvering for smaller wave length compared with the longer one. 

 

  
(a) (b) 

Figure 2 Trajectory of turning circle 

 

Wave Direction Wave Direction 



The surge and the sway velocities of ship during the turning simulation are shown in Figure 

3a for the wave length the same as the ship length with wave height of 0.50 meters and 0.75 

meters. For the wave length of 50.0 meters with the same wave heights are shown in Figure 

3b. The yawrate for wave length the same as the ship length with the same wave heights are 

shown in Figure 3c and in Figure 3d for the wave length of 50.0 meters. The surge and the 

sway velocities oscilate depend on the angle of wave encounter realtive to the ship deading 

angle. The minimum velicites occur in cases of heading wave (the angle of wave encounter 

is 0.0 degrees) and its maximum in following wave (the angle of wave encounter is 180.0 

degrees). An oscilation of surge, sway and yaw motions also occurs in all conditions of 

wave height and wave length. These are purely affected by the ship position relative to the 

wave. Oscilation of surge velocity become significant in heading and following waves, 

while the oscilation of sway velocity becomes significant in cases of beam seas. 

Alteration of surge velicity when the ship in following waves and in heading waves is 

significantly increase as the wave height increases. However, effect of wave height on the 

alteration of surge velocity decreases in cases of larger wave length. The same trend as the 

surge velocity alteration is also obtained for the sway velocity. The yawrate are more 

sensitive to the alteration of angle of wave encounter compared with the surge and sway 

velocities. This is because the yaw moment exist even in beam seas as result of non-

homogenous of hull form between the after part and the forward part. The minimum 

yawrate will occur in cases of following and heading waves but such condition appears in 

very short time in case of turning maneuver. 

 

  

(a) (b) 

  

(c) (d) 

Figure 3 Ship motion during turning maneuver 

 



Figures 4a – 4f show the nondimensional forces and moment in surge, sway and yaw 

direction with the two different wave height and the two different wave length. The left 

figures are for the wave length the same as the ship length and the right figures are the 

forces and moment for the wave length of 50.0 meters. Effect of wave length on force in 

surge direction is not significant compared with its effect on force in sway direction and on 

moment in yaw direction. Therefore, the characteristic of turning trajectory significantly 

change as the wave length increase for the same wave height. 

The wave height significantly affect the forces and moment even for wave length of 50.0 

meters. However, effect of wave height on the forces and moment tends to decreases as the 

wave length increases. Simliar with the sway velocity, the force in sway direction is 

nigligble small in heading and following waves and becomes maximum in beam waves. 

The same trend is obtained for surge force in angle of wave encounter of 90.0 degrees and 

270.0 degrees (beam waves). The minimum value on yaw moment occur in cases of head 

and following waves. The yaw moment is still significant in beam wave condition as effect 

of  longitudinal center of bouyancy.   

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4 Resultant of forces and moment acting on ship hull during turning maneuver 

 



4. DISCUSSION 
The obtained turning trajectory for two different wave height and wave length are similiar 

with the results of previous study (Fang, et al., 2005; Seo & Kim, 2011; Skejick, 2013; 

Chroni, et al., 2015). The turning circle becomes smaller as the wave height increases for 

both wave length of the same as the ship length and 50.0 meters. The turning circle for 

smaller wave length is larger than the larger one. It shows that the drift motion 

significantly increases when the wave height increases and it tends to decreases as the 

wave length increases. Figure 3 shows that the surge velocity becomes minimum in beam 

seas, in which the sway velocity is maximum. The larger yaw moment for larger wave 

height and smaller wave length will also induced paster turning motion compared with 

smaller wave height and larger wave length. These turning motion characteristics also 

induce longer distance of movement between the first turning circle and the second turning 

circle as shown in Figure 2. 

Fang, et al. (2005) shown that both the surge and the sway velocities oscilate depend on the 

angle of wave encounter relative to the ship heading angle. The same results is obtained in 

the present study. A more significant amplitude of surge and sway velocities oscilation has 

also identified in the transition from the following waves to the beam waves and from the 

beam waves to the heading waves and so on. This phenomena did not appear in study 

conducted by Fang, et al. (2005). A similiar results with the present study was obtained by 

Skjick (2013) for ship turning in irregular waves. This phenomena may depend on the 

wave characteristics compared with the ship geometry. It may disappear in cases of large 

ships compared to the wave height and it may arise for small ship as the subject of present 

study even for small wave heigh. Figure 3(a) and Figure 3(b) show that the oscilation due 

to the transition from the following waves to the beam waves and so on decreases when the 

wave length increases. It may disappears for smaller wave height and larger wave length. 

The initial position of ship relative to the wave does not have significant effect of turning 

maneuvering of ship in waves. The same results was obtained by Fang, et al. (2005) but 

they stated that effect of the initial position relative to the wave may significant for small 

ships. That effect does not obtained in the present study. The initial position of ship 

relative the wave surface does not significantly affect the forces and moment induced by 

the wave during turning maneuver. The initial position makes only changing phase of the 

forces and moment. Therefore its effect to the turning maneuver becomes negligible small. 

The subject ship cannot perform turning maneuver in wave height of 1.0 meters and the 

wave length the same as the ship length or smaller. The numerical simulation can be 

conducted for the wave height of 1.0 meters when the wave length is larger than the ship 

length. However the turning circle become very small and it seems to be unrealistic in 

practical point of view. The very small turning circle occurs due to large drift motion with 

small surge velocity in beam waves condition up to heading waves condition during 

turning simulation. The large drift motion may occurs due to small draught of the subject 

ship so that the hydrodynamic damping force in sway direction becomes smaller compared 

with the ship with larger draught. This had been shown by Chroni, et al. (2015) with wave 

length of a half of ship length, wave height of 5.50 meters and wind velocity of 19.0 m/s 

(Beaufort Scale 8). The subject ship used in their simulation was more larger than that used 

in the present simulation. Therefore, the weather condition to perform sea trial in guidance 

of International Maritime Organization (IMO) (2002) may not be applied for small ships. 



 

5. CONCLUSION 

The mathematical model for predicting turning maneuvering in constant wind and regular 

wave has been developed by using the 3 DOF of MMG model. A mathematical model to 

describe the ship position relative to the wave profile as function of ship velocity relative 

to the wave celerity has been icluded in the original MMG model. Therefore the 

mathematical model can be simultaniously solved to obtain maneuvering characteristics. 

Based on the numerical results for a small Indonesian ro-ro ferry, some conclusion can be 

remarked as follows: 

1. Effect of wave height on ship turning maneuver is more significant in small wave 

length. This effect decreases as the wave length increases. 

2. The sway force and yaw moment of wave significantly decrease when the wave length 

increases. Alteration of surge force  due to increasing the wave length is smaller 

compared with the sway force and yaw moment. This means that the drift motion may 

may have an important role on ship maneuvering in short waves. 

3. The initial position of ship relative to the wave does not have significant effect on ship 

turning maneuver and its effect can be neglected in case of the present subject ship. 
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ABSTRACT 

A ship usually performs maneuvers under the influence of external forces and moments, such as 

wind, waves, and current. Therefore, it is important to understand the maneuvering behavior of 

ships under the action of external forces. This paper discusses the turning maneuvers of an 

Indonesian roro ferry under the combined influence of constant wind and regular waves using 

the mathematical modelling group (MMG). The ship’s position relative to the wave trough is 

added to the original MMG model to estimate the exciting forces and moment induced by the 

waves. The results of a numerical simulation show that the effect of wave height on turning 

ability is more significant for a small wavelength; this effect decreases as the wavelength 

increases. The effect of wavelength on the sway force and yaw moment is more significant 

compared with its effect on the surge force. The ship’s initial position relative to the wave 

trough does not have a significant effect on the turning characteristic and it can be neglected for 

the present study’s subject ship. Overall, the results of the present work compare well with 

published data. 

 

Keywords:  Maneuvering; Turning; Waves; Wind 

 

1. INTRODUCTION 

The maneuvering performance of a ship during the initial design stage is typically predicted in 

calm water conditions. However, ships usually maneuver in the presence of external forces, 

such as wind, waves, and current. Therefore, it is important to understand the maneuvering 

behavior of a ship under the combined actions of the environmental forces. 

Some mathematical models for predicting the maneuvering of a ship in conditions of wind and 

waves have been developed by several authors. Fang et al. (2005) used a 6 degree of freedom (6 

DOF) nonlinear mathematical model to simulate a ship’s turning maneuver in waves by taking 

into account the effect of the wave encounter frequency on the inertia, damping, and linear 

hydrodynamic derivative of the forces and moments acting on the ship’s hull. A similiar 

approach was used by Zipfel and Maksoud (2011) to determine a ship’s maneuvering motion in 

regular waves. The frequency-dependent hydrodynamic coefficients were transferred to the 

time-domain using the impulse response function. A unified seakeeping and maneuvering 

theory with second-order regular waves was proposed by Skejic and Faltinsen (2008) to analyze 

the behavior of a ship in waves. Here, the wave drift force was estimated using a two-time scale 
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model to separate the low-frequency motion (maneuvering motion) and the high-frequency 

motion (seakeeping motion). The same method for estimating the wave drift force was used by 

Seo and Kim (2011) to predict ship maneuvering in waves using a combination between the 

mathematical modelling group (MMG) and seakeeping mathematical model. The second-order 

wave force was also used by Chroni et al. (2015) to investigate the effect of environmental 

forces on ship maneuvering with a 4 degree of freedom (4 DOF) mathematical model. Skejic 

(2013) also used the second-order wave force to simulate ship maneuvering in irregular waves. 

However, the two-time scale method seems to be inefficient because the solution to the 

seakeeping motion can be obtained after the maneuvering motion has been solved. 

The most practical method for predicting the maneuvering behavior of a ship in the initial 

design stage may be the MMG model because empirical formulas for estimating the 

coefficients of the hydrodynamic derivatives have been developed (Yoshimura & Masumoto, 

2012). Even the original MMG model is a pure maneuvering motion problem with a 3 DOF 

mathematical model; some researchers included the roll or heeling effect using a 4 DOF model. 

Fujiwara et al. (2006) and Paroka et al. (2015) used the MMG model to investigate the steady 

state equilibrium of a ship maneuvering in wind and waves. 

The discrepancy between the MMG model and the previously mentioned methods is the 

encounter frequency of forces and moments induced by the ship’s hull. In cases of long 

wavelengths in which the length of the wave is larger than the length of the ship, some authors 

neglected the effect of the encounter frequency on hydrodynamic forces and moments induced 

by the ship’s hull, although it was taken into account for the forces and moments induced by 

the waves (Munif & Umeda, 2000; Umeda & Hashimoto, 2002). Munif and Umeda (2000) 

showed that with long waves, the heave and pitch motion may not be significant . Following 

this assumption, the MMG model seems to be able to predict the turning characteristics of 

ships in waves. However, it is necessary to add a mathematical equation to the MMG model to 

describe the ship’s position relative to the wave. This is important because the forces and 

moments induced by the wave depend on the ship’s position in the wave surface. 

This paper discusses the turning maneuverability of a small Indonesian RoRo ferry under the 

combined action of wind and waves using the modified MMG model. The effect of the 

characteristics of the waves, such as wave height, wavelength, and the initial position of the 

ship relative to the wave, was investigated. For small ships, these wave characteristics may have 

a significant effect on the maneuvering performance as indicated by Fang et al. (2005). The 

wind velocity is assumed to be constant and to be uncorrelated with the wave characteristics. 

 

2. RESEARCH METHODOLOGY 

To describe the present mathematical model, two coordinate systems are used as shown in 

Figure 1. The first coordinate system, o-xoyozo, is fixed on the calm water surface and is used to 

describe the coordinates of the ship’s position and wave propagation, respectively. The second 

coordinate system, G-xyz, has its origin on the ship’s center of gravity, G, and moves with the 

ship’s motion. The symbols u, v, and r indicate the surge, sway, and yaw velocity, respectively. 

The drift angle is designated by β, and δ is used for the rudder angle. The propeller thrust is 

indicated by Tj and the heading angle is indicated by ψ. The angle of the wave direction ψW is 

assumed to be the same as the wind angle. 
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Figure 1 The coordinate systems 

 

According to Newton’s second law of motion and following the MMG model, the equation for 

a ship maneuvering in the combined action of wind and wave according to Fujiwara et al. 

(2006) is written as: 

 

 (1) 

 (2) 

 (3) 

 (4) 

 

Here, m, mx, and my indicate the ship’s mass, the added mass in the surge, and the added mass 

in the sway, respectively, while , and  are the surge, the sway, and the yaw accelerations, 

respectively. The subscripts H, P, R, A, and W indicate the hull, propeller, rudder, wind, and the 

wave forces and moments in the surge, sway, and yaw directions. Equation 1 is added to the 

MMG model (Equations 2 to 4) to take into account the effect of the ship’s position relative to 

the wave surface on the wave forces and moments. This equation was used by Fang et al. 

(2005) and Umeda and Hashimoto (2002) to estimate the wave forces and moments acting on a 

ship’s hull. Integration of Equation 1 over time results in the relative position of a ship’s center 

of gravity relative to the wave trough. Therefore, Equations 1 to 4 can be solved at the same 

time without separating the seakeeping and maneuvering motions. The symbol χ in Equation 1 

indicates the angle of the wave encounter relative to the ship heading angle. 

The forces and moments of the hull in Equations 2 to 4 are empirically estimated using the 

polynomial regression of the nondimensional hydrodyanmic derivatives (Yoshimura, 2005; 

Yoshimura & Masumoto, 2012). The ship’s resistance is estimated using a method developed 

by Holtrop and Mennen (1982). The propeller thrust is estimated using the equation proposed 

by Kijima et al. (1990). The thrust coefficient as a function of the advance coefficient are 

estimated based on statistical data of the open water test for B series propeller (Carlton, 2007). 

The rudder forces and moments are calculated using a formula proposed by Kijima et al. (1990) 

for a twin propeller and twin rudder. 

The forces and moments induced by the waves are estimated using formula proposed by Umeda 

and Hashimoto (2002). A correction factor, which depends on the block coefficient, is used to 

estimate the wave force in the surge direction (Ito et al., 2014). The equation for estimating the 

wave force in the surge and sway directions, as well as the wave moment in the yaw direction 

are shown in Equations 5 to 7. 
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(5) 

 

 

 

(6) 

𝑁𝑊 = 𝜌𝑔𝜁𝑊 sin 𝜒 𝐶1 𝑥 
𝐹𝐸

𝐴𝐸

𝑆 𝑥 𝑒−𝑘𝑑 𝑥 2 × 𝑥 sin 𝑘 𝜉𝐺 + 𝑥 cos 𝜒  𝑑𝑥 + 𝜁𝑊𝜔𝜔𝑒

× sin 𝜒 𝜌
𝐹𝐸

𝐴𝐸

𝑆𝑦 𝑥 𝑒
−𝑘𝑑 𝑥 2 𝑥 sin 𝑘 𝜉𝐺 + 𝑥 cos 𝜒  𝑑𝑥

+ 𝜁𝑊𝜔𝑢 sin 𝜒 𝜌
𝐹𝐸

𝐴𝐸

𝑆𝑦 𝑥 𝑒
−𝑘𝑑 𝑥 2 × cos 𝑘 𝜉𝐺 + 𝑥 cos 𝜒  𝑑𝑥

− 𝜁𝑊𝜔𝑢 sin 𝜒  

 

 

(7) 

 

Here, α is the correction factor dependent on the block coefficient, and ζW, k, , and  are 

the wave amplitude, wave number, area, and draught of section at a longitudinal distance x from 

the midship, respectively. The symbols ω, ωe, and  indicate the wave frequency, wave 

encounter frequency, and added mass of section in the sway direction, while xR, xH, aH, and AR 

are the longitudinal position of the rudder from the midship, the longitudinal position of the 

center of the interaction force between the hull and the rudder, the interaction factor between 

the hull and the rudder, and a the rudder area, respectively. The rudder coefficient is indicated 

by fα and the effective propeller wake fraction is designated by wp. The symbols εR, κp, J, and KT 

are the wake ratio between propeller and rudder, the interaction factor between propeller and 

rudder, the advance coefficient, and the thrust coefficient, respectively.  and  are 

calculated using Equation 8 and Equation 9, respectively. 

 

 
(8) 

 (9) 

 

Here, , zR, and λ are the breadth of section, the center of the rudder from the baseline, and 

the wavelength, respectively. 

The wind forces and moments in the surge, sway, and yaw directions are calculated using the 

empirical formula proposed by Fujiwara et al. (2006). The angle of wind attack is determined 

by the wind direction and the ship heading angle. The wave angle is assumed to be the same as 

the wind angle. 
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2.1. Ship Data 

The ship used in the numerical simulation is an Indonesian roro ferry with the principle 

dimensions shown in Table 1. The dimensions of the propeller and the rudder are shown in 

Table 2. 

 

Table 1 Principle dimensions of the subject ship 

Items Dimension 

Length overall (LOA) 36.40 m 

Length between perpendicular (LBP) 31.50 m 

Breadth (B) 8.70 m 

Height (H) 2.65 m 

Draught (T) 1.65 m 

Ship speed (VS) 10.5 knot 

Lateral projected windage area (AL) 36.40 m
2 

Transverse projected windage area (AF) 93.61 m
2 

Lateral projected area of superstructure (AOD) 187.21 m
2 

Center of windage area from midship (C) -0.558 m 

Vertical center of AL (HC) 0.720 m 

Vertical center of AOD (HL) 4.930 m 

Height of transverse projected area (HBR) 10.73 m 

 

Table 2 Propeller and rudder dimensions 

Items Dimension 

Number of propellers 2 

Number of propeller blades (Z) 4 

Propeller diameter (DP) 1.10 m 

Propeller revolution (n) 8.58 rps 

Transverse position propeller (yP) ± 2.55 m 

Longitude position propeller (xP) 15.50 m 

Rudder area (AR) 2.08 m
2 

Rudder coefficient (fΛ) 2.10  

Transverse rudder position (yR) ± 2.55 m 

Longitude rudder position (xR) 15.75 m 

 

3. RESULTS 

The numerical results of the turning maneuver simulation for a wave height of 0.50 m and 0.75 

m are shown for a wavelength that is the same as the ship’s length (Figure 2a) and for a 

wavelength of 50.0 m (Figure 2b). The wind velocity for all wave characteristics is 6.75 m/s 

(Beaufort scale 4). The turning diameter decreases as the wave height increases. The distance 

between the first and the second turning circles is longer for a larger wave height. A similiar 

result is obtained for a larger wavelength. The distance of the turning circles movement 

becomes smaller as the wavelength increases. These results show that the wave height has a 

more significant effect on the ship turning maneuver for a shorter wavelength compared with a 

longer wavelength. 
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(a) (b) 

Figure 2 Trajectory of the turning circle: (a) Wavelength is the same as the ship’s length; and (b) 

Wave length is 50.00 meters 
 

The surge and sway velocities of the ship during the turning simulation are shown in Figure 3a 

for a wavelength that is the same as the ship’s length for a wave height of 0.50 m and 0.75 m. 

The results for a wavelength of 50.0 m with the same wave heights are shown in Figure 3b. The 

yaw rates for a wavelength that is the same as the ship’s length for the same wave heights are 

shown in Figure 3c, while Figure 3d shows the results for a wavelength of 50.0 m. The surge 

and sway velocities oscillate depending on the angle of the wave encounter relative to the ship 

heading angle. The minimum velocity occurs when there is a heading wave in which the angle 

of the wave encounter is 0.0 degrees, while the maximum velocity occurs in a following wave 

in which the angle of the wave encounter is 180.0 degrees. The oscillation of the surge, sway, 

and yaw motions also occur in all conditions of wave height and wavelength. These are purely 

affected by the ship’s position relative to the wave. The oscillation of the surge velocity 

becomes significant in heading and following waves, while the oscillation of the sway velocity 

becomes significant in beam seas. Therefore, the phase between the surge and sway motions 

becomes 90.0 degrees as shown in Figures 3a and 3b. 

An alteration in surge velocity when the ship is in following waves and heading waves 

significantly increases as the wave height increases. However, the effect of wave height on the 

alteration in surge velocity decreases as the wavelengths increase. The same trend is also 

obtained for the sway velocity. The yaw rate is more sensitive to the alteration in wave direction 

compared with the surge and sway velocities. This is because the yaw moment exists even in 

beam seas depend on the position of  longitudinal center of gravity. The minimum yaw rate will 

occur in following and heading waves, although this condition appears in a very short time in 

case of a turning maneuver. 
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(a) (b) 

  
(c) (d) 

Figure 3 Ship motion during a turning maneuver: (a) Surge and sway velocities for wavelength the 

same as ship’s length; (b) Surge and sway velocities for wave length of 50.00 meters; (c) Yaw rate for 

wavelength the same as ship’s length; (d) Yaw rate for wavelength of 50.00 meters 
 

Figures 4a to 4f show the nondimensional forces and moments in the surge, sway, and yaw 

directions at two different wave heights and two different wavelengths. The figures on the left 

are for a wavelength that is the same as the ship’s length, and the figures on the right are the 

forces and moments for a wavelength of 50.0 m. The effect of wavelength on the force in the 

surge direction is not significant compared with its effect on the force in the sway direction and 

on the moment in the yaw direction. Therefore, the characteristic of turning trajectory 

significantly changes as the wavelength increases for the same wave height. 

The wave height significantly affects the forces and moments for a wavelength of 50.0 m. 

However, the effect of wave height on the forces and moments tends to decrease as the 

wavelength increases. Similar to the sway velocity, the force in the sway direction is negligibly 

small in heading and following waves, although it reaches its maximum in beam seas. The same 

trend is obtained for the surge force when the angle of the wave encounter is 90.0 degrees and 

270.0 degrees (beam waves). The minimum value of the yaw moment occurs in cases of 

heading and following waves. The yaw moment is still significant in a beam wave because of 

the effect of the longitudinal center of buoyancy. 
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(a) (b) 

  
(c) (d) 

  

(e) (f) 

Figure 4 Resultant forces and moments acting on a ship hull during a turning maneuver: (a) Surge 

force for wavelength the same as the ship’s length; (b) Surge force for wavelength of 50.00 meters; 

(c) Sway force for wavelength the same as the ship’s length; (d) Sway force for wavelength of 50.00 

meters; (e) Yaw moment for wavelength the same as the ship’s length; (f) Yaw moment for 

wavelength of 50.00 meters 

 

4. DISCUSSION 

The obtained turning trajectory for two different wave heights and wavelengths are similiar to 

the results found in previous studies (Fang et al., 2005; Seo & Kim, 2011; Skejick, 2013; 

Chroni et al., 2015). The turning circle becomes smaller as the wave height increases for both a 

wavelength that is the same as the ship’s length and a wavelength of 50.0 m. The turning circle 

for a shorter wavelength is larger than for a larger wavelength. This indicates that the drift 

motion significantly increases when the wave height increases and decreases as the wavelength 

increases. Figure 3 shows that the surge velocity is minimum in beam seas, which produces a 

maximum sway velocity. The yaw moment tends to increase when the wave slope increases. As 

result, the turning motion for a large wave slope is faster than with a small wave slope. These 

turning motion characteristics also induce a longer distance of movement between the first 

turning circle and the second turning circle as shown in Figure 2. 

Fang et al. (2005) showed that the oscillations of both the surge and sway velocities depend on 

the angle of the wave encounter relative to the ship heading angle. The same results are 

obtained in the present study. A more significant amplitude of oscillation of the surge and sway 

velocities has also been identified in the transition from following waves to beam seas and from 

beam waves to heading waves and so on. This phenomenon did not appear in a study conducted 
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by Fang et al. (2005). Skjick (2013) had similar results as this study for a ship turning in 

irregular waves. This phenomenon may depend on the wave characteristics compared with the 

ship geometry. Thus, it may not occur in cases of large ships compared with the wave height, 

although it may be seen in small ships even for a small wave height as seen in this study. 

Figures 3a and 3b show that the oscillation due to the transition from following waves to beam 

waves and so on decreases when the wavelength increases. It may disappear for smaller wave 

slopes. 

The initial position of a ship relative to the wave does not have a significant effect on the 

turning maneuvers of a ship in waves. The same results were obtained by Fang et al. (2005), 

although they stated that the effect of the initial position relative to the wave may be significant 

for small ships. This effect is not obtained in the present study. The initial position of a ship 

relative to the wave surface does not significantly affect the forces and moments induced by the 

wave during a turning maneuver. The initial position only makes the changing phase of the 

forces and moments. Therefore, its effect on the turning maneuver becomes negligibly small. 

The subject ship cannot perform a turning maneuver in a wave height of 1.0 m when the 

wavelength is the same as the ship’s length or is smaller. The numerical simulation can be 

conducted for a wave height of 1.0 m when the wavelength is longer than the ship. However, 

the turning circle becomes very small and it seems to be unrealistic from a practical point of 

view. The very small turning circle occurs due to the large drift motion with a small surge 

velocity in beam seas up to heading waves during the turning simulation. The large drift motion 

may occur due to the small draught of the subject ship so that the hydrodynamic damping force 

in the sway direction becomes smaller compared with a ship with a larger draught. This was 

shown by Chroni et al. (2015) using a wavelength that was half the ship’s length, a wave height 

of 5.50 m, and a wind velocity of 19.0 m/s (Beaufort scale 8). The subject ship used in their 

simulation was larger than that used in the present study. These facts show that the required 

weather conditions to perform a sea trial of small ships should be smaller than that in the 

guidance of the International Maritime Organization (IMO, 2002). 

 

5. CONCLUSION 

The mathematical model for predicting a ship’s turning maneuver in constant wind and regular 

waves has been developed based on the 3 DOF of the MMG model. In order to directly 

calculates wave forces and moment, an equation to describe the ship’s position relative to the 

wave profile as a function of the surge and sway velocities, as well as the heading angle has 

been included in the MMG model. The present mathematical model can be simultaneously 

solved to obtain the maneuvering characteristics. Based on the numerical results for a small 

Indonesian roro ferry, some conclusions can be made as follows: (1) The effect of the wave 

height on a ship’s turning maneuver is more significant for a short wavelength. This effect 

decreases as the wavelength increases; (2) The sway force and yaw moment of a wave 

significantly decrease when the wavelength increases. Alteration of the surge force due to an 

increasing wavelength is smaller compared with the sway force and yaw moment. This means 

that the drift motion may have an important role on ship maneuvering for short wavelengths. 

The initial position of a ship relative to the wave does not have a significant effect on the ship’s 

turning maneuver; its effect can be neglected in the subject ship of the present study. 
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PREDICTION OF SHIP TURNING MANEUVERING IN CONSTANT WIND AND 
REGULAR WAVES 

 
 
ABSTRACT 
A ship usually perform maneuvering under influence of external forces and moments such 
as wind, waves and current. Therefore, the maneuvering behaviour of ships under action of 
the external forces becomes important to understand. This paper discusses regarding 
turning maneuvering of an Indonesian ro-ro ferry under influence of combined constant 
wind and regular waves by using MMG model. The ship position relative to the wave 
through is added to the original MMG model in order to estimate the exciting forces and 
moment induced by waves. The results of numerical simulation show that effect of wave 
height on turning ability is more significant in small wave length and this effect decreases 
as the wave length increases. Effect of wave length on the sway force and yaw moment is 
more significant compared with its effect on surge force. The ship initial position relative 
to the wave through does not have significant effect on turning characteristic and its

 

 can be 
neglected in case for the present subject ship. Overall, the results of the present work 
compare well with published data. 

Keywords: Turning; Maneuvering; Wind; Waves 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



1. INTRODUCTION 
Maneuvering performance of ship in the initial design stage is typically predicted in calm 
water condition. However, the ships usually maneuver in presence of external forces such 
as wind, wave and current. Therefore, it is important to understand the maneuvering 
behaviour of ship in combined action of the environment forces. 
Some mathematical models for predicting the maneuvering of a ship in wind and wave 
have been developed by several authors. Fang, et al. (2005) used a 6 DOF nonlinear 
mathematical model to simulate turning maneuver in waves by taking into account effect 
of wave encounter frequency on inertia, damping and linear hydrodynamic derivative of 
forces and moments acting on ship hull. Similiar approach was used by Zipfel and 
Maksoud (2011) to determine ship maneuvering motion in regular waves. The frequency-
dependent of hydrodynamic coefficients were transfer into time-dependent by using impuls 
response function. A unified seakeeping and maneuvering problem with second order 
regular waves was proposed by Skejic and Faltinsen (2008) to analyse seakeeping and 
maneuvering of a ship in wave. Here, the wave drift force was estimated by using two-
time-scale model in order to separate low-frequency motion (maneuvering motion) and 
high-frequency motion (seakeeping motion). The same method for estimating the wave 
drift force was used by Seo and Kim (2011) to predict ship maneuvering in waves by using 
combination of MMG model for ship maneuvering and seakeeping mathematical model. 
The second order wave force was also used by Chroni, et al. (2015) to investigate effect of 
environmental forces on ship maneuvering with 4 DOF  mathematical model. This second 
order wave force was also used by Skejic (2013) to simulate ship maneuvering in irregular 
waves. The two-time-scale method seems to be un-efficient because solution of the 
seakeeping motion can be obtained after the maneuvering motion has been solved. 
The most practical method for predicting maneuvering behaviour of ship in the initial 
design stage may be the MMG model because empirical formula for estimating the 
coefficients of hydrodynamic derivative have been developed (Yoshimura & Masumoto, 
2012). Even the original MMG model is pure maneuvering motion problem with 3 DOF 
mathematical model, some researchers included the roll or heeling effect on the original 
model to be 4 DOF model. Fujiwara, et al. (2006) and Paroka, et al. (2015) used the MMG 
model to investigate steady state equilibrium of ship maneuvering in wind and wave. 
The discrepancy between the MMG model and the previous mentioned methods is the 
encounter frequency dependency of forces and moment induced by ship hull. In cases of 
long wave (the wave length is larger than the ship length) some authors neglected the 
effect of encounter frequency (Munif & Umeda, 2000; Umeda & Hashimoto, 2002) on 
hydrodynamic forces and moments induced by ship hull but it was taken into account for 
forces and moments induced by the waves. With long waves, the heave and pitch motion 
may not be significant as shown by Munif and Umeda (2000). Following this assumption, 
the MMG model seems to be applicable to predict the turning characteristic of ship in 
waves. 
This paper discusses regarding turning maneuverability of a small Indonesian ro-ro ferry 
under combined action of wind and wave by using the modified MMG model. The effect 
of wave characteristic such as wave height, wave length and the initial position of ship 
relative to the wave was investigated. For small ships, such wave characteristics may have 
significant effect on maneuvering performance as indicated by Fang, et al. (2005). The 



wind velocity is assumed to be constant and to be uncorrelated with the wave 
characteristic. 
 
2. RESEARCH METHODOLOGY 
In order to describe the present mathematical model, two coordinate systems are used as 
shown in Figure 1. The fixed coordinate system o-xoyozo is fixed on the calm water 
surface and is used to describe the coordinate of ship position and wave propagation, 
respectively. The second coordinate system is G-xyz with its origin on the ship center of 
gravity, G, and moving with the ship motion. The symbols u, v and r indicate the surge, 
sway and yaw velocity, respectively. The drift angle is designated by β and δ for the rudder 
angle. The propeller thrust is indicated by Tj and the heading angle is indicated by ψ. ψW

 

 is 
the angle of wave direction which is assumed to be the same as the wind angle. 

Figure 1 Coordinate system  
 
According to the Newton’s second law, the equation of ship maneuvering in combined 
action of wind and wave is written as (Chroni, et al, 2015; Seo and Kim, 2011): 

𝜉̇𝜉𝐺𝐺 = 𝑢𝑢 cos𝜒𝜒 − 𝑣𝑣 sin𝜒𝜒 (1) 

(𝑚𝑚 + 𝑚𝑚𝑥𝑥)(𝑢̇𝑢 − 𝑣𝑣𝑣𝑣) = 𝑋𝑋𝐻𝐻 + 𝑋𝑋𝑃𝑃 + 𝑋𝑋𝑅𝑅 + 𝑋𝑋𝐴𝐴 + 𝑋𝑋𝑊𝑊 

�𝑚𝑚 + 𝑚𝑚𝑦𝑦�(𝑣̇𝑣 − 𝑢𝑢𝑢𝑢) = 𝑌𝑌𝐻𝐻 + 𝑌𝑌𝑅𝑅 + 𝑌𝑌𝐴𝐴 + 𝑌𝑌𝑊𝑊  

(𝐼𝐼𝑧𝑧𝑧𝑧 + 𝐽𝐽𝑧𝑧𝑧𝑧 )𝑟̇𝑟   = 𝑁𝑁𝐻𝐻 + NR + NA + NW − 𝑥𝑥𝐺𝐺(𝑌𝑌𝐻𝐻 + 𝑌𝑌𝑅𝑅 + 𝑌𝑌𝐴𝐴 + 𝑌𝑌𝑊𝑊) 

(2) 

(3) 

(4) 
 
Here, m, mx and my indicate the ship mass, the added mass in surge and the added mass in 
sway, respectively. 𝑢̇𝑢, 𝑣̇𝑣 and 𝑟̇𝑟 are the surge, the sway and the yaw accelerations, 
respectively. The subscripts H, P, R, A and W indicate the hull, the propeller, the rudder, 
the wind and the wave forces and moments in surge, sway and yaw directions. The 
equation (1) is added to the original maneuvering equation in order to avoid the two step 
solution of combination between seakeping dan maneuvering motions. Integration of 
equation (1) over time results in the relative position of ship center of gravity relative to the 

ψW 



wave trough. The equation (1) – (4) therefore can be solved at the same time without 
separation between seakeeping motion and maneuvering motion. The symbol χ in the 
equation (1) indicates the angle of wave encounter relative to the ship heading angle. 
The hull forces and moment in the equation (1) – (4) are empirically estimated by using 
polynomial regression of the non-dimensional hydrodyanmic derivatives (Yoshimura, 
2005; Yoshimura & Masumoto, 2012). The ship resistance is estimated by using Holtrop 
and Mennen method (Holtrop and Mennen, 1982). The propeller thrust  is estimated by 
using the equation proposed by Kijima, et al. (1990). The thrust coefficient is modelled as 
a quadratic polynomial equation as function of advance coefficient. The coefficients of this 
polynomial equation are determined based on statistical data of open water test of B series 
propeller (Carlton, 2007). The rudder forces and moment are calculated by using formula 
proposed by Kijima, et al. (1990) for twin propeller and twin rudder. 
The forces and moment induced the wave are estimated using formula proposed by Umeda 
and Hashimoto (2002). A correction factor depending on the block coefficient is used on 
estimating the wave force in surge direction (Ito, et al., 2014). The equation for estimating 
the wave force in surge and sway direction as well as the wave moment in yaw direction 
are shown in the equations (5) – (7). 
 

𝑋𝑋𝑊𝑊 =  −𝛼𝛼𝛼𝛼𝛼𝛼𝜁𝜁𝑊𝑊𝑘𝑘 cos𝜒𝜒� 𝐶𝐶1(𝑥𝑥)
𝐹𝐹𝐹𝐹

𝐴𝐴𝐴𝐴
𝑆𝑆(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘(𝑥𝑥) 2⁄ × sin�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)� 𝑑𝑑𝑑𝑑 

 
(5) 

𝑌𝑌𝑊𝑊 = 𝜌𝜌𝜌𝜌𝜁𝜁𝑊𝑊𝑘𝑘 sin𝜒𝜒� 𝐶𝐶1(𝑥𝑥)
𝐹𝐹𝐹𝐹

𝐴𝐴𝐴𝐴
𝑆𝑆(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘 (𝑥𝑥) 2⁄ × sin�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)� 𝑑𝑑𝑑𝑑 + 𝜁𝜁𝑊𝑊𝜔𝜔𝜔𝜔𝑒𝑒  

sin𝜒𝜒� 𝜌𝜌
𝐹𝐹𝐹𝐹

𝐴𝐴𝐴𝐴
𝑆𝑆𝑦𝑦(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘 (𝑥𝑥) 2⁄ × sin�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)� 𝑑𝑑𝑑𝑑 − 𝜁𝜁𝑊𝑊𝜔𝜔𝜔𝜔 sin𝜒𝜒

× �𝜌𝜌𝑆𝑆𝑦𝑦(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘(𝑥𝑥) 2⁄ cos�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)��
𝐴𝐴𝐴𝐴
𝐹𝐹𝐹𝐹

 

+(1 + 𝑎𝑎𝐻𝐻)𝜌𝜌
2𝐴𝐴𝑅𝑅𝑓𝑓𝛼𝛼𝜀𝜀𝑅𝑅�1 − 𝑤𝑤𝑝𝑝�𝑢𝑢�1 + 𝜅𝜅𝑃𝑃

8𝐾𝐾𝑇𝑇
𝜋𝜋𝐽𝐽2 𝜐𝜐𝑊𝑊𝑊𝑊  

(6) 

𝑁𝑁𝑊𝑊 = 𝜌𝜌𝜌𝜌𝜁𝜁𝑊𝑊 sin𝜒𝜒� 𝐶𝐶1(𝑥𝑥)
𝐹𝐹𝐹𝐹

𝐴𝐴𝐴𝐴
𝑆𝑆(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘(𝑥𝑥) 2⁄ × 𝑥𝑥 sin�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)� 𝑑𝑑𝑑𝑑 + 𝜁𝜁𝑊𝑊𝜔𝜔𝜔𝜔𝑒𝑒

× sin𝜒𝜒� 𝜌𝜌
𝐹𝐹𝐹𝐹

𝐴𝐴𝐴𝐴
𝑆𝑆𝑦𝑦(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘(𝑥𝑥) 2⁄ 𝑥𝑥 sin�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)� 𝑑𝑑𝑑𝑑

+ 𝜁𝜁𝑊𝑊𝜔𝜔𝜔𝜔 sin𝜒𝜒� 𝜌𝜌
𝐹𝐹𝐹𝐹

𝐴𝐴𝐴𝐴
𝑆𝑆𝑦𝑦(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘(𝑥𝑥) 2⁄ × cos�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)� 𝑑𝑑𝑑𝑑

− 𝜁𝜁𝑊𝑊𝜔𝜔𝜔𝜔 sin𝜒𝜒 

× �𝜌𝜌𝑆𝑆𝑦𝑦(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘(𝑥𝑥) 2⁄ 𝑥𝑥 cos�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)��
𝐴𝐴𝐴𝐴
𝐹𝐹𝐹𝐹

 

+(𝑥𝑥𝑅𝑅 + 𝑎𝑎𝐻𝐻𝑥𝑥𝐻𝐻)
𝜌𝜌
2
𝐴𝐴𝑅𝑅𝑓𝑓𝛼𝛼𝜀𝜀𝑅𝑅�1 − 𝑤𝑤𝑝𝑝�𝑢𝑢�1 + 𝜅𝜅𝑝𝑝

8𝐾𝐾𝑇𝑇
𝜋𝜋𝐽𝐽2 𝜐𝜐𝑊𝑊𝑊𝑊  

(7) 



Here, α is the correction factor depend on the block coefficient. ζW, k, 𝑆𝑆(𝑥𝑥), 𝑑𝑑(𝑥𝑥) are the 
wave amplitude, wave number, area  and draught of section at longitudinal distance x from 
midship, respectively. The symbols ω, ωe and 𝑆𝑆𝑦𝑦(𝑥𝑥) indicate the wave frequency, the wave 
encounter frequency and the added mass of section in sway direction. xR, xH, aH and AR 
are the longitudinal position of rudder from midship, the longitudinal position of center of 
interaction force between hull and rudder, the interaction factor between hull and rudder as 
well as the rudder area, respectively. The rudder coefficient is indicated by fα and the 
effective propeller wake fraction is designated by wp. εR, κp, J and KT

𝐶𝐶1(𝑥𝑥) =
sin(𝑘𝑘 sin𝜒𝜒 .𝐵𝐵(𝑥𝑥) 2⁄ )

(𝑘𝑘 sin𝜒𝜒 .𝐵𝐵(𝑥𝑥) 2⁄ )  

 are the wake ratio 
between propeller and rudder, the interaction factor between propeller and rudder, the 
advance coefficient and the thrust coefficient respectively. 𝐶𝐶1(𝑥𝑥) and 𝜐𝜐𝑊𝑊𝑊𝑊  are calculated 
by using the equation (8) and the equation (9), respectively. 

(8) 

𝜐𝜐𝑊𝑊𝑊𝑊 = 𝜁𝜁𝑊𝑊𝜔𝜔 sin𝜒𝜒 𝑒𝑒𝑒𝑒𝑒𝑒(−𝑘𝑘𝑧𝑧𝑅𝑅) cos(2𝜋𝜋 𝜉𝜉𝐺𝐺 𝜆𝜆⁄ + 𝑘𝑘𝑥𝑥𝑅𝑅 cos𝜒𝜒) (9) 
 
Here, 𝐵𝐵(𝑥𝑥), zR

The wind forces and moment in surge, sway and yaw direction are calculated using 
empirical formula proposed by Fujiwara, et al. (2006). The angle of wind attack is 
determined based on the wind direction and the ship heading angle. The wave angle is 
assumed to be the same as the wind angle. 

 and λ are the breadth of section, the center of rudder from baseline and 
wave length, respectively. 

 
Ship data 
The subject ship using in the numerical simulation is an Indonesian ro-ro ferry with 
principle dimension shown in Table 1 and her propeller and rudder geometry are shown in 
Tabel 2, respectively. 
 

Table 1 Principle dimension of the subject ship 
Items Dimension 
Length overall (LOA 36.40 m ) 
Length between perpendicular (LBP 31.50 m ) 
Breadth (B) 8.70 m 
Height (H) 2.65 m 
Draught (T) 1.65 m 
Ship speed (VS 10.5 knot ) 
Lateral projected windage area (AL 36.40 m) 
Transverse projected windage area (A

2 

F 93.61 m) 
Lateral projected area of superstructure (A

2 

OD 187.21 m) 
Center of windage are from midship (C) 

2 

-0.558 m 
Vertical center of AL (HC 0.720 m ) 
Vertical center of AOD (HL 4.930 m ) 
Height of transverse projected area (HBR 10.73 m ) 



Table 2 Propeller and rudder geometry 
Items Dimension 
Number of propeller  2 
Propeller blade (Z) 4 
Propeller diameter (DP 1.10 m ) 
Propeller revolution (n) 8.58 rps 
Transverse position propeller (yP ±2.55 m ) 
Long. position propeller (xP 15.50 m ) 
Rudder area (AR 2.08 m) 
Rudder coefficient (f

2 

Λ 2.10   ) 
Transverse rudder position (yR ±2.55 m ) 
Long. Rudder position (xR 15.75 m ) 

 
3. RESULTS 
The numerical results of turning maneuvering simulation for wave height of 0.50 meters 
and 0.75 meters are shown in Figure 2a for wave length the same as the ship length and in 
Figure 2b for the wave length of 50.0 meters, respectively. The wind velocity for all wave 
characteristics is 6.75 m/s (beaufort scale 4). The turning diameter decreases as the wave 
height increases. The second turning circle moves away from the first one with longer 
distance for larger wave height. A similiar result is obtained for larger wave length. The 
distance of turning circles movement becomes smaller when the wave length increases. 
These results show that the wave height has more significant effect on the ship turning 
maneuvering for smaller wave length compared with the longer one. 
 

  
(a) (b) 

Figure 2 Trajectory of turning circle 
 

Wave Direction Wave Direction 



The surge and the sway velocities of ship during the turning simulation are shown in Figure 
3a for the wave length the same as the ship length with wave height of 0.50 meters and 0.75 
meters. For the wave length of 50.0 meters with the same wave heights are shown in Figure 
3b. The yaw rate for wave length the same as the ship length with the same wave heights 
are shown in Figure 3c and in Figure 3d for the wave length of 50.0 meters. The surge and 
the sway velocities oscilate depend on the angle of wave encounter realtive to the ship 
heading angle. The minimum velocites occur in cases of heading wave (the angle of wave 
encounter is 0.0 degrees) and its maximum in following wave (the angle of wave encounter 
is 180.0 degrees). An oscilation of surge, sway and yaw motions also occurs in all 
conditions of wave height and wave length. These are purely affected by the ship position 
relative to the wave. Oscilation of surge velocity become significant in heading and 
following waves, while the oscilation of sway velocity becomes significant in cases of 
beam seas. 
Alteration of surge velocity when the ship in following waves and in heading waves is 
significantly increase as the wave height increases. However, effect of wave height on the 
alteration of surge velocity decreases in cases of larger wave length. The same trend as the 
surge velocity alteration is also obtained for the sway velocity. The yaw rate are more 
sensitive to the alteration of angle of wave encounter compared with the surge and sway 
velocities. This is because the yaw moment exist even in beam seas as result of non-
homogenous of hull form between the after part and the forward part. The minimum yaw 
rate will occur in cases of following and heading waves but such condition appears in very 
short time in case of turning maneuver. 
 

  
(a) (b) 

  
(c) (d) 

Figure 3 Ship motion during turning maneuver 
 



Figures 4a – 4f show the nondimensional forces and moment in surge, sway and yaw 
direction with the two different wave height and the two different wave length. The left 
figures are for the wave length the same as the ship length and the right figures are the 
forces and moment for the wave length of 50.0 meters. Effect of wave length on force in 
surge direction is not significant compared with its effect on force in sway direction and on 
moment in yaw direction. Therefore, the characteristic of turning trajectory significantly 
change as the wave length increase for the same wave height. 
The wave height significantly affect the forces and moment even for wave length of 50.0 
meters. However, effect of wave height on the forces and moment tends to decreases

 

 as the 
wave length increases. Similar with the sway velocity, the force in sway direction is 
negligibly small in heading and following waves and becomes maximum in beam waves. 
The same trend is obtained for surge force in angle of wave encounter of 90.0 degrees and 
270.0 degrees (beam waves). The minimum value on yaw moment occur in cases of 
heading and following waves. The yaw moment is still significant in beam wave condition 
as effect of  longitudinal center of bouyancy.   

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4 Resultant of forces and moment acting on ship hull during turning maneuver 
 



4. DISCUSSION 
The obtained turning trajectory for two different wave height and wave length are similiar 
with the results of previous study (Fang, et al., 2005; Seo & Kim, 2011; Skejick, 2013; 
Chroni, et al., 2015). The turning circle becomes smaller as the wave height increases for 
both wave length of the same as the ship length and 50.0 meters. The turning circle for 
smaller wave length is larger than the larger one. It shows that the drift motion 
significantly increases when the wave height increases and it tends to decreases

Fang, et al. (2005) shown that both the surge and the sway velocities oscilate depend on the 
angle of wave encounter relative to the ship heading angle. The same results is obtained in 
the present study. A more significant amplitude of surge and sway velocities oscilation has 
also been identified in the transition from the following waves to the beam waves and from 
the beam waves to the heading waves and so on. This phenomenon did not appear in study 
conducted by Fang, et al. (2005). A similiar results with the present study was obtained by 
Skjick (2013) for ship turning in irregular waves. This phenomenon may depend on the 
wave characteristics compared with the ship geometry. It may disappear in cases of large 
ships compared to the wave height and it may arise for small ship as the subject of present 
study even for small wave height. Figure 3(a) and Figure 3(b) show that the oscilation due 
to the transition from the following waves to the beam waves and so on decreases when the 
wave length increases. It may disappears for smaller wave height and larger wave length. 

 as the 
wave length increases. Figure 3 shows that the surge velocity becomes minimum in beam 
seas, in which the sway velocity is maximum. The larger yaw moment for larger wave 
height and smaller wave length will also induced paster turning motion compared with 
smaller wave height and larger wave length. These turning motion characteristics also 
induce longer distance of movement between the first turning circle and the second turning 
circle as shown in Figure 2. 

The initial position of ship relative to the wave does not have significant effect of turning 
maneuvering of ship in waves. The same results was obtained by Fang, et al. (2005) but 
they stated that effect of the initial position relative to the wave may be significant for 
small ships. That effect is not obtained in the present study. The initial position of ship 
relative the wave surface does not significantly affect the forces and moment induced by 
the wave during turning maneuver. The initial position makes only changing phase of the 
forces and moment. Therefore its effect to the turning maneuver becomes negligible

The subject ship cannot perform turning maneuver in wave height of 1.0 meters and the 
wave length the same as the ship length or smaller. The numerical simulation can be 
conducted for the wave height of 1.0 meters when the wave length is larger than the ship 
length. However, the turning circle becomes very small and it seems to be unrealistic in 
practical point of view. The very small turning circle occurs due to large drift motion with 
small surge velocity in beam waves condition up to heading waves condition during 
turning simulation. The large drift motion may occur

y 
small. 

s due to small draught of the subject 
ship so that the hydrodynamic damping force in sway direction becomes smaller compared 
with the ship with larger draught. This had been shown by Chroni, et al. (2015) with wave 
length of a half of ship length, wave height of 5.50 meters and wind velocity of 19.0 m/s 
(Beaufort Scale 8). The subject ship used in their simulation was larger than that used in 



the present simulation. Therefore, the weather condition to perform sea trial in guidance of 
International Maritime Organization (IMO) (2002) may not be applied for small ships. 
 
5. CONCLUSION 
The mathematical model for predicting turning maneuvering in constant wind and regular 
wave has been developed by using the 3 DOF of MMG model. A mathematical model to 
describe the ship position relative to the wave profile as function of ship velocity relative 
to the wave celerity has been included in the original MMG model. Therefore the 
mathematical model can be simultaniously solved to obtain maneuvering characteristics. 
Based on the numerical results for a small Indonesian ro-ro ferry, some conclusion can be 
remarked as follows: 
1. Effect of wave height on ship turning maneuver is more significant in small wave 

length. This effect decreases as the wave length increases. 
2. The sway force and yaw moment of wave significantly decrease when the wave length 

increases. Alteration of surge force  due to increasing the wave length is smaller 
compared with the sway force and yaw moment. This means that the drift motion may 
may have an important role on ship maneuvering in short waves. 

3. The initial position of ship relative to the wave does not have significant effect on ship 
turning maneuver and its effect can be neglected in case of the present subject ship. 
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PREDICTION OF SHIP TURNING MANEUVERING IN CONSTANT WIND AND 
REGULAR WAVES 

IJTech-07-140 
 
ABSTRACT 
A ship usually perform maneuvering under influence of external forces and moments such 
as wind, waves and current. Therefore, the maneuvering behaviour of ships under action of 
the external forces becomes important to understand. This paper discusses turning 
maneuvering of an Indonesian ro-ro ferry under influence of combined constant wind and 
regular waves by using MMG model. The ship position relative to the wave through is 
added to the original MMG model in order to estimate the exciting forces and moment 
induced by waves. The results of numerical simulation show that effect of wave height on 
turning ability is more significant in small wave length and this effect decreases as the 
wave length increases. Effect of wave length on the sway force and yaw moment is more 
significant compared with its effect on surge force. The ship initial position relative to the 
wave through does not have significant effect on turning characteristic and it can be 
neglected in case of the present subject ship. Overall, the results of the present work 
compare well with published data. 
 
Keywords: Turning; Maneuvering; Wind; Waves 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



1. INTRODUCTION 
Maneuvering performance of ship in the initial design stage is typically predicted in calm 
water condition. However, the ships usually maneuver in presence of external forces such 
as wind, wave and current. Therefore, it is important to understand the maneuvering 
behaviour of ship in combined action of the environment forces. 
Some mathematical models for predicting the maneuvering of a ship in wind and wave 
have been developed by several authors. Fang, et al. (2005) used a 6 DOF nonlinear 
mathematical model to simulate turning maneuver in waves by taking into account effect 
of wave encounter frequency on inertia, damping and linear hydrodynamic derivative of 
forces and moments acting on ship hull. Similiar approach was used by Zipfel and 
Maksoud (2011) to determine ship maneuvering motion in regular waves. The frequency-
dependent of hydrodynamic coefficients were transfer into time-dependent by using impuls 
response function. A unified seakeeping and maneuvering problem with second order 
regular waves was proposed by Skejic and Faltinsen (2008) to analyse seakeeping and 
maneuvering of a ship in wave. Here, the wave drift force was estimated by using two-
time-scale model in order to separate low-frequency motion (maneuvering motion) and 
high-frequency motion (seakeeping motion). The same method for estimating the wave 
drift force was used by Seo and Kim (2011) to predict ship maneuvering in waves by using 
combination of MMG model for ship maneuvering and seakeeping mathematical model. 
The second order wave force was also used by Chroni, et al. (2015) to investigate effect of 
environmental forces on ship maneuvering with 4 DOF  mathematical model. This second 
order wave force was also used by Skejic (2013) to simulate ship maneuvering in irregular 
waves. The two-time-scale method seems to be un-efficient because solution of the 
seakeeping motion can be obtained after the maneuvering motion has been solved. 
The most practical method for predicting maneuvering behaviour of ship in the initial 
design stage may be the MMG model because empirical formula for estimating the 
coefficients of hydrodynamic derivative have been developed (Yoshimura & Masumoto, 
2012). Even the original MMG model is pure maneuvering motion problem with 3 DOF 
mathematical model, some researchers included the roll or heeling effect on the original 
model to be 4 DOF model. Fujiwara, et al. (2006) and Paroka, et al. (2015) used the MMG 
model to investigate steady state equilibrium of ship maneuvering in wind and wave. 
The discrepancy between the MMG model and the previous mentioned methods is the 
encounter frequency dependency of forces and moment induced by ship hull. In cases of 
long wave (the wave length is larger than the ship length) some authors neglected the 
effect of encounter frequency (Munif & Umeda, 2000; Umeda & Hashimoto, 2002) on 
hydrodynamic forces and moments induced by ship hull but it was taken into account for 
forces and moments induced by the waves. With long waves, the heave and pitch motion 
may not be significant as shown by Munif and Umeda (2000). Following this assumption, 
the MMG model seems to be applicable to predict the turning characteristic of ship in 
waves. However, it is necessary to add a mathematic equation into the MMG model to 
describe the ship position relative to the wave. This is important because the forces and the 
moments induced by the wave depend on the ship position in the wave surface. 
This paper discusses regarding turning maneuverability of a small Indonesian ro-ro ferry 
under combined action of wind and wave by using the modified MMG model. The effect 
of wave characteristic such as wave height, wave length and the initial position of ship 



relative to the wave was investigated. For small ships, such wave characteristics may have 
significant effect on maneuvering performance as indicated by Fang, et al. (2005). The 
wind velocity is assumed to be constant and to be uncorrelated with the wave 
characteristic. 
 
2. RESEARCH METHODOLOGY 
In order to describe the present mathematical model, two coordinate systems are used as 
shown in Figure 1. The fixed coordinate system o-xoyozo is fixed on the calm water 
surface and it is used to describe the coordinate of ship position and wave propagation, 
respectively. The second coordinate system is G-xyz with its origin on the ship center of 
gravity, G, and moving with the ship motion. The symbols u, v and r indicate the surge, 
sway and yaw velocity, respectively. The drift angle is designated by β and δ for the rudder 
angle. The propeller thrust is indicated by Tj and the heading angle is indicated by ψ. ψW

 

 is 
the angle of wave direction which is assumed to be the same as the wind angle. 

 
Figure 1 Coordinate system  

 
According to the Newton’s second law, the equation of ship maneuvering in combined 
action of wind and wave following the MMG model is written as (Fujiwara, et al, 2006): 

𝜉̇𝜉𝐺𝐺 = 𝑢𝑢 cos𝜒𝜒 − 𝑣𝑣 sin𝜒𝜒 (1) 

(𝑚𝑚 + 𝑚𝑚𝑥𝑥)(𝑢̇𝑢 − 𝑣𝑣𝑣𝑣) = 𝑋𝑋𝐻𝐻 + 𝑋𝑋𝑃𝑃 + 𝑋𝑋𝑅𝑅 + 𝑋𝑋𝐴𝐴 + 𝑋𝑋𝑊𝑊 

�𝑚𝑚 + 𝑚𝑚𝑦𝑦�(𝑣̇𝑣 − 𝑢𝑢𝑢𝑢) = 𝑌𝑌𝐻𝐻 + 𝑌𝑌𝑅𝑅 + 𝑌𝑌𝐴𝐴 + 𝑌𝑌𝑊𝑊  

(𝐼𝐼𝑧𝑧𝑧𝑧 + 𝐽𝐽𝑧𝑧𝑧𝑧 )𝑟̇𝑟   = 𝑁𝑁𝐻𝐻 + NR + NA + NW − 𝑥𝑥𝐺𝐺(𝑌𝑌𝐻𝐻 + 𝑌𝑌𝑅𝑅 + 𝑌𝑌𝐴𝐴 + 𝑌𝑌𝑊𝑊) 

(2) 

(3) 

(4) 
 
Here, m, mx and my indicate the ship mass, the added mass in surge and the added mass in 
sway, respectively. 𝑢̇𝑢, 𝑣̇𝑣 and 𝑟̇𝑟 are the surge, the sway and the yaw accelerations, 
respectively. The subscripts H, P, R, A and W indicate the hull, the propeller, the rudder, 
the wind and the wave forces and moments in surge, sway and yaw directions. The 
equation (1) is added to the MMG model (equation (2) – (4)) in order to take into account 
effect of ship position relative to the wave surface on wave forces and moments. That 
equation was used by Fang, et al (2005) as well as Umeda and Hashimoto (2002) to 
estimate wave forces and moments acting on ship hull. Integration of equation (1) over 
time results in the relative position of ship center of gravity relative to the wave trough. 

ψW 



The equation (1) – (4) therefore can be solved at the same time without separation between 
seakeeping and maneuvering motions. The symbol χ in the equation (1) indicates the angle 
of wave encounter relative to the ship heading angle. 
The hull forces and moment in the equation (2) – (4) are empirically estimated by using 
polynomial regression of the non-dimensional hydrodyanmic derivatives (Yoshimura, 
2005; Yoshimura & Masumoto, 2012). The ship resistance is estimated by using Holtrop 
and Mennen method (Holtrop and Mennen, 1982). The propeller thrust  is estimated by 
using the equation proposed by Kijima, et al. (1990). The thrust coefficient is modelled as 
a quadratic polynomial equation as function of advance coefficient. The coefficients of this 
polynomial equation are determined based on statistical data of open water test for B series 
propeller (Carlton, 2007). The rudder forces and moment are calculated by using formula 
proposed by Kijima, et al. (1990) for twin propeller and twin rudder. 
The forces and moment induced the wave are estimated by using formula proposed by 
Umeda and Hashimoto (2002). A correction factor depending on the block coefficient is 
used on estimating the wave force in surge direction (Ito, et al., 2014). The equation for 
estimating the wave force in surge and sway direction as well as the wave moment in yaw 
direction are shown in the equations (5) – (7). 
 

𝑋𝑋𝑊𝑊 =  −𝛼𝛼𝛼𝛼𝛼𝛼𝜁𝜁𝑊𝑊𝑘𝑘 cos𝜒𝜒� 𝐶𝐶1(𝑥𝑥)
𝐹𝐹𝐹𝐹

𝐴𝐴𝐴𝐴
𝑆𝑆(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘(𝑥𝑥) 2⁄ × sin�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)� 𝑑𝑑𝑑𝑑 

 
(5) 

𝑌𝑌𝑊𝑊 = 𝜌𝜌𝜌𝜌𝜁𝜁𝑊𝑊𝑘𝑘 sin𝜒𝜒� 𝐶𝐶1(𝑥𝑥)
𝐹𝐹𝐹𝐹

𝐴𝐴𝐴𝐴
𝑆𝑆(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘 (𝑥𝑥) 2⁄ × sin�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)� 𝑑𝑑𝑑𝑑 + 𝜁𝜁𝑊𝑊𝜔𝜔𝜔𝜔𝑒𝑒  

sin𝜒𝜒� 𝜌𝜌
𝐹𝐹𝐹𝐹

𝐴𝐴𝐴𝐴
𝑆𝑆𝑦𝑦(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘 (𝑥𝑥) 2⁄ × sin�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)� 𝑑𝑑𝑑𝑑 − 𝜁𝜁𝑊𝑊𝜔𝜔𝜔𝜔 sin𝜒𝜒

× �𝜌𝜌𝑆𝑆𝑦𝑦(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘(𝑥𝑥) 2⁄ cos�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)��
𝐴𝐴𝐴𝐴
𝐹𝐹𝐹𝐹

 

+(1 + 𝑎𝑎𝐻𝐻)𝜌𝜌
2𝐴𝐴𝑅𝑅𝑓𝑓𝛼𝛼𝜀𝜀𝑅𝑅�1 − 𝑤𝑤𝑝𝑝�𝑢𝑢�1 + 𝜅𝜅𝑃𝑃

8𝐾𝐾𝑇𝑇
𝜋𝜋𝐽𝐽2 𝜐𝜐𝑊𝑊𝑊𝑊  

(6) 

𝑁𝑁𝑊𝑊 = 𝜌𝜌𝜌𝜌𝜁𝜁𝑊𝑊 sin𝜒𝜒� 𝐶𝐶1(𝑥𝑥)
𝐹𝐹𝐹𝐹

𝐴𝐴𝐴𝐴
𝑆𝑆(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘(𝑥𝑥) 2⁄ × 𝑥𝑥 sin�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)� 𝑑𝑑𝑑𝑑 + 𝜁𝜁𝑊𝑊𝜔𝜔𝜔𝜔𝑒𝑒

× sin𝜒𝜒� 𝜌𝜌
𝐹𝐹𝐹𝐹

𝐴𝐴𝐴𝐴
𝑆𝑆𝑦𝑦(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘(𝑥𝑥) 2⁄ 𝑥𝑥 sin�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)� 𝑑𝑑𝑑𝑑

+ 𝜁𝜁𝑊𝑊𝜔𝜔𝜔𝜔 sin𝜒𝜒� 𝜌𝜌
𝐹𝐹𝐹𝐹

𝐴𝐴𝐴𝐴
𝑆𝑆𝑦𝑦(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘(𝑥𝑥) 2⁄ × cos�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)� 𝑑𝑑𝑑𝑑

− 𝜁𝜁𝑊𝑊𝜔𝜔𝜔𝜔 sin𝜒𝜒 

× �𝜌𝜌𝑆𝑆𝑦𝑦(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘(𝑥𝑥) 2⁄ 𝑥𝑥 cos�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)��
𝐴𝐴𝐴𝐴
𝐹𝐹𝐹𝐹

 

+(𝑥𝑥𝑅𝑅 + 𝑎𝑎𝐻𝐻𝑥𝑥𝐻𝐻)
𝜌𝜌
2
𝐴𝐴𝑅𝑅𝑓𝑓𝛼𝛼𝜀𝜀𝑅𝑅�1 − 𝑤𝑤𝑝𝑝�𝑢𝑢�1 + 𝜅𝜅𝑝𝑝

8𝐾𝐾𝑇𝑇
𝜋𝜋𝐽𝐽2 𝜐𝜐𝑊𝑊𝑊𝑊  

(7) 



Here, α is the correction factor depend on the block coefficient. ζW, k, 𝑆𝑆(𝑥𝑥), 𝑑𝑑(𝑥𝑥) are the 
wave amplitude, wave number, area  and draught of section at longitudinal distance x from 
midship, respectively. The symbols ω, ωe and 𝑆𝑆𝑦𝑦(𝑥𝑥) indicate the wave frequency, the wave 
encounter frequency and the added mass of section in sway direction. xR, xH, aH and AR 
are the longitudinal position of rudder from midship, the longitudinal position of center of 
interaction force between hull and rudder, the interaction factor between hull and rudder as 
well as the rudder area, respectively. The rudder coefficient is indicated by fα and the 
effective propeller wake fraction is designated by wp. εR, κp, J and KT

𝐶𝐶1(𝑥𝑥) =
sin(𝑘𝑘 sin𝜒𝜒 .𝐵𝐵(𝑥𝑥) 2⁄ )

(𝑘𝑘 sin𝜒𝜒 .𝐵𝐵(𝑥𝑥) 2⁄ )  

 are the wake ratio 
between propeller and rudder, the interaction factor between propeller and rudder, the 
advance coefficient and the thrust coefficient respectively. 𝐶𝐶1(𝑥𝑥) and 𝜐𝜐𝑊𝑊𝑊𝑊  are calculated 
by using the equation (8) and the equation (9), respectively. 

(8) 

𝜐𝜐𝑊𝑊𝑊𝑊 = 𝜁𝜁𝑊𝑊𝜔𝜔 sin𝜒𝜒 𝑒𝑒𝑒𝑒𝑒𝑒(−𝑘𝑘𝑧𝑧𝑅𝑅) cos(2𝜋𝜋 𝜉𝜉𝐺𝐺 𝜆𝜆⁄ + 𝑘𝑘𝑥𝑥𝑅𝑅 cos𝜒𝜒) (9) 
 
Here, 𝐵𝐵(𝑥𝑥), zR

The wind forces and moment in surge, sway and yaw direction are calculated using 
empirical formula proposed by Fujiwara, et al. (2006). The angle of wind attack is 
determined based on the wind direction and the ship heading angle. The wave angle is 
assumed to be the same as the wind angle. 

 and λ are the breadth of section, the center of rudder from baseline and 
wave length, respectively. 

 
Ship data 
The subject ship using in the numerical simulation is an Indonesian ro-ro ferry with 
principle dimension shown in Table 1 and her propeller and rudder geometry are shown in 
Tabel 2, respectively. 
 

Table 1 Principle dimension of the subject ship 
Items Dimension 
Length overall (LOA 36.40 m ) 
Length between perpendicular (LBP 31.50 m ) 
Breadth (B) 8.70 m 
Height (H) 2.65 m 
Draught (T) 1.65 m 
Ship speed (VS 10.5 knot ) 
Lateral projected windage area (AL 36.40 m) 
Transverse projected windage area (A

2 

F 93.61 m) 
Lateral projected area of superstructure (A

2 

OD 187.21 m) 
Center of windage are from midship (C) 

2 

-0.558 m 
Vertical center of AL (HC 0.720 m ) 
Vertical center of AOD (HL 4.930 m ) 
Height of transverse projected area (HBR 10.73 m ) 



Table 2 Propeller and rudder geometry 
Items Dimension 
Number of propeller  2 
Propeller blade (Z) 4 
Propeller diameter (DP 1.10 m ) 
Propeller revolution (n) 8.58 rps 
Transverse position propeller (yP ±2.55 m ) 
Long. position propeller (xP 15.50 m ) 
Rudder area (AR 2.08 m) 
Rudder coefficient (f

2 

Λ 2.10   ) 
Transverse rudder position (yR ±2.55 m ) 
Long. Rudder position (xR 15.75 m ) 

 
3. RESULTS 
The numerical results of turning maneuvering simulation for wave height of 0.50 meters 
and 0.75 meters are shown in Figure 2a for wave length the same as the ship length and in 
Figure 2b for the wave length of 50.0 meters, respectively. The wind velocity for all wave 
characteristics is 6.75 m/s (beaufort scale 4). The turning diameter decreases as the wave 
height increases. The second turning circle moves away from the first one with longer 
distance for larger wave height. A similiar result is obtained for larger wave length. The 
distance of turning circles movement becomes smaller when the wave length increases. 
These results show that the wave height has more significant effect on the ship turning 
maneuvering for smaller wave length compared with the longer one. 
 

  
(a) (b) 

Figure 2 Trajectory of turning circle 
 

Wave Direction Wave Direction 



The surge and the sway velocities of ship during the turning simulation are shown in Figure 
3a for the wave length the same as the ship length with wave height of 0.50 meters and 0.75 
meters. For the wave length of 50.0 meters with the same wave heights are shown in Figure 
3b. The yaw rate for wave length the same as the ship length with the same wave heights 
are shown in Figure 3c and in Figure 3d for the wave length of 50.0 meters. The surge and 
the sway velocities oscilate depend on the angle of wave encounter relative to the ship 
heading angle. The minimum velocites occur in cases of heading wave (the angle of wave 
encounter is 0.0 degrees) and its maximum in following wave (the angle of wave encounter 
is 180.0 degrees). The oscilation of surge, sway and yaw motions also occurs in all 
conditions of wave height and wave length. These are purely affected by the ship position 
relative to the wave. Oscilation of surge velocity become significant in heading and 
following waves, while the oscilation of sway velocity becomes significant in cases of 
beam seas. Therefore the phase between surge and sway motions becomes 90.0 degrees as 
shown in Figure 3(a) and Figure 3(b). 
Alteration of surge velocity when the ship in following waves and in heading waves is 
significantly increase as the wave height increases. However, effect of wave height on the 
alteration of surge velocity decreases in cases of larger wave length. The same trend as the 
surge velocity alteration is also obtained for the sway velocity. The yaw rate are more 
sensitive to the alteration of wave direction compared with the surge and sway velocities. 
This is because the yaw moment exist even in beam seas as result of non-homogenous of 
hull form between the after part and the forward part. The minimum yaw rate will occur in 
cases of following and heading waves but such condition appears in very short time in case 
of turning maneuver. 
 

  
(a) (b) 

  
(c) (d) 
Figure 3 Ship motion during turning maneuver 

 



Figures 4a – 4f show the nondimensional forces and moment in surge, sway and yaw 
direction with the two different wave height and the two different wave length. The left 
figures are for the wave length the same as the ship length and the right figures are the 
forces and moment for the wave length of 50.0 meters. Effect of wave length on force in 
surge direction is not significant compared with its effect on force in sway direction and on 
moment in yaw direction. Therefore, the characteristic of turning trajectory significantly 
change as the wave length increase for the same wave height. 
The wave height significantly affect the forces and moment even for wave length of 50.0 
meters. However, effect of wave height on the forces and moment tends to decreases

 

 as the 
wave length increases. Similar with the sway velocity, the force in sway direction is 
negligibly small in heading and following waves and becomes maximum in beam waves. 
The same trend is obtained for surge force in angle of wave encounter of 90.0 degrees and 
270.0 degrees (beam waves). The minimum value on yaw moment occur in cases of 
heading and following waves. The yaw moment is still significant in beam wave condition 
as effect of  longitudinal center of bouyancy.   

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4 Resultant of forces and moment acting on ship hull during turning maneuver 
 



4. DISCUSSION 
The obtained turning trajectory for two different wave height and wave length are similiar 
with the results of previous study (Fang, et al., 2005; Seo & Kim, 2011; Skejick, 2013; 
Chroni, et al., 2015). The turning circle becomes smaller as the wave height increases for 
both wave length of the same as the ship length and 50.0 meters. The turning circle for 
smaller wave length is larger than the larger one. It shows that the drift motion 
significantly increases when the wave height increases and it tends to decreases

Fang, et al. (2005) shown that both the surge and the sway velocities oscilation depend on 
the angle of wave encounter relative to the ship heading angle. The same results is obtained 
in the present study. A more significant amplitude of surge and sway velocities oscilation 
has also been identified in the transition from the following waves to the beam waves and 
from the beam waves to the heading waves and so on. This phenomenon did not appear in 
study conducted by Fang, et al. (2005). A similiar results with the present study was 
obtained by Skjick (2013) for ship turning in irregular waves. This phenomenon may 
depend on the wave characteristics compared with the ship geometry. It may disappear in 
cases of large ships compared to the wave height and it may arise for small ship as the 
subject of present study even for small wave height. Figure 3(a) and Figure 3(b) show that 
the oscilation due to the transition from the following waves to the beam waves and so on 
decreases when the wave length increases. It may disappears for smaller wave slope. 

 as the 
wave length increases. Figure 3 shows that the surge velocity becomes minimum in beam 
seas, in which the sway velocity is maximum. The yaw moment tends to increase when the 
wave slope increases. As result, the turning motion for large wave slope is faster than that 
with small wave slope. These turning motion characteristics also induce longer distance of 
movement between the first turning circle and the second turning circle as shown in Figure 
2. 

The initial position of ship relative to the wave does not have significant effect of turning 
maneuvering of ship in waves. The same results was obtained by Fang, et al. (2005) but 
they stated that effect of the initial position relative to the wave may be significant for 
small ships. That effect is not obtained in the present study. The initial position of ship 
relative the wave surface does not significantly affect the forces and moment induced by 
the wave during turning maneuver. The initial position makes only changing phase of the 
forces and moment. Therefore its effect to the turning maneuver becomes negligibly small. 
The subject ship cannot perform turning maneuver in wave height of 1.0 meters and the 
wave length the same as the ship length or smaller. The numerical simulation can be 
conducted for the wave height of 1.0 meters when the wave length is larger than the ship 
length. However, the turning circle becomes very small and it seems to be unrealistic in 
practical point of view. The very small turning circle occurs due to large drift motion with 
small surge velocity in beam waves condition up to heading waves condition during 
turning simulation. The large drift motion may occur due to small draught of the subject 
ship so that the hydrodynamic damping force in sway direction becomes smaller compared 
with the ship with larger draught. This had been shown by Chroni, et al. (2015) with wave 
length of a half of ship length, wave height of 5.50 meters and wind velocity of 19.0 m/s 
(Beaufort Scale 8). The subject ship used in their simulation was larger than that used in 
the present simulation. Therefore, the weather condition to perform sea trial in guidance of 
International Maritime Organization (IMO) (2002) may not be applied for small ships. 



 
5. CONCLUSION 
The mathematical model for predicting turning maneuvering in constant wind and regular 
wave has been developed by using the 3 DOF of MMG model. A mathematical model to 
describe the ship position relative to the wave profile as function of surge and sway 
velocities as well as heading angle has been included in the original MMG model. 
Therefore the mathematical model can be simultaniously solved to obtain maneuvering 
characteristics. Based on the numerical results for a small Indonesian ro-ro ferry, some 
conclusion can be remarked as follows: 
1. Effect of wave height on ship turning maneuver is more significant in small wave 

length. This effect decreases as the wave length increases. 
2. The sway force and yaw moment of wave significantly decrease when the wave length 

increases. Alteration of surge force  due to increasing the wave length is smaller 
compared with the sway force and yaw moment. This means that the drift motion may 
may have an important role on ship maneuvering in short waves. 

3. The initial position of ship relative to the wave does not have significant effect on ship 
turning maneuver and its effect can be neglected in case of the present subject ship. 

 
6. ACKNOWLEDGEMENT 
This paper is a part of research supported by Hasanuddin University and Directorate 
General of Higher Education under grand number 1764/UN4.20/PL.09/2015. The authors 
express their gratitude to the both institution for their support. The authors also express 
their sincere gratitute to PT. Indonesia Ferry (Persero) for its support to privide ship data 
used in this paper. 
 
7. REFERENCES 
Carlton, J.S., (2007), Marine Propellers and Propulsion, Second Edition, Elsevier, Ltd., pp. 

103 – 106. 
Chroni, D., Liu, S., Plessas, T., Papanikolaou, A., (2015), Simulation of the maneuvering 

behaviour of ships under the influence of environmental forces. In: Proceedings of the 
16th

Fang, M.C., Luo, J.H., Lee, M.L., (2005), A nonlinear mathematical model for ship turning 
circle simulation in waves, Journal of Ship Research, Volume 49, pp. 69 – 79. 

 International Congress of the International Maritime Association of the 
Mediterranean (IMAM 2015) 2015, Pula, 21 – 24 September, Croatia. 

Fujiwara, T., Ueno, M., Ikeda, Y., (2006), Cruising performance of a large passenger ship 
in heavy sea. In: Proceedings of the 16th

Holtrop, J and Mennen, G.G.J., (1982), An approximate power prediction method, 
International Shipbuilding Progress, Volume 29, pp. 166 – 170. 

 International Offshore and Polar Engineering 
Conference 2006, California, 28 May – 2 June, USA. 

IMO, (2002), Maritime Safety Committee on Ship Maneuverability of International 
Maritime Organization (IMO), MSC &6/23, Resolution MSC 137(36), IMO, London. 

Ito, Y., Umeda, N., Kubo, H., (2014), Hydrodynamic aspects on vulnerability criteria for 
surf-riding of ships, Jurnal Teknologi (Science and Engineering) Volume 66, pp. 127 – 
132. 



Kijima, K., Katsuno, T., Nakiri, Y., Furukawa, Y., (1990), On the maneuvering 
performance of a ship with the parameter of loading condition, Journal Society of Naval 
Architects of Japan, Volume 168, pp. 141 – 148. 

Munif, A. and Umeda, N., (2000), Modelling extreme roll motions and capsizing of a 
moderate-speed ship in astern waves, Journal of Society of Naval Architects of Japan, 
Volume 187, pp. 51 – 58. 

Paroka, D., Muhammad, A.H., Asri, S., (2015), Steady state equilibrium of ship 
maneuvering under combined action of wind and wave, Jurnal Teknologi (Science and 
Engineering), Volume 76, pp. 67 – 75. 

Seo, M.G. and Kim, Y., (2011), Effect of ship motion on ship maneuvering in waves. In: 
Proceedings of the 26th

Skejick, R. and Faltinsen, O.M., (2008), A unified seakeeping and maneuvering analysis of 
ships in regular waves, Journal of Marine Science and Technology, Volume 13, pp. 371 
– 394. 

 International Workshop on Water Waves and Floating Bodies 
2011, Athens, 17 – 20 April, Greece. 

Skejick, R., (2013), Ships maneuvering simulations in a seaway – How close are we to 
reality, In: Proceedings of the International Workshop on Next Generation Nautical 
Traffic Models 2013, Delf, 22 Nopember, Netherlands. 

Umeda, N. and Hashimoto, H., (2002), Qualitative aspects of nonlinear ships motion in 
following and quartering seas with high forward velocity, Journal of Marine Science 
and Technology, Volume 6, pp. 111 – 121. 

Yoshimura, Y., (2005), Mathematical model for maneuvring ship motion (MMG Model). 
In: Proceedings of Workshop on Mathematical Model for Operations Involving Ship – 
Ship Interaction 2005, Tokyo, 4 – 5 August, Japan. 

Yoshimura, Y. and Masumoto, Y., (2012), Hydradynamic database and maneuvring 
prediction method with medium – high speed merchant ships and fishing vessels. In: 
Proceedings of MARSIM 2012, International Conference on Marine Simulation and 
Ship Maneuverability 2012, Singapore, 23 April, Singapore. 

Zipfel, J.S and Maksoud, M.A., (2011), A numerical model to determine ship maneuvering 
motion in regular waves, In: Proceedings of International Conference on Computational 
Methods in Marine Engineering (MARINE) 2011, Lisbon, 28 – 30 September, 
Portugal. 

      
 



 

 

 



 

 

 



International Journal of Technology 
 

 

List of Changes 
Manuscript: PREDICTION OF SHIP TURNING MANEUVERING IN CONSTANT WIND AND 
REGULAR WAVES 
 
Response and Revision made by Author(s) 
Reviewer #2: 

No Comments Revision/Changes 

1 

 

A revision has been made on the thirs 
paraghraph of page 3 regarding the 
reference for maneuvering equations of 
MMG model as indicated with blue color 

2 

 

The explanation about equation (1) in 
the page 3 in order the MMG model 
applicable for investigating wave effect 
on ship maneuverability has been 
revised as shown in the last paragraph 
of page 3 with blue color. 

3   

4   

5   

6   

   

 



 

 

 



PREDICTION OF SHIP TURNING MANEUVERS IN CONSTANT WIND AND 
REGULAR WAVES 

IJTech-07-140 
 

Daeng Paroka1*, Andi Haris Muhammad2, Syamsul Asri1 
 

1Department of Naval Architecture, Faculty of Engineering, Hasanuddin University, Gowa 
Campus, Jl. Poros Malino Km. 6, 92171, South Sulawesi, Indonesia 

2Department of Marine Engineering, Faculty of Engineering, Hasanuddin University, 
Gowa Campus, Jl. Poros Malino Km. 6, 92171, South Sulawesi, Indonesia 

*Corresponding author email: dparoka@eng.unhas.ac.id, Tel. +62(411)586262, Fax. 
+62(411)586015 

 
 
ABSTRACT 
A ship usually performs maneuvers under the influence of external forces and moments, 
such as wind, waves, and current. Therefore, it is important to understand the maneuvering 
behavior of ships under the action of external forces. This paper discusses the turning 
maneuvers of an Indonesian roro ferry under the combined influence of constant wind and 
regular waves using the mathematical modelling group (MMG) . The ship’s position 
relative to the wave trough is added to the original MMG model to estimate the exciting 
forces and moment induced by the waves. The results of a numerical simulation show that 
the effect of wave height on turning ability is more significant for a small wavelength; this 
effect decreases as the wavelength increases. The effect of wavelength on the sway force 
and yaw moment is more significant compared with its effect on the surge force. The 
ship’s initial position relative to the wave trough does not have a significant effect on the 
turning characteristic and it can be neglected for the present study’s subject ship. Overall, 
the results of the present work compare well with published data. 
 
Keywords: Maneuvering; Turning; Waves; Wind 
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1. INTRODUCTION 
The maneuvering performance of a ship during the initial design stage is typically 
predicted in calm water conditions. However, ships usually maneuver in the presence of 
external forces, such as wind, waves, and current. Therefore, it is important to understand 
the maneuvering behavior of a ship under the combined actions of the environmental 
forces. 
Some mathematical models for predicting the maneuvering of a ship in conditions of wind 
and waves have been developed by several authors. Fang et al. (2005) used a 6 degree of 
freedom (6 DOF) nonlinear mathematical model to simulate a ship’s turning maneuver in 
waves by taking into account the effect of the wave encounter frequency on the inertia, 
damping, and linear hydrodynamic derivative of the forces and moments acting on the 
ship’s hull. A similiar approach was used by Zipfel and Maksoud (2011) to determine a 
ship’s maneuvering motion in regular waves. The frequency-dependent hydrodynamic 
coefficients were transferred to the time-domain using the impulse response function. A 
unified seakeeping and maneuvering theory with second-order regular waves was proposed 
by Skejic and Faltinsen (2008) to analyze the behavior of a ship in waves. Here, the wave 
drift force was estimated using a two-time scale model to separate the low-frequency 
motion (maneuvering motion) and the high-frequency motion (seakeeping motion). The 
same method for estimating the wave drift force was used by Seo and Kim (2011) to 
predict ship maneuvering in waves using a combination between the mathematical 
modelling group (MMG) and seakeeping mathematical model. The second-order wave 
force was also used by Chroni et al. (2015) to investigate the effect of environmental forces 
on ship maneuvering with a 4 degree of freedom (4 DOF) mathematical model. Skejic 
(2013) also used the second-order wave force to simulate ship maneuvering in irregular 
waves. However, the two-time scale method seems to be inefficient because the solution to 
the seakeeping motion can be obtained after the maneuvering motion has been solved. 
The most practical method for predicting the maneuvering behavior of a ship in the initial 
design stage may be the MMG model because empirical formulas for estimating the 
coefficients of the hydrodynamic derivatives have been developed (Yoshimura & 
Masumoto, 2012). Even the original MMG model is a pure maneuvering motion problem 
with a 3 DOF mathematical model; some researchers included the roll or heeling effect 
using a 4 DOF model. Fujiwara et al. (2006) and Paroka et al. (2015) used the MMG 
model to investigate the steady state equilibrium of a ship maneuvering in wind and waves. 
The discrepancy between the MMG model and the previously mentioned methods is the 
encounter frequency of forces and moments induced by the ship’s hull. In cases of long 
wavelengths in which the length of the wave is larger than the length of the ship, some 
authors neglected the effect of the encounter frequency on hydrodynamic forces and 
moments induced by the ship’s hull, although it was taken into account for the forces and 
moments induced by the waves (Munif & Umeda, 2000; Umeda & Hashimoto, 2002). 
Munif and Umeda (2000) showed that with long waves, the heave and pitch motion may 
not be significant . Following this assumption, the MMG model seems to be able to predict 
the turning characteristics of ships in waves. However, it is necessary to add a 
mathematical equation to the MMG model to describe the ship’s position relative to the 
wave. This is important because the forces and moments induced by the wave depend on 
the ship’s position in the wave surface. 
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This paper discusses the turning maneuverability of a small Indonesian RoRo ferry under 
the combined action of wind and waves using the modified MMG model. The effect of the 
characteristics of the waves, such as wave height, wavelength, and the initial position of 
the ship relative to the wave, was investigated. For small ships, these wave characteristics 
may have a significant effect on the maneuvering performance as indicated by Fang et al. 
(2005). The wind velocity is assumed to be constant and to be uncorrelated with the wave 
characteristics. 
 
2. RESEARCH METHODOLOGY 
To describe the present mathematical model, two coordinate systems are used as shown in 
Figure 1. The first coordinate system, o-xoyozo, is fixed on the calm water surface and is 
used to describe the coordinates of the ship’s position and wave propagation, respectively. 
The second coordinate system, G-xyz, has its origin on the ship’s center of gravity, G, and 
moves with the ship’s motion. The symbols u, v, and r indicate the surge, sway, and yaw 
velocity, respectively. The drift angle is designated by β, and δ is used for the rudder angle. 
The propeller thrust is indicated by Tj and the heading angle is indicated by ψ. The angle 
of the wave direction ψW

 
Figure 1 The coordinate systems  

 
According to Newton’s second law of motion and following the MMG model, the equation 
for a ship maneuvering in the combined action of wind and wave according to Fujiwara et 
al. (2006) is written as: 

 is assumed to be the same as the wind angle. 
 

𝜉̇𝜉𝐺𝐺 = 𝑢𝑢 cos𝜒𝜒 − 𝑣𝑣 sin𝜒𝜒 (1) 

(𝑚𝑚 + 𝑚𝑚𝑥𝑥)(𝑢̇𝑢 − 𝑣𝑣𝑣𝑣) = 𝑋𝑋𝐻𝐻 + 𝑋𝑋𝑃𝑃 + 𝑋𝑋𝑅𝑅 + 𝑋𝑋𝐴𝐴 + 𝑋𝑋𝑊𝑊 

�𝑚𝑚 + 𝑚𝑚𝑦𝑦�(𝑣̇𝑣 − 𝑢𝑢𝑢𝑢) = 𝑌𝑌𝐻𝐻 + 𝑌𝑌𝑅𝑅 + 𝑌𝑌𝐴𝐴 + 𝑌𝑌𝑊𝑊  

(𝐼𝐼𝑧𝑧𝑧𝑧 + 𝐽𝐽𝑧𝑧𝑧𝑧)𝑟̇𝑟  = 𝑁𝑁𝐻𝐻 + NR + NA + NW − 𝑥𝑥𝐺𝐺(𝑌𝑌𝐻𝐻 + 𝑌𝑌𝑅𝑅 + 𝑌𝑌𝐴𝐴 + 𝑌𝑌𝑊𝑊) 

(2) 

(3) 

(4) 
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The forces and moments of the hull in equations (2) to (4) are empirically estimated using 
the polynomial regression of the nondimensional hydrodyanmic derivatives (Yoshimura, 
2005; Yoshimura & Masumoto, 2012). The ship’s resistance is estimated using a method 
developed by Holtrop and Mennen (1982). The propeller thrust is estimated using the 
equation proposed by Kijima et al. (1990). The thrust coefficient as a function of the 
advance coefficient are estimated based on statistical data of the open water test for B 
series propeller (Carlton, 2007). The rudder forces and moments are calculated using a 
formula proposed by Kijima et al. (1990) for a twin propeller and twin rudder. 

 indicate the ship’s mass, the added mass in the surge, and the added 
mass in the sway, respectively, while 𝑢̇𝑢, 𝑣̇𝑣, and 𝑟̇𝑟 are the surge, the sway, and the yaw 
accelerations, respectively. The subscripts H, P, R, A, and W indicate the hull, propeller, 
rudder, wind, and the wave forces and moments in the surge, sway, and yaw directions. 
Equation (1) is added to the MMG model (equations (2) to (4)) to take into account the 
effect of the ship’s position relative to the wave surface on the wave forces and moments. 
This equation was used by Fang et al. (2005) and Umeda and Hashimoto (2002) to 
estimate the wave forces and moments acting on a ship’s hull. Integration of equation (1) 
over time results in the relative position of a ship’s center of gravity relative to the wave 
trough. Therefore, equations (1) to (4) can be solved at the same time without separating 
the seakeeping and maneuvering motions. The symbol χ in equation (1) indicates the angle 
of the wave encounter relative to the ship heading angle. 

The forces and moments induced by the waves are estimated using formula proposed by 
Umeda and Hashimoto (2002). A correction factor, which depends on the block 
coefficient, is used to estimate the wave force in the surge direction (Ito et al., 2014). The 
equation for estimating the wave force in the surge and sway directions, as well as the 
wave moment in the yaw direction are shown in equations (5) to (7). 
 

𝑋𝑋𝑊𝑊 =  −𝛼𝛼𝛼𝛼𝛼𝛼𝜁𝜁𝑊𝑊𝑘𝑘 cos𝜒𝜒� 𝐶𝐶1(𝑥𝑥)
𝐹𝐹𝐹𝐹

𝐴𝐴𝐴𝐴
𝑆𝑆(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘 (𝑥𝑥) 2⁄ × sin�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)� 𝑑𝑑𝑑𝑑 

 
(5) 

𝑌𝑌𝑊𝑊 = 𝜌𝜌𝜌𝜌𝜁𝜁𝑊𝑊𝑘𝑘 sin𝜒𝜒� 𝐶𝐶1(𝑥𝑥)
𝐹𝐹𝐹𝐹

𝐴𝐴𝐴𝐴
𝑆𝑆(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘 (𝑥𝑥) 2⁄ × sin�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)� 𝑑𝑑𝑑𝑑 + 𝜁𝜁𝑊𝑊𝜔𝜔𝜔𝜔𝑒𝑒  

sin𝜒𝜒� 𝜌𝜌
𝐹𝐹𝐹𝐹

𝐴𝐴𝐴𝐴
𝑆𝑆𝑦𝑦(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘 (𝑥𝑥) 2⁄ × sin�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)� 𝑑𝑑𝑑𝑑 − 𝜁𝜁𝑊𝑊𝜔𝜔𝜔𝜔 sin𝜒𝜒

× �𝜌𝜌𝑆𝑆𝑦𝑦(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘 (𝑥𝑥) 2⁄ cos�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)��
𝐴𝐴𝐴𝐴
𝐹𝐹𝐹𝐹

 

+(1 + 𝑎𝑎𝐻𝐻)𝜌𝜌
2𝐴𝐴𝑅𝑅𝑓𝑓𝛼𝛼𝜀𝜀𝑅𝑅�1 − 𝑤𝑤𝑝𝑝�𝑢𝑢�1 + 𝜅𝜅𝑃𝑃

8𝐾𝐾𝑇𝑇
𝜋𝜋𝐽𝐽2 𝜐𝜐𝑊𝑊𝑊𝑊  

(6) 
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𝑁𝑁𝑊𝑊 = 𝜌𝜌𝜌𝜌𝜁𝜁𝑊𝑊 sin𝜒𝜒� 𝐶𝐶1(𝑥𝑥)
𝐹𝐹𝐹𝐹

𝐴𝐴𝐴𝐴
𝑆𝑆(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘 (𝑥𝑥) 2⁄ × 𝑥𝑥 sin�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)� 𝑑𝑑𝑑𝑑 + 𝜁𝜁𝑊𝑊𝜔𝜔𝜔𝜔𝑒𝑒

× sin𝜒𝜒� 𝜌𝜌
𝐹𝐹𝐹𝐹

𝐴𝐴𝐴𝐴
𝑆𝑆𝑦𝑦(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘 (𝑥𝑥) 2⁄ 𝑥𝑥 sin�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)� 𝑑𝑑𝑑𝑑

+ 𝜁𝜁𝑊𝑊𝜔𝜔𝜔𝜔 sin𝜒𝜒� 𝜌𝜌
𝐹𝐹𝐹𝐹

𝐴𝐴𝐴𝐴
𝑆𝑆𝑦𝑦(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘 (𝑥𝑥) 2⁄ × cos�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)� 𝑑𝑑𝑑𝑑

− 𝜁𝜁𝑊𝑊𝜔𝜔𝜔𝜔 sin𝜒𝜒 

× �𝜌𝜌𝑆𝑆𝑦𝑦(𝑥𝑥)𝑒𝑒−𝑘𝑘𝑘𝑘 (𝑥𝑥) 2⁄ 𝑥𝑥 cos�𝑘𝑘(𝜉𝜉𝐺𝐺 + 𝑥𝑥 cos𝜒𝜒)��
𝐴𝐴𝐴𝐴
𝐹𝐹𝐹𝐹

 

+(𝑥𝑥𝑅𝑅 + 𝑎𝑎𝐻𝐻𝑥𝑥𝐻𝐻)
𝜌𝜌
2
𝐴𝐴𝑅𝑅𝑓𝑓𝛼𝛼𝜀𝜀𝑅𝑅�1 − 𝑤𝑤𝑝𝑝�𝑢𝑢�1 + 𝜅𝜅𝑝𝑝

8𝐾𝐾𝑇𝑇
𝜋𝜋𝐽𝐽2 𝜐𝜐𝑊𝑊𝑊𝑊  

(7) 

Here, α is the correction factor dependent on the block coefficient, and ζW, k, 𝑆𝑆(𝑥𝑥), and 
𝑑𝑑(𝑥𝑥) are the wave amplitude, wave number, area, and draught of section at a longitudinal 
distance x from the midship, respectively. The symbols ω, ωe, and 𝑆𝑆𝑦𝑦(𝑥𝑥) indicate the wave 
frequency, wave encounter frequency, and added mass of section in the sway direction, 
while xR, xH, aH, and AR are the longitudinal position of the rudder from the midship, the 
longitudinal position of the center of the interaction force between the hull and the rudder, 
the interaction factor between the hull and the rudder, and a the rudder area, respectively. 
The rudder coefficient is indicated by fα and the effective propeller wake fraction is 
designated by wp. The symbols εR, κp, J, and KT

𝐶𝐶1(𝑥𝑥) =
sin(𝑘𝑘 sin𝜒𝜒 .𝐵𝐵(𝑥𝑥) 2⁄ )

(𝑘𝑘 sin𝜒𝜒 .𝐵𝐵(𝑥𝑥) 2⁄ )  

 are the wake ratio between propeller and 
rudder, the interaction factor between propeller and rudder, the advance coefficient, and 
the thrust coefficient, respectively. 𝐶𝐶1(𝑥𝑥) and 𝜐𝜐𝑊𝑊𝑊𝑊  are calculated using equation (8) and 
equation (9), respectively. 

(8) 

𝜐𝜐𝑊𝑊𝑊𝑊 = 𝜁𝜁𝑊𝑊𝜔𝜔 sin𝜒𝜒 𝑒𝑒𝑒𝑒𝑒𝑒(−𝑘𝑘𝑧𝑧𝑅𝑅) cos(2𝜋𝜋 𝜉𝜉𝐺𝐺 𝜆𝜆⁄ + 𝑘𝑘𝑥𝑥𝑅𝑅 cos𝜒𝜒) (9) 
 
Here, 𝐵𝐵(𝑥𝑥), zR

Items 

, and λ are the breadth of section, the center of the rudder from the baseline, 
and the wavelength, respectively. 
The wind forces and moments in the surge, sway, and yaw directions are calculated using 
the empirical formula proposed by Fujiwara et al. (2006). The angle of wind attack is 
determined by the wind direction and the ship heading angle. The wave angle is assumed 
to be the same as the wind angle. 
 
Ship Data 
The ship used in the numerical simulation is an Indonesian roro ferry with the principle 
dimensions shown in Table 1. The dimensions of the propeller and the rudder are shown in 
Table 2. 
 

Table 1 Principle dimensions of the subject ship 
Dimension 
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Length overall (LOA 36.40 m ) 
Length between perpendicular (LBP 31.50 m ) 
Breadth (B) 8.70 m 
Height (H) 2.65 m 
Draught (T) 1.65 m 
Ship speed (VS 10.5 knot ) 
Lateral projected windage area (AL 36.40 m) 
Transverse projected windage area (A

2 

F 93.61 m) 
Lateral projected area of superstructure (A

2 

OD 187.21 m) 
Center of windage area from midship (C) 

2 

-0.558 m 
Vertical center of AL (HC 0.720 m ) 
Vertical center of AOD (HL 4.930 m ) 
Height of transverse projected area (HBR 10.73 m ) 

 
Table 2 Propeller and rudder dimensions 

Items Dimension 
Number of propellers 2 
Number of propeller blades (Z) 4 
Propeller diameter (DP 1.10 m ) 
Propeller revolution (n) 8.58 rps 
Transverse position propeller (yP ± 2.55 m ) 
Longitude position propeller (xP 15.50 m ) 
Rudder area (AR 2.08 m) 
Rudder coefficient (f

2 

Λ 2.10  ) 
Transverse rudder position (yR ± 2.55 m ) 
Longitude rudder position (xR 15.75 m ) 

 
3. RESULTS 
The numerical results of the turning maneuver simulation for a wave height of 0.50 m and 
0.75 m are shown for a wavelength that is the same as the ship’s length (Figure 2a) and for 
a wavelength of 50.0 m(Figure 2b). The wind velocity for all wave characteristics is 6.75 
m/s (Beaufort scale 4). The turning diameter decreases as the wave height increases. The 
distance between the first and the second turning circles is longer for a larger wave height. 
A similiar result is obtained for a larger wavelength. The distance of the turning circles 
movement becomes smaller as the wavelength increases. These results show that the wave 
height has a more significant effect on the ship turning maneuver for a shorter wavelength 
compared with a longer wavelength. 
 

Comment [.61]: Should this be 
dimensions (as used in the table 
heading)?  

Comment [Z62]: “geometry” 
has been changed to be 
“dimensions”. 

Comment [.63]: Please 
confirm this change.  

Comment [Z64]: Ok. 

Comment [.65]: Your intended 
meaning is not clear. I am not sure 
what you mean by moves away 
from the first one with a longer 
distance. Do you mean that the 
second turning circle has a longer 
distance? Please clarify. 

Comment [Z66]: The meaning 
is “distance between the center of 
the first turning circle and the 
second turning circle is longer for 
larger wave height”. 

Comment [.67]: Do you mean: 
longer wavelength?  

Comment [Z68]: Yes. 



  
(a) (b) 

Figure 2 Trajectory of the turning circle: (a) Wavelength is the same as the ship’s length 
and (b) Wave length is 50.00 meters 

 
The surge and sway velocities of the ship during the turning simulation are shown in Figure 
3a for a wavelength that is the same as the ship’s length for a wave height of 0.50 m and 
0.75 m. The results for a wavelength of 50.0 m with the same wave heights are shown in 
Figure 3b. The yaw rates for a wavelength that is the same as the ship’s length for the same 
wave heights are shown in Figure 3c, while Figure 3d shows the results for a wavelength of 
50.0 m. The surge and sway velocities oscillate depending on the angle of the wave 
encounter relative to the ship heading angle. The minimum velocity occurs when there is a 
heading wave in which the angle of the wave encounter is 0.0 degrees, while the maximum 
velocity occurs in a following wave in which the angle of the wave encounter is 180.0 
degrees. The oscillation of the surge, sway, and yaw motions also occur in all conditions of 
wave height and wavelength. These are purely affected by the ship’s position relative to the 
wave. The oscillation of the surge velocity becomes significant in heading and following 
waves, while the oscillation of the sway velocity becomes significant in beam seas. 
Therefore, the phase between the surge and sway motions becomes 90.0 degrees as shown 
in Figures 3(a) and 3(b). 
An alteration in surge velocity when the ship is in following waves and heading waves 
significantly increases as the wave height increases. However, the effect of wave height on 
the alteration in surge velocity decreases as the wavelengths increase. The same trend is 
also obtained for the sway velocity. The yaw rate is more sensitive to the alteration in wave 
direction compared with the surge and sway velocities. This is because the yaw moment 
exists even in beam seas depend on the position of  longitudinal center of gravity. The 
minimum yaw rate will occur in following and heading waves, although this condition 
appears in a very short time in case of a turning maneuver. 
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(a) (b) 

  
(c) (d) 

Figure 3 Ship motion during a turning maneuver: (a) Surge and sway velocities for 
wavelength the same as ship’s length, (b) Surge and sway velocities for wave length of 
50.00 meters, (c) Yaw rate for wavelength the same as ship’s length, (d) Yaw rate for 

wavelength of 50.00 meters 
 
Figures 4a to 4f show the nondimensional forces and moments in the surge, sway, and yaw 
directions at two different wave heights and two different wavelengths. The figures on the 
left are for a wavelength that is the same as the ship’s length, and the figures on the right 
are the forces and moments for a wavelength of 50.0 m. The effect of wavelength on the 
force in the surge direction is not significant compared with its effect on the force in the 
sway direction and on the moment in the yaw direction. Therefore, the characteristic of 
turning trajectory significantly changes as the wavelength increases for the same wave 
height. 
The wave height significantly affects the forces and moments for a wavelength of 50.0 m. 
However, the effect of wave height on the forces and moments tends to decrease as the 
wavelength increases. Similar to the sway velocity, the force in the sway direction is 
negligibly small in heading and following waves, although it reaches its maximum in beam 
seas. The same trend is obtained for the surge force when the angle of the wave encounter 
is 90.0 degrees and 270.0 degrees (beam waves). The minimum value of the yaw moment 
occurs in cases of heading and following waves. The yaw moment is still significant in a 
beam wave because of the effect of the longitudinal center of buoyancy.  
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4 Resultant forces and moments acting on a ship hull during a turning maneuver: (a) 
Surge force for wavelength the same as the ship’s length, (b) Surge force for wavelength of 
50.00 meters, (c) Sway force for wavelength the same as the ship’s length, (d) Sway force 
for wavelength of 50.00 meters, (e) Yaw moment for wavelength the same as the ship’s 

length, (f) Yaw moment for wavelength of 50.00 meters 
 
4. DISCUSSION 
The obtained turning trajectory for two different wave heights and wavelengths are similiar 
to the results found in previous studies (Fang et al., 2005; Seo & Kim, 2011; Skejick, 
2013; Chroni et al., 2015). The turning circle becomes smaller as the wave height increases 
for both a wavelength that is the same as the ship’s length and a wavelength of 50.0 m. The 
turning circle for a shorter wavelength is larger than for a larger wavelength. This indicates 
that the drift motion significantly increases when the wave height increases and decreases 
as the wavelength increases. Figure 3 shows that the surge velocity is minimum in beam 
seas, which produces a maximum sway velocity. The yaw moment tends to increase when 
the wave slope increases. As result, the turning motion for a large wave slope is faster than 
with a small wave slope. These turning motion characteristics also induce a longer distance 
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of movement between the first turning circle and the second turning circle as shown in 
Figure 2. 
Fang et al. (2005) showed that the oscillations of both the surge and sway velocities 
depend on the angle of the wave encounter relative to the ship heading angle. The same 
results are obtained in the present study. A more significant amplitude of oscillation of the 
surge and sway velocities has also been identified in the transition from following waves to 
beam seas and from beam waves to heading waves and so on. This phenomenon did not 
appear in a study conducted by Fang et al. (2005). Skjick (2013) had similar results as this 
study for a ship turning in irregular waves. This phenomenon may depend on the wave 
characteristics compared with the ship geometry. Thus, it may not occur in cases of large 
ships compared with the wave height, although it may be seen in small ships even for a 
small wave height as seen in this study. Figures 3(a) and 3(b) show that the oscillation due 
to the transition from following waves to beam waves and so on decreases when the 
wavelength increases. It may disappear for smaller wave slopes. 
The initial position of a ship relative to the wave does not have a significant effect on the 
turning maneuvers of a ship in waves. The same results were obtained by Fang et al. 
(2005), although they stated that the effect of the initial position relative to the wave may 
be significant for small ships. This effect is not obtained in the present study. The initial 
position of a ship relative to the wave surface does not significantly affect the forces and 
moments induced by the wave during a turning maneuver. The initial position only makes 
the changing phase of the forces and moments. Therefore, its effect on the turning 
maneuver becomes negligibly small. 
The subject ship cannot perform a turning maneuver in a wave height of 1.0 m when the 
wavelength is the same as the ship’s length or is smaller. The numerical simulation can be 
conducted for a wave height of 1.0 m when the wavelength is longer than the ship. 
However, the turning circle becomes very small and it seems to be unrealistic from a 
practical point of view. The very small turning circle occurs due to the large drift motion 
with a small surge velocity in beam seas up to heading waves during the turning 
simulation. The large drift motion may occur due to the small draught of the subject ship 
so that the hydrodynamic damping force in the sway direction becomes smaller compared 
with a ship with a larger draught. This was shown by Chroni et al. (2015) using a 
wavelength that was half the ship’s length, a wave height of 5.50 m, and a wind velocity of 
19.0 m/s (Beaufort scale 8). The subject ship used in their simulation was larger than that 
used in the present study. These facts show that the required weather conditions to perform 
a sea trial of small ships should be smaller than that in the guidance of the International 
Maritime Organization (IMO, 2002). 
 
5. CONCLUSION 
The mathematical model for predicting a ship’s turning maneuver in constant wind and 
regular waves has been developed based on the 3 DOF of the MMG model. In order to 
directly calculates wave forces and moment, an equation to describe the ship’s position 
relative to the wave profile as a function of the surge and sway velocities, as well as the 
heading angle has been included in the MMG model. The present mathematical model can 
be simultaneously solved to obtain the maneuvering characteristics. Based on the 
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numerical results for a small Indonesian roro ferry, some conclusions can be made as 
follows: 
1. The effect of the wave height on a ship’s turning maneuver is more significant for a 

short wavelength. This effect decreases as the wavelength increases. 
2. The sway force and yaw moment of a wave significantly decrease when the 

wavelength increases. Alteration of the surge force due to an increasing wavelength is 
smaller compared with the sway force and yaw moment. This means that the drift 
motion may have an important role on ship maneuvering for short wavelengths. 

3. The initial position of a ship relative to the wave does not have a significant effect on 
the ship’s turning maneuver; its effect can be neglected in the subject ship of the 
present study. 
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