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Summary 

Sailing in oblique stern waves causes a ship to make sharp turns and uncontrollable course 

deviation, which is accompanied by a large heel and sometimes leads to capsizing. Studying 

the control algorithm in oblique stern waves is imperative because an excellent controller 

scheme can improve the ship’s course-keeping stability. This paper uses the Maneuvering 

Modelling Group (MMG) method based on hydrodynamic derivatives and the Computational 

Fluid Dynamics (CFD)-based self-navigation simulation to simulate ship navigation in waves. 

This study examines the effect of proportion-integral-derivative (PID) controller schemes on 

the stability of course maintenance based on hydrodynamic derivatives and 3DOF MMG 

methods. Then, the optimized PID control parameters are used to simulate the ship’s 6DOF 

self-propulsion navigation in oblique waves using the CFD method. The nonlinear phenomena 

during the process, such as side-hull emergency, slamming, and green water, are considered. 

This study found that the range of the control bandwidth should be optimized based on the 

ship's heading and wave parameters. 
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1 Introduction 

In general, waves significantly affect a ship’s motion characteristics and are the key 

factors affecting course-keeping, which has been widely studied in recent years [1-3]. Among 

them, stern and oblique waves have the most severe impact on ship navigation safety [4-5], 

making the ship lose control. At the 22nd ITTC conference, more than 20 institutions from 13 

countries worked together to investigate the causes of ship capsizing.  Statistics show that 65% 

of ships sailing in oblique stern waves experienced significant course deviation and loss of 

steering control. This process is accompanied by a large heeling, which may eventually lead to 

capsizing. In the Second Generation Intact Stability Criteria by the International Maritime 

Organization, surf-riding/broaching is listed as one of five stability failure modes [6].  In 

addition, oblique stern waves usually cause surf riding/broaching. An optimal steering control 

strategy can reduce the roll angle [7-8].  Therefore, studying the control algorithm in the oblique 

stern waves is significant. 
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The PID controller is widely used in various industries. Minorsky et al. [9] were the first 

to study the PID control for ship course-keeping. They applied different automatic controller 

schemes to control the ship's course. Van et al. [10] deduced the range of the natural oscillation 

frequency using the first-order Nomoto model, and this frequency (𝜔𝑛) has a significant impact 

on the PID parameters. Additionally, Namkyun et al. [11] demonstrated PD's effectiveness in 

maintaining the stability of vessel course-keeping by successfully implementing a proportional-

derivative (PD) control scheme for heading regulation during the ship's turning circle 

manoeuvre. 

Hashimoto et al. [12] calculated the PD parameters for simulating ships' autopilot in 

waves based on the hydrodynamic derivatives. They used mean wave force and moment to 

simulate ship motion while employing the PD-based autopilot. Fossen et al. [7] proposed 

optimizing the damping coefficient and control bandwidth to enhance heading control 

according to working conditions. They also proposed a calculation method for the natural 

oscillation frequency. Jong et al. [5] used the PD controller and self-propulsion simulation 

method to predict the surf-riding and broaching of ships. Although novel and sophisticated 

control methodologies are available, the conventional PID controller remains widely used due 

to its simplicity and practical implementation advantages [13]. Umeda et al. [14] employed a 

PD controller to control the rudder angle in numerical simulation of ship motion in waves. 

Sadat-Hosseini et al. [15] discussed manoeuvring in calm water and regular waves for surface 

combatants (ONR tumblehome and 5415M). The study compared roll-induced and drift-

induced hydrodynamic forces between CFD and Experimental Fluid Dynamics (EFD). The 

results showed that the Reynolds-averaged Navier-Stokes (RANS) solver of CFD Ship-Iowa 

can estimate roll-induced and drift-induced hydrodynamic forces with reasonably accurate 

results [16, 17]. 

From the viewpoint of the control scheme, the optimal control scheme is effective for 

improving the course-keeping performance in oblique stern waves. The ship heading automatic 

control system, usually based on PID control, is currently the most widely used system [18]. 

The research on ship course-keeping in waves began in the 1920s, and classical control theory 

is applied to ship course-keeping. Dubey et al. [19] applied the classical PID control and 3DOF 

MMG to simulate the navigation of the KVLLC2 model in calm water and waves. They 

compared the experimental results with the numerical model results. Numerical and self-

propelled simulations are usually related to course-keeping control in stern waves, where the 

rudder angle is controlled by a proportional-derivative (PD) controller [20]. The above literature 

shows that despite new developments in ship control, the PD controller method is still widely 

used to control ship heading in stern waves [5, 8, 19].  

Fossen et al. [7] proposed optimizing the PID controller by modifying the damping factors 

and control bandwidth to optimize the parameters of the PID controller. Maki et al. [8] pointed 

out that steering at a small Froude Number could help ships avoid course deviation caused by 

stern waves. Maniyappan et al. [21] demonstrated that the disappearance of rudder force is one 

of the main reasons for capsizing in oblique stern waves. Still, an optimal PD control scheme 

can effectively prevent ship capsizing. It is evident that when using PID control for ship course-

keeping, the corresponding control parameters need to be optimized based on the working 

conditions. The value of the natural oscillation frequency significantly influences the PID 

controller’s performance [7]. 

The 3DOF MMG method based on the hydrodynamic derivatives and the CFD-based 6-

DOF simulation is still widely used to simulate the ship's autopilot in waves. The control of 

6DOF is often deemed too complex for most ships. Hence, ship dynamics are commonly 

represented by the 3DOF manoeuvring model, such as the MMG model [7]. Yasukawa et al. 

[24] utilized the 3DOF ship model of the KVLCC2 tanker and employed the hydrodynamic 
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derivative-based MMG method to investigate the simulation of turning manoeuvres in calm and 

regular waves. Castiglione et al. [22] conducted CFD simulations to examine the seakeeping 

performance of a catamaran model under both head and oblique regular waves at two Froude 

numbers. In two cases, Carrica et al. [23] used the ship hydrodynamics code CFDShip-Iowa 

v4.5 to simulate broaching in regular waves. The study employed a PID control algorithm to 

effectively reduce the rolling moment of the ship, thereby enhancing its steering performance. 

Yasukawa et al. [25] used the 4DOF MMG equation of surge-sway-bow-roll to describe 

the ship's motion and numerically simulated the ship's motion under the influence of wind and 

waves. Hosseini et al. [26] assessed the 6DOF CFD method to simulate the ship motion with 

different initial wave headings and compare the errors of the CFD and potential flow (PF) 

methods. Kim et al. [27] simulated the course-keeping of the KCS container ship in waves and 

the turning motion in head waves using the CFD-based technique and investigated the effect of 

wavelength on ship manoeuvrability. Gong et al. [28-29] applied the CFD method to simulate 

an autonomous trimaran in a stern wave and studied the effect of muzzle velocity on the sailing 

of a trimaran model in stern waves.  

Due to the wide range of control parameters in the studies of ship course control, the 

MMG method based on hydrodynamic derivative regression with higher computational 

efficiency is mainly used. Still, the nonlinear effects such as large-scale ship motion and water 

in and out are ignored [30-31]. Self-propulsion simulations can better reflect the ship sailing 

process in waves, but the MMG approach is more efficient for large-scale studies. 

This paper studies the influence of the PID control strategy on trimaran's navigation in 

waves. Taking advantage of the MMG method’s high efficiency, the 3DOF MMG method was 

used to initially simulate the motion of a trimaran in still water and waves. The calculated results 

are compared with the experimental values for validation. The 3DOF MMG method was used 

to pre-study the effect of PID parameters on the course-keeping of the trimaran in the waves, 

and three PID parameters were selected. Then, a hybrid method was used to simulate the 6DOF 

autopilot of the trimaran in waves with the three PID parameters. The hybrid method is based 

on the fully nonlinear potential theory and the viscous flow method [32-33]. The course-keeping 

performance of a trimaran with different natural frequencies and PID parameters in waves was 

studied by analysing the computed results. 

2 Numerical Approaches 

This section introduces the principle of the 3DOF MMG method, 6DOF autopilot 

simulation, and the selection of the PID parameter. 

2.1 Basic Equations of Numerical Simulation 

This study uses the local coordinate system o'-x'y'z' to solve the trimaran’s motion. The 

origin of the local coordinate system is located at the trimaran’s centre of gravity. The x'-axis 

points to the bow, and the y'-axis points to the port side. The 3DOF MMG equations used to 

calculate the autopilot of the trimaran in the stern wave are given below.  

 ( ) ( m )x y H wj wm m u m vr X X X       (1) 

 ( ) ( )x y H wj wm m u m m vr X X X       (2) 

 ( )zz zz H wj H G wI J r N N Y x N       (3) 
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where the variables are in the ship-fixed coordinate system, 𝑚 is the mass of the trimaran, ( xm  , 

ym ) are the ship's longitudinal, transverse components of the mass, (u , v , r ) and ( zr  ) are the 

linear and angular velocity, respectively. ( zzI , zzJ ) is the inertia moment. ( H , wj , and W ) are 

bare hull, waterjet, and wave, respectively [34]. 

At the beginning of the simulation, the gross thrust of the water jet is equal to the 

resistance in the calm water. Then, when the nozzle is deflected to control the heading of the 

trimaran, the thrust and steering force of the water jet are obtained by the conservation of 

momentum to the thrust deflection [5]. The same water jet model is used for both MMG and 

CFD simulations. The wave force and moment are obtained from the second-order average 

wave force, and these wave force simulation methods are also presented in [[1], [33]].  

Hydrodynamic forces acting on the ship hull are expressed as follows. 

 2 2

0H vv vr rrX R X v X vr X r      (4) 

 3 2 2 3

H v r vvv vvr vrr rrrY Y v Y r Y v Y v r Y vr Y r       (5) 

 3 2 2 3

H v r vvv vvr vrr rrrN N v N r N v N v r N vr N r       (6) 

where the hydrodynamic derivatives vvX  , vrX , rrX , vY , rY , vvvY . , vvrY  , vrrY , rrrY , vN , rN , 

vvvN , vvrN , vrrN , rrrN  are determined by the captive model test. 0R  is the longitudinal viscous 

hydrodynamic factor [25], which represents the relationship between ship resistance and speed. 

This study uses the semi-empirical model of the water jet thrust and steering moment  

[5, 28]. The water jet force values are based on the resistance of the bare hull without the water 

jet. At the beginning of the simulation, the trimaran heading was maintained by nozzle rotation. 

The total thrust of the water jet is equal to the resistance in still water. Adjust the nozzle 

deflection angle δ according to the yaw angle ξ and the yaw rate ̇ξ to maintain the initial 

heading. The definitions of waterjet force and momentum wjX , wjY , wjN  are as follows. 

 2 3

0 0 0 0( )cos( )wj u uu uuuX X X v X v X v DA     (7) 

 2 3

0 0 0 0( )sin( )wj u uu uuuY X X v X v X v DA      (8) 

 2 3

0 0 0 0( )sin( )wj u uu uuuN X X v X v X v DA L     (9) 

where 0v  is the initial ship speed, DA  is the drift angle, L  is the ship length, 0X  is the 

longitudinal viscous hydrodynamic factor [25], representing the relationship between ship 

resistance and speed, uX , uuX , uuuX , are the hydrodynamic derivatives for the ship resistance. 

The second-order average wave force acting on the ship is selected as follows.  

Daidolal [35] considered the influence of waves on ship manoeuvrability and proposed the 

following calculation formulas for wave drift force and wave moment.  

  2 cos( )wave D XDX gL C     (10) 

  2 sin( )wave D YDY gL C     (11) 

  2 sin( )wave D NDN gL C     (12) 
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where D  is the average wave amplitude,   is the wavelength, and   is the wave heading. Fig. 

1 shows the definition of the wave heading. XDC  and YDC  are the wave drift force coefficients 

to the x' and y' directions, and NDC  is the wave drift moment coefficients around the z'-axis,   

is the empirical correction factor, which is 0.5. The wave drift force and moment coefficients 

are as follows [36]. 

 2 30.05 0.2( ) 0.75( ) 0.51( )XDC
L L L

  
     (13) 

 2 30.46 6.83( ) 15.65( ) 8.44( )YDC
L L L

  
     (14) 

 2 30.11 0.68( ) 0.79( ) 0.21( )NDC
L L L

  
      (15) 

 

Fig. 1 Definition of wave direction 

Local coordinate and global coordinate systems were used to simulate the ship's 6DOF 

autopilot in the wave. The local coordinate system is a ship-fixed coordinate system moving 

together with the ship. The Navier-Stokes equations are solved in the global coordinate system. 

The force and moment are transformed into the ship-fixed coordinate system to solve the ship’s 

6DOF motion [37]. In this paper, the trimaran’s 6DOF autopilot in the stern waves was 

simulated using a hybrid method, which has been presented and used to study the nonlinear 

waves, seakeeping performance, and manoeuvrability of ships in our previous work [28, 29, 

32, 38,39]. Hence, Section 4.2 gives a brief description of this method for completeness. 

QaleFOAM combines the potential-flow-based external wave tank [38-39] and the viscous-

flow-based internal domain to simulate the motion of high-speed trimaran in regular wave with 

various wave directions to take advantage of potential flow theory and CFD method in wave 

simulation and motion simulation of trimaran [40].  
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During the simulation, the external domain is solved first in every time step: a one-phase 

flow. All boundaries of the internal domain are set as the interface, and the free surface elevation 

on the interface could be obtained using the external domain. Then, the external domain 

assigned the physical values on the internal domain interface. Note that the internal domain is 

a two-phase flow with no wind, so the velocity above water is set to zero on the interface.  The 

trimaran is sailing freely, and the motions of the surge, sway, heave, roll, pitch, and yaw are 

considered using the hybrid method. The equations for solving the trimaran's motion are as 

follows [37]: 

 ( )x y z z y Hx WJxm u v r w r F F     (16) 

 ( )y z x x z Hy WJym v w r u r F F     (17) 

 ( )y x y y x Hz WJzm w u r v r F F     (18) 

 ( )x x z y y z Hx WJxI r I I r r M M     (19) 

 ( )y y x x x u Hx WJzI r I I r r M M     (20) 

 ( )z z y x x y Hz WJzI r I I r r M M     (21) 

where ( xI  , yI  , zI  ) is the inertia moment, ( yr  , xr  , zr  ) is the angular velocity, ( HxF  , HyF  , 

HzF  ) and ( HxM  , HyM  , HzM  ) are the hydrodynamic force and moment obtained by the viscous 

flow method. ( WJxF  , WJyF  , WJzF  ) and ( WJxM  , WJyM  , WJzM  ) are the force and moment of the 

water jet impetus. Since the results by the hybrid method do not distinguish between hydrostatic 

force and wave force, the wave force and moment at each time step are included in HF  and 

HM . The simulation of the turn and zigzag manoeuvre by the current method was  

verified [32, 41].  

Table 1 Boundary conditions of the computational domain 

Boundary 
Physical quantity  

U  alpha  dp  / /k omega nut  

front/left/right interface  interface fixedFluxPressure fixedValue 
back interface interface fixedFluxPressure inletOutlet 
top pressureInletOutle inletOutlet totalPressure inletOutlet 

bottom symmetryPlane symmetry symmetry symmetry 

hull surface movingWall zeroGradient fixedFluxPressure wallFunction 

The turbulence model in this work is the SST k -   model, which can simulate complex 

flow problems with flow separation and strong adverse pressure gradients. The two-phase flow 

in the internal domain is solved using the volume of fluid (VOF) method in the internal domain. 

It also models and predicts the distribution and movement of the immiscible phases interface 

[32]. An artificial compression technique [42-43] was used in OpenFOAM to keep the value 

consecutive and maintain a non-zero value only at the interface between air and water. Table 1 

shows the boundary conditions applied to each boundary and dimension. During the 6DOF 

autopilot simulation, the roll, heave, and pitch motion are obtained from the dynamic 
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deformation mesh, horizontal movement, and yaw of the ship, simulated using the dynamic 

fluid body interaction (DFBI), which is realized by the motion of the internal domain. More 

details about the solution to the ship's motion can be found in [37]. Validation was performed 

using the KVLCC2 model [44], confirming the accuracy of wave frequency and pitch-roll 

frequency encountered by the vessel during autonomous navigation manoeuvres in wave 

conditions. 

2.2 The PID Control Scheme 

The PID control method is used to control the ship's course in this study. The effect of 

the controller scheme parameters on the course-keeping of a trimaran in oblique stern waves is 

discussed. The control algorithm for the nozzle angles is as follows: 

 
0

t

p d i mK K K dt K r        (22) 

where the initial heading 0◦, and 20◦ are the target, pK  is the proportional coefficient, dK  is 

the damping coefficient, iK  is the integral coefficient, mK  is the acceleration feedback gain, 

whose value is positive and generally small to prevent significant overshoot. r  is the angular 

acceleration of the ship. The max nozzle angle and the changing rate of the nozzle are  

max =25°and   =10°/s, respectively.  

The PID control system could obtain the nozzle angle by inputting the error between the 

actual heading and the desired target heading in every time step to realize the autopilot. The 

control bandwidth can be determined by specifying the value of n . Further details can be 

found in [6]. 

 
2 4 2

1

1 2 4 4 2
n b 

  



   

 (23) 

The relative damping ratio ζ is usually chosen from 0.8 to 1.0. This study used ζ=1.0 [6], 

meaning that the control bandwidth b  is the only variable used to change the PID control 

parameters. Using the efficiency of the MMG method, n  for the oblique stern wave condition 

was selected by trial and error. Section 4.1 examines the choice of n . According to different 

working conditions, it is necessary to specify the bandwidth b  (>0) and the relative damping 

ratio ζ (>0) to achieve the best control effect [12]. The gains of the PID feedback controller can 

be determined using pole placement based on the natural frequency.  n and the relative 

damping ratio ζ, resulting in 

 31
, 2 ,

10

m m m
p n d n i n

T KK T KK T KK
K K K

K K K K
  

  
     (24) 

where T and K are ship manoeuvrability coefficients calculated using the hydrodynamic 

derivatives, obtained through tank tests. The calculation method for parameters T and K are as 

follows. 

 
1( )

v v

r v r

Y N N Y
K

Y N N mu Y

 






 
 (25) 

 1 2 3T T T T    (26) 
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 1
1 2

1

( ) ( ) ( )

( )

r v zz r v r v r v

v r v v

N m Y I N Y Y N mu Y N
T T

Y N N mu Y

      
 

 
 (27) 

 3

( )v v

r v

Y N N m Y
T

Y N N Y

 

 

 



 (28) 

where vY , rY , rN , and vN  are the acceleration derivatives. Y  and N  are the hydrodynamic 

derivatives of the nozzle angle. Table 2 shows the trimaran’s hydrodynamic coefficient. mK  

can be specified as a percentage of the total moment of inertia: 

 
100

mK m


  (29) 

where  0,100  . Since this study does not consider the influence of acceleration on heading 

control,   is set to 0. 

Table 2 Hydrodynamic derivatives of trimarans 

Xvv Xvr Xrr Yv Yr Yvvv Y′vvr Yvrr 

-9.80 -13.86 -3.65 -186.29 -82.33 -259.95 -355.24 -580.56 

Yrrr Nv Nr Nvvv Nvvr Nvrr Nrrr 𝑌𝛿 

-564.06 -286.63 -229.44 -261.37 -1251.10 -1001.62 -2671.85 -17.76 

𝑁𝛿 𝑌�̇� 𝑌�̇� 𝑁�̇� 𝑁�̇�    

35.53 29.56 -83.87 24.17 564.42    

3 Validation and Verification 

The 6DOF CFD method has been widely applied in wave generation [32], ship's motion 

in waves [41], [45], and manoeuvring simulation of ships [44]. The corresponding validation 

has been carried out in our previous work. Hence, this section only compares the computed 

results using the 3DOF MMG method with the experimental results for validation before the 

study. 

 

Fig. 2 Sketch and main characteristic dimensions of the trimaran 
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The trimaran model used in this study is the same as [28, 45]. Fig. 2 shows the main 

feature of the trimaran model used in this study, where 𝐵/𝐿 =0.08, 𝐷/𝐿 =0.04, 𝐶𝑏 =0.52, 

𝐵1/𝐿1=0.05, 𝐷1/𝐿1=0.04, 𝐶𝑏1=0.46, 𝑝𝐿/𝐿=0, 𝑝𝑇/𝐿=0.1, and 𝐿, 𝐵, 𝐷, are the waterline length, 

waterline width, and draft of the center hull, respectively. 𝐿1, 𝐵1, 𝐷1 are the parameters of the 

side hull. 𝑘𝑥𝑥=2, 𝑘𝑦𝑦=25, 𝑘𝑧𝑧=27, 𝐾𝐺=0.7, 𝐿𝐶𝐺=1.0, where (𝑘𝑥𝑥, 𝑘𝑦𝑦, 𝑘𝑧𝑧) are the moment 

of inertia; the unit is 𝑘𝑔 · 𝑚2.  𝐾𝐺 is the Keel to Gantry; the unit is 𝑚. 𝐿𝐶𝐺 is the longitudinal 

centre of gravity; the unit is 𝑚. 

The point of nozzle force was located at the centre of the ship's stern. The trimaran model 

was used for numerical simulation, and the computed values were compared with the results in 

[3]. The turning manoeuvre in calm water was simulated first. When the simulation started, the 

trimaran moved forward at a constant speed, and the ship-length Froude number 𝐹𝑛=0.35 was 

used as the initial trimaran speed for numerical simulation. The nozzle angle was set to 𝛿=25°.  

   
                  (a) Trajectory of turn manoeuvre    (b) Heading of turn manoeuvre 

 

(c) the velocity of the turn manoeuvre 

Fig. 3   Computed results of turn manoeuvre in calm water 

Fig. 3 shows the computed results of the turn manoeuvre in calm water. The simulation 

shows that the turning circle simulated by the MMG method based on hydrodynamic 

derivatives was in good agreement with the simulation results in terms of the manoeuvring 

trajectory and heading angle, as shown in Fig. 3 (a) and (b). The results proved the correctness 

and feasibility of the manoeuvrability module calculation program. Fig. 3 (c) shows that the 

velocity error was approximately 10%, probably because the effect of the hull attitude was not 

considered, and the propulsion and steering of the waterjet impetus were replaced by the 

empirical method. The turning circle manoeuvre of the trimaran model in waves was predicted 

in this section, and the simulation was performed with 𝜆 𝐿⁄ =0.88, ak=0.058, 𝛽0=180°, 𝐹𝑛=0.35, 

where 𝜆 is the wavelength, 𝑎𝑘 is the wave steepness, 𝑉0 is the initial ship speed, 𝐹𝑛 is the ship-

length Froude number, and 𝛽0 represents the initial wave heading. 
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(a) Trajectory of turn manoeuvre 

 

(b) Velocity during the turn manoeuvre 

Fig. 4   Computed results of turn manoeuvre in the wave 

Fig. 4 shows that because this study applied the second-order average wave-drifting force, 

the effect of the waves on the ship trajectory drift was considered, and the drift of the turning 

trajectory led by the waves could be obtained. However, the average wave-drifting force 

variation was mainly due to the wave heading change, and the effect of the wave phase variation 

was neglected, so no high-frequency velocity oscillation could be observed using the MMG 

method. Due to the complexity of the physical problem, the accuracy of the MMG method was 

enough for the pre-study of the PID parameters' effect on the course-keeping of the trimaran in 

waves. Similar discrepancies were also observed in [46-47]. The wave heading significantly 

impacts ship stability when sailing in stern waves [12]. The stern and oblique stern waves posed 

the greatest threat to the ship's navigation safety due to their tendency to deflect and challenging 

controllability [28]. Therefore, the working conditions of different initial wave directions were 

simulated to study the influence of wave direction on the trimaran sailing with waves. 

4 Results and Discussions 

This section predicts the course-keeping of the trimaran in waves using the MMG method 

to test the effect of the PID parameter quickly. Then, the trimaran autopilot with the optimized 

PID parameters was simulated using the hybrid method. 
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4.1 Course-keeping with Different PID Parameters Using the MMG Method 

This section discusses the trimaran’s course-changing and course-keeping simulation 

with different 𝜔𝑛 and the corresponding PID parameters. The initial heading of the trimaran 

was marked as 0°, and the target heading angle was -20°. The effects of control parameters on 

the heading angle and motion are discussed. Compared to the 6DOF autopilot simulation, the 

MMG method proved to be more efficient and suitable for predicting the navigation of the 

trimaran in waves with many PID parameters. Therefore, taking advantage of the MMG 

method’s high efficiency, the PID parameters' effects on the course changing and course-

keeping of the trimaran are examined. 

Table 3 The working condition of numerical simulation of manoeuvre in waves 

Case 𝜔𝑛 𝜆/𝐿 𝑎𝑘 𝛽0 (°) 𝐹𝑛 
1 0.084 

0.88 

 

0.058 

 

10 

30 0.35 

2 0.094 

3 0.104 

4 0.114 

5 0.124 

6 0.134 

7 0.144 

8 0.154 

Table 3 shows the working conditions, where 𝜆  is the wavelength, 𝑎  is the wave 

amplitude, 𝑘 is the wave number, 𝑎𝑘 represents the wave steepness, and 𝛽0 is the initial wave 

heading. The 𝐹𝑛=0.35 was selected as the initial forwarding speed, which corresponded to the 

design speed of the trimaran. Two initial wave headings, 10° and 30°, of the oblique stern waves 

were used as the initial wave directions. As [7] suggested, the value of 𝜔𝑛 is around 0.1 for the 

smaller ship, so 𝜔𝑛 varied from 0.084 to 0.154. When 𝜔𝑛 exceeded the range, the navigation 

process was no longer stable and led to significant deviations, as shown in Fig. 5. 

 
                 (a) heading angle of 𝜔𝑛=0.074     (b) heading angle of 𝜔𝑛=0.164 

Fig. 5  Heading of the trimaran with 𝜔𝑛 out of the scope 

Fig. 5 shows the heading of the trimaran with the PID parameters corresponding to the 

𝜔𝑛  out of the suggested range. The working condition was 𝜆 𝐿⁄ =0.88, 𝑎𝑘=0.058, 𝛽0 =30°, 

𝜓𝑎𝑖𝑚=-20°. The case ran for 100s. The peak value of the amplitude appeared when  𝜔𝑛 was 

about 0.084. If 𝜔𝑛 was smaller because the water jet propulsion was not enough to completely 

balance the wave force, and the course of the ship produced a large overshoot. Instability 

occurred in the vicinity of the target heading angle, and its accuracy decreased, especially the 
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response speed degraded, and the system dynamic characteristics deteriorated, as shown in Fig. 

5(a). If 𝜔𝑛 was greater than 0.154, as shown in Fig. 5(b), it caused excessive overshoot in the 

course control process, prolonged the adjustment time, and even made it difficult to eliminate 

the static error. Therefore, the range of 𝜔𝑛 was originally determined between (0.084 - 0.154). 

 

          (a) Target heading angle 𝜓𝑎𝑖𝑚 = −20°   (b) Target heading angle 𝜓𝑎𝑖𝑚 = 20° 

Fig. 6  Computed results of PID course-keeping 

Fig. 6 shows that regardless of whether the initial wave direction was 10° or 30°, the 

course deviation variation trend corresponding to different 𝜔𝑛 was the same. Compared with 

the wave heading control in Fig. 6(a), the stern oblique waves control in Fig. 6(b) is more 

difficult to control, and the minimum course deviation increases from around 0.2 to 0.6. A 

comparison of the different initial wave direction results shows that the encountered wave 

direction changed the course control accuracy, as shown in Fig. 6 (b), when 𝜔𝑛 increases from 

0.084 to 0.154. The heading deviation increases gradually. Increasing the control parameters 

𝜔𝑛 caused an overshoot. 

Since the mean second-order wave force simulation adopted by the MMG method cannot 

reflect the waves’ real-time changes, this study used MMG for pre-study and CFD for further 

simulation research after reducing the number of examples. According to the size of the 

deviation, this study selected 𝜔𝑛 =0.084, 0.094, 0.104 working conditions for further CFD 

calculation. Table 4 shows the PID control parameters to 𝜔𝑛 during simulation.  

Table 4 The PID control parameters for different 𝜔𝑛 

𝜔𝑛 𝜁 𝑇, 𝐾 𝐾𝑝 𝐾𝑑 𝐾𝑖 

0.084 1.0 6.389, 0.0284 1.5875 2.583 1.08E-05 

0.094 1.0 6.389, 0.0284 1.988 7.0827 1.51E-05 

0.104 1.0 6.389, 0.0284 2.4335 11.5825 2.04E-05 

0.114 1.0 6.389, 0.0284 2.9239 16.0823 2.69E-05 

0.124 1.0 6.389, 0.0284 3.4594 20.582 3.46E-05 

0.134 1.0 6.389, 0.0284 4.0399 25.0818 4.37E-05 

0.144 1.0 6.389, 0.0284 4.6654 29.5815 5.42E-05 

0.154 1.0 6.389, 0.0284 5.3358 34.0813 6.63E-05 

4.2 The Simulation of the Autopilot in Waves  

This section further examines the control parameters of CFD self-propulsion simulations 

obtained using the MMG method in the previous section. 
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According to the MMG method results, it is difficult to control the course when the target 

course angle is -20° and the initial wave direction is 30°. Therefore, this paper focuses on the 

ship heading control under this working condition through 6DOF self-propulsion simulation. 

This section further investigates the corresponding optimal control parameters under different 

conditions using the hybrid CFD solver QaleFOAM, including wavelength 𝜆/𝐿, steepness 𝑎𝑘, 

and speed 𝐹𝑛. All of the ship's 6DOF autopilot simulations was based on the open-source CFD 

toolbox, OpenFOAM, and the self-developed solver, QaleFoam [48]. The trimaran moved in 

the oblique wave, and the initial wave heading was 𝛽=30°. The case ran for the 30s.  

Table 5 shows the details of the working conditions. Since the resonance point of the ship 

was around 𝜆 𝐿⁄ =1.1, a wavelength of 1.09 was selected. The drift force was larger at small 

wavelengths, so 𝜆 𝐿⁄ =0.88 was chosen [45]. A commonly used linear wave 𝑎𝑘 = 0.058 and a 

large steep nonlinear wave 𝑎𝑘=0.135 were selected. Grid and time step convergence studies 

were carried out using the grid convergence index (GCI) method in our previous work [49]. 

Figs. 7(a) and (b) illustrate the grid near the free surface and the hull surface, respectively. 

Because the ship was on autopilot in waves, and the wave heading to the ship varied with every 

time step, the grid was refined to both the longitudinal and transverse direction in the wave 

propagation region. 

  

Fig. 7  Sketch of the mesh of domain and hull surface 

Table 5 Working conditions for the simulation of trimaran moving in waves at various 𝜔𝑛 

𝐹𝑛 𝑎𝑘 𝜆/𝐿 𝜔𝑛 𝛽0 

0.35 0.058 0.88 0.084,0.094,0.104 -20° 

0.35 0.058 1.09 0.084,0.094,0.104 -20° 

0.50 0.135 1.09 0.084,0.094,0.104 -20° 

0.60 0.135 1.09 0.084,0.094,0.104 -20° 

Fig. 8 compares the heading deviation for different 𝜔𝑛  in four cases. Fig. 8(a) shows that 

for a small wavelength λ/L=0.88 and steepness ak=0.058, only a minor control force was 

required to maintain the heading because the wave drift force was small. Conversely, larger 

control parameters increased the heading overshoot. Fig. 8(a) and (b) show that different control 

parameters have obvious differences from the beginning for wavelet steepness. Moreover, Fig. 

8 shows that the first peak value of heading deviation corresponds to different 𝜔𝑛 and almost 

coincides because the PID controller had to reach the maximum first wave peak at the 

beginning. This form control parameter result was closer to the optimal control. This also 

justifies the three control parameters chosen by the 3DOF MMG method.  
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(a) 𝜆/𝐿=0.88, 𝑎𝑘=0.058, 𝐹𝑛=0.35 (b) 𝜆/𝐿=1.09, 𝑎𝑘=0.058, 𝐹𝑛=0.35 

 
(c) 𝜆/𝐿=1. 09, 𝑎𝑘=0.135, 𝐹𝑛=0.50 (d) 𝜆/𝐿=1.09, 𝑎𝑘=0.135, 𝐹𝑛=0.60 

Fig. 8 The effect of 𝜔𝑛 on the course deviation at different wave parameters and forward speeds 

Fig. 8(a) and (b) show that when the wavelength increases to 𝜆/𝐿 =1.09, the time to reach 

the peak is about 2s earlier, and the control parameters corresponding to the smallest change in 

heading angle are also applicable to small wavelengths. Fig. 8(b) and (c) show that the optimal 

control parameters in small wave steepness produce a large heading overshoot when the wave 

steepness increases. Due to the increase of wave drift force, the restoring moment needs a longer 

distance to bring the ship back to the target course and 𝜔𝑛 =0.089 cannot eliminate the 

corresponding wave force drift, so the course deviation is larger. Combining Fig. 8(b) and Fig. 

8(c) show that when the speed 𝐹𝑛=0.35, a larger wave steepness 𝑎𝑘=0.135 lead to more 

frequent nozzle deflection, making it more difficult to control the course of the ship. This 

conclusion is supported by Yan et al. [50]. 

A comparison of Fig. 8(c) and (d) show that the course deviation is larger when the speed 

increases from 𝐹𝑛=0.50 to 𝐹𝑛=0.60, and the maximum course deviation angle increases by 

about 30%. Wave steepness has a more pronounced effect on control than wavelength. When 

the speed increases to 𝐹𝑛=0.60, as shown in Fig. 8 (d), the heading angle changes more 

noticeably. When the trimaran sailed in the stern oblique wave with a high initial speed, the 

fast-sailing speed of the trimaran combined with the larger wave steepness may result in a wider 

yaw range. Consequently, more frequent nozzle adjustment was required. 

Note that different cases denoted by (a) and (b) correspond to different wavelengths. 

Additionally, (b) and (c) represent varying wave steepness, while (c) and (d) depict different 

𝐹𝑛 values. More importantly, note that the absolute velocity is relatively unaffected by the 

variations in control parameters. 𝜔𝑛 changes the corresponding nozzle rotation angle through 

the PID controller, and the corresponding propulsion force component changes accordingly. 𝜔𝑛 

changes the corresponding nozzle rotation angle through the PID controller and adjusts the 
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propulsion force component accordingly. Since the control parameters solely act on the rotation 

angle of the nozzle to maintain the heading, different control parameters correspond to diverse 

control times, resulting in a certain time gap required to reach the maximum speed.  

 

 

(a) 𝜆/𝐿=0.88, 𝑎𝑘=0.058, 𝐹𝑛=0.35 (b) 𝜆/𝐿=1.09, 𝑎𝑘=0.058, 𝐹𝑛=0.35 

 

(c) 𝜆/𝐿=1.09, 𝑎𝑘=0.135, 𝐹𝑛=0.50 (d) 𝜆/𝐿=1.09, 𝑎𝑘=0.135, 𝐹𝑛=0.60 

Fig. 9 The effect of 𝜔𝑛  on the 𝑈𝑥 at different wave parameters and forward speeds 

This phase difference is amplified at 𝑎𝑘 = 0.135. Fig. 9 and Fig. 10 show that different 

control parameters correspond to different heave phases. One possible reason for this 

phenomenon is that different 𝜔𝑛 values correspond to different forward speeds, thereby causing 

the ship to experience various wave phases, resulting in diverse heave phases. Fig. 10(b) shows 

that when the wavelength increases from 𝜆/𝐿 = 0.88 to 𝜆/𝐿 = 1.09, the amplitude of the heave 

motion with the same control parameters increases by about 15%. Additionally, Fig. 10(c) and 

(d), show that when the speed increases to 𝐹𝑛=0.60, the velocity and heave motion exhibit more 

obvious nonlinearity. The periodic fluctuations can be observed in Fig. 10(a), (b), and (c), but 

not in Fig. 10(d). The trimaran’s speed was still fluctuating because it was not caught by the 

stern oblique wave. As the wave speed exceeded the trimaran's speed, the stern oblique waves 

periodically impacted the ship. Observe that for the wavelength 𝜆/𝐿 =1.09, the wave steepness 

has a significant effect on the heave of the oblique wave. The increase in wave steepness 

resulted in a more pronounced heave motion, as shown in Fig. 10 (c) and (d). The steady heave 

values are almost the same for different speeds. 
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(a) 𝜆/𝐿=0.88, 𝑎𝑘=0.058, 𝐹𝑛=0.35  (b) 𝜆/𝐿=1.09, 𝑎𝑘=0.058, 𝐹𝑛=0.35 

 

 (c) 𝜆/𝐿=1.09, 𝑎𝑘=0.135, 𝐹𝑛=0.50 (d) 𝜆/𝐿=1.09, 𝑎𝑘=0.135, 𝐹𝑛=0.60 

Fig. 10 The effect of 𝜔𝑛 on the heave at different wave parameters and forward speeds 

 
(a) 𝜆/𝐿=0.88, 𝑎𝑘=0.058, 𝐹𝑛=0.35  (b) 𝜆/𝐿=1.09, 𝑎𝑘=0.058, 𝐹𝑛=0.35 

 

(c) 𝜆/𝐿=1.09, 𝑎𝑘=0.135, 𝐹𝑛=0.50  (d) 𝜆/𝐿=1.09, 𝑎𝑘=0.135, 𝐹𝑛=0.60 

Fig. 11 The effect of 𝜔𝑛 on the pitch at different wave parameters and forward speeds 
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(a) 𝜆/𝐿=0.88, 𝑎𝑘=0.058, 𝐹𝑛=0.35  (b) 𝜆/𝐿=1.09, 𝑎𝑘=0.058, 𝐹𝑛=0.35 

 

(c) 𝜆/𝐿=1.09, 𝑎𝑘=0.135, 𝐹𝑛=0.50  (d) 𝜆/𝐿=1.09, 𝑎𝑘=0.135, 𝐹𝑛=0.60 

Fig. 12 The effect of 𝜔𝑛 on the roll at different wave parameters and forward speeds 

Fig. 11 and Fig. 12 show the trimaran’s pitch and roll motions in oblique stern waves. 

Comparing the effects of wavelength and wave steepness shows that the effect of wavelength 

on motion amplitude is smaller than wave steepness, possibly because the greater the wave 

steepness, the more frequent the nonlinear phenomenon, resulting in greater shaking. 

Comparing the results at different wavelengths, as shown in Fig. 11(a) and (b), observe that the 

wavelength has little effect on the pitching motion tendency. Different control parameters have 

little effect on low-speed heave and roll motions. Fig. 11(b) and (c) compare the same wave 

steepness at different wavelengths, indicating that the pitching motion increases markedly with 

increasing wave steepness. Fig. 11(d) shows that the stable period corresponds to 𝜔𝑛=0.084 

when the ship is in a stable state and is reduced by approximately 10 % compared with 

𝜔𝑛=0.104 because at high speed (𝐹𝑛=0.60) a tiny control can have a big impact on course-

keeping, and only a small control is needed to achieve heading hold.  

A comparison of Fig. 12(a) and (b) shows that as the wavelength changes, the optimal 

control parameters corresponding to roll also change. When the wavelength is small, the roll 

amplitude corresponding to 𝜔𝑛=0.084 is the best. However, when the wavelength increases to 

𝜆/𝐿 =1.09, the roll of 𝜔𝑛=0.094 is relatively small. Fig. 12(c) and (d) show that when the 

wavelength = 1.09, the high speed of 𝐹𝑛  =0.6 is beneficial to reduce roll.  
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(a) 𝜆/𝐿=1.09,𝑎𝑘=0.135, 𝜔𝑛=0.084 

 

(b) 𝜆/𝐿=1.09,𝑎𝑘=0.135, 𝜔𝑛=0.104 

Fig. 13 The wave profile during the simulation at various 𝜔𝑛. 

Fig. 13 shows the autopilot trimaran wave profiles in oblique stern waves and the wave 

profiles at time 1.12, 1.85, 2.59, and 3.32. The dashed line represents the ship's heading. Fig. 

13(a) shows that when the wave peak is at the stern side, the larger wave steepness makes the 

trimaran’s left side hull sink deeper into the wave. After the wave peak passes the centre of the 

trimaran, the wave peak helps to slow down the deflection of the heading. Fig. 13(a) and (b) 

also show that when the control bandwidth 𝜔𝑛 increases, the increase in response speed of the 

heading angle is attributed to the large control parameter. By combining Fig. 13(a) with Fig. 

12(d), it is evident that at time 1.12, the ship is situated in a lower wave profile, and the hull is 

tilted to the left side, resulting in a negative ship roll. However, Figure 13(b) shows that at time 

3.32, the ship is situated within the higher wave profile, and the hull is inclined towards the 

right side, resulting in a positive roll for the trimaran. Therefore, the simulated ship motion 

aligns with the practical situation. 
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 (a)𝜆/𝐿=0.88,𝑎𝑘=0.058, 𝜔𝑛=0.084    (b)𝜆/𝐿=0.88,𝑎𝑘=0.058, 𝜔𝑛=0.094 

 

(c) 𝜆/𝐿=0.88,𝑎𝑘=0.058,𝜔𝑛=0.104 

Fig. 14 Wave profile during the autopilot in oblique stern waves at 𝐹𝑛=0.35 

    
 (a)𝜆/𝐿=0.88,𝑎𝑘=0.058, 𝜔𝑛=0.084 (b)𝜆/𝐿=0.88,𝑎𝑘=0.058, 𝜔𝑛=0.094 

 

(c) 𝜆/𝐿=0.88,𝑎𝑘=0.058,𝜔𝑛=0.104 

Fig. 15 Wave profile during the autopilot in oblique stern waves at 𝐹𝑛 =0.50 

Fig. 14 and Fig. 15 show the wave ship’s profile on the stern oblique waves is, which are 

captured when the difference between the ship headings by different PID parameters is most 

significant. Two working conditions were selected, and the results of the three PID parameters 

were compared under each working condition. Fig. 14 shows the yaw forces and moments 

generated by waves. Under the influence of oblique stern waves, the wave elevation on the 

ship's portside is more significant than the starboard. The wave heights of the wave profiles in 
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Fig. 14(a) and (b) are different, possibly due to the reduction of certain control parameters and 

the advancement of the nozzle rotation time. 

The turning of the nozzle timing has a limited influence on direction. Fig. 15(c) shows 

that the larger natural frequency at low speeds gives the trimaran a greater rolling. Fig. 12(a), 

(b), and (c) support this conclusion. Fig. 15 shows no significant difference in the wave phase 

with the largest title deviation, and the larger control parameters correspond to larger deflection 

angles. Fig. 9(c) and (d) show that the range of speed change is significantly larger when 

𝐹𝑛=0.6 compared to 𝐹𝑛=0.5. Fig. 14 and Fig. 15 show that at the maximum yaw, the coupling 

of pitch and roll motion at high-speed 𝐹𝑛=0.6 is not obvious compared with low speeds. 

 

  

 (a)𝜆/𝐿 = 0.88,𝑎𝑘=0.058, 𝜔𝑛=0.084 (b)𝜆/𝐿 = 0.88,𝑎𝑘=0.058, 𝜔𝑛=0.094 

 

(c)𝜆/𝐿 = 0.88,𝑎𝑘=0.058,𝜔𝑛=0.104 

Fig. 16 Wave profile during the autopilot in oblique stern waves at 𝐹𝑛 =0.60 

Fig. 16 shows that the trimaran is difficult to control under the oblique stern wave and is 

easily captured by waves due to high speed. Fig. 16(a) and (c) compare the trimaran in diverse 

𝜔𝑛 conditions. When 𝜔𝑛 = 0.104, the nonlinear phenomenon, such as green water and pitch 

motion, is more obvious. A comparison of Fig. 15 and Fig. 16 indicates that under the same 

wave, waves are more likely to capture higher speeds, resulting in surf-riding. 

Conclusion 

This study conducted numerical simulations using the 3DOF MMG and 6DOF self-

propulsion simulation methods based on CFD to simulate the manoeuvrability of a trimaran. It 

focuses on the effects of different control parameters on the ship's course control in oblique 

stern waves. Several conclusions can be drawn by analysing the calculation results. 

The PID controller parameters based on hydrodynamic derivatives are suitable for 

simulating the motion of the trimaran in oblique stern waves. Though the simulation of the 

turning manoeuvre trajectory by the second-order average wave drift force is accurate enough, 

predicting the speed loss during the turn manoeuvre still needs improvement. Additionally, it 

is more difficult for a trimaran to maintain its course in stern oblique waves than in stern waves. 

The specific value of the natural frequency is determined by working conditions. Moreover, it 
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is more difficult for a trimaran to maintain its course in stern oblique waves than in oblique 

waves. In the case of initial wave direction of 20° and -20°, the course control effect of 𝜔𝑛 = 

0.084 is better only when the wavelength 𝜆/𝐿=1.09, wave steepness 𝑎𝑘=0.135, and the heading 

angle control effect 𝜔𝑛=0.094. 

The nozzle angle phase can be altered by changing the natural frequency under the same 

working conditions, leading to different peak velocities while the absolute speed remains 

unchanged. When the trimaran muzzle velocity is 𝐹𝑛 =0.60, both velocity and heave motion 

show significant nonlinearity. The wave steepness notably affects the heave motion, with higher 

wave steepness resulting in a more pronounced heave motion. In particular, large and steep 

waves (𝑎𝑘=0.135) make the influence of different control parameters on the heave phase more 

noticeable. 

The small control variable has a significant impact on the course at high speed (𝐹𝑛=0.60), 

requiring only small adjustments to the control variable to maintain the desired direction. Under 

the same conditions, higher speeds are beneficial for reducing roll when the wavelength 

(𝜆/𝐿=1.09). However, a larger natural frequency results in greater trimaran rolling at low 

speeds. 

This study conducted simulations of various natural frequencies of a trimaran's PID 

controller. However, the control corresponding to different initial wave directions may also 

have a significant impact, requiring further study. 
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