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Synopsis 

This paper aims to present a novel approach to design a dynamic positioning system by using a dynamic model 

based-design approach. The proposed study has been performed to both develop and preliminarily test the 

control logic that should be implemented on a model scale vessel. Indeed, the proposed tool has been designed 

for a fully actuated tug vessel equipped with two azimuthal thrusters and one bow-thruster, emulated in 

behaviour with a dynamic simulator. Thanks to the model actuation, it was possible to design a unique, 

optimised allocation logic able to fulfil both open-loop and closed-loop commands, sufficiently proved and 

tuned before the installation onboard. Moreover, a thorough comparison between different design methods, 

static and dynamic performance evaluation has been carried out. Two different operational modes are tested, 

and the results are presented: joystick and station keeping. 

Keywords: Dynamic Positioning, Control Optimisation, Model-based Analysis, Motion Control 

1. Introduction

Since the early 1970s, Dynamic Positioning (DP) has been of significant interest for the oil industry, e.g. by 

Balchen et al. (1976). Indeed, from its first applications, DP has proved to be a fundamental tool for equipping 

ships able to work in the offshore environment. Over the last few years, as it happens for all the technologies, DP 

has found its applications in different marine fields and the studies carried out for station keeping have been 

generalised to the low-speed motions control which is crucial for the autonomous navigation.  

The design of dynamic positioning systems is a complex subject based on the automatic control of ship 

motions. For such a reason, it requires the integration of several sub-systems and their mutual interactions. In this 

context, the controller is the kernel of the DP. Model-based design research regarding DP controller design has 

been discussed in Sørensen et al. (1996) and Donnarumma et al. (2015-2017). In the present work, the DP 

controller designed for a case study is based on the Lagrange multiplier technique, e.g. Johansen et al. (2013). The 

preliminary assessment of  DP performance is the first step for the propulsion system design in terms of sizing and 

configuration. The initial analysis of the station-keeping capability is carried out via static approaches, (Reilly et 

al., 2011), and (Xu at al., 2015). In this context, dynamic positioning capability polar plots (DPCPs) have become 

standard tools for the design and management of DP systems. The standard procedure to evaluate the DPCP is by 

using a static equilibrium; however, this will not represent the real system capabilities due to the several dynamics 

involved in the process. Wang et al. (2018) show the importance of adequately modelling environmental 

disturbances in order to assess as feasible dynamic performance as possible employing static analysis. This work 

aims to use a dynamic simulation platform to both validate and optimise the allocation logic; and to evaluate the 

system performance by means of time-domain simulations. For this purpose, a custom dynamic simulator of a case 

study vessel has been developed. Such a case study refers to a fully actuated tug model, equipped with two 

azimuthal thrusters and one bow-thruster, where a dynamic positioning system, together with necessary sensors 

and controllers, has been designed and installed onboard. 

The DP controller developed for the case study has been designed in order two be able to deal with different 

manoeuvres. In particular, two different types of control modes have been developed: the (open-loop) joystick 

mode and the (closed-loop) station-keeping control and their structures are presented herein. 

Proceedings of the International Ship Control Systems Symposium (iSCSS)

International Ship Control Systems Symposium (iSCSS) 2020 https://doi.org/10.24868/issn.2631-8741.2020.002



Hence, the paper aims to highlight the differences between DPCPs obtained with both the static and dynamical 

approaches. Moreover, results are obtained with the same environmental mathematical models in order to evaluate 

the influences of the dynamical effect of disturbances. A more detailed description of the model characteristics 

and the used mathematical models are reported in Section 2, while the thrust allocation logic and the controller 

structure is shown in Section 3. The results of the simulation campaign for both controller modes are reported in 

Section 4. Eventually, the conclusion and recommendations are shown in Section 5. 

2. Simulation Platform 

2.1. Case study 

The testing case is a tugboat model with an overall length (𝐿𝑜𝑎) of 0.97 𝑚 and a maximum width of 0.30 𝑚. 

The model is composed of: (𝑖) two azimuth thrusters, one for each shaft-line equipped with a ducted propeller, 

the Z-layout mechanical transmission with two coupled bevel gears; (𝑖𝑖) two electric motors, DC motors and a 

specific DC drive; (𝑖𝑖𝑖) one bow-thruster, driven by an electric motor, controlled by its DC drive.  

The new control logics will be implemented on the testing model shown in Figure 1. 

 

 
Figure 1: Testing Model 

2.2. Dynamic ship simulator model 

The developed simulator accounts for 3 degrees of freedom (DOF), surge, sway, and yaw. The reference frames 

used in the analysis are shown in the following figure. 

  
Figure 2: Reference frames 

A 3 DOF model is supposed to be enough for the design and the evaluation of the performance of the actuators. 

Moreover, for the actual model configuration is not possible to counteract forces and moments in the vertical plane, 

Sørensen (2011). Moreover, the effect of the waves drift forces in the horizontal plane could be taken into account 

by using a simplified methodology (for instance using DNV-GL rules), this aspect is relevant in evaluating the 

station keeping performances. For such a reason, further investigations will be carried out in future. Albeit, in the 

presented application, the focus was on the optimisation of the thrust allocation, and this is independent of the 

magnitude of the external disturbances.  

The vessel dynamics are evaluated by considering the ship as a rigid body and assuming a constant 

displacement. Under the previous assumptions, it is possible to obtain the ship acceleration, velocity, and position 

by using IInd Newton's law. The ship's quasi-velocity components (𝑢, 𝑣, 𝑟) in the ship fixed frame (𝑏1, 𝑏2, 𝑏3) and 

the ship's displacements in the earth inertial frame (𝑥, 𝑦, 𝜓), can be assessed by using the following equation:  
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{

𝑀(�̇� − 𝑥𝐺𝑟
2 − 𝑢𝑣) = 𝑋ℎ + 𝑋𝑝 + 𝑋𝑒 + 𝑋𝑐           

 𝑀(�̇� + 𝑥𝐺 �̇� + 𝑢𝑟) = 𝑌ℎ + 𝑌𝑝 + 𝑌𝑒 + 𝑌𝑏 + 𝑌𝑐     

𝐼𝑧𝑧�̇� + 𝑀𝑥𝐺(�̇� + 𝑟𝑢) = 𝑁ℎ + 𝑁𝑝 + 𝑁𝑒 +𝑁𝑏 + 𝑁𝑐

 

 

(1) 

where:ℎ, 𝑝, 𝑒, 𝑏, 𝑐 subscripts refer to the hull, the propellers, the environmental disturbances, the bow-thruster, and 

Coriolis, respectively; 𝑀 is the sum of ship's mass and added mass; 𝐼𝑧𝑧 is the ship inertia concerning 𝑏3. 𝑥𝐺  is the 

longitudinal position of the centre of gravity. 

The simulator is composed of subsets of mathematical equations, each one reproducing a specific sub-system 

of the vessel: (𝑖) propulsion plant, DC electric motor models, shaft lines and, thrusters; (𝑖𝑖) bow-thruster, DC 

electric motor, transmission and propeller models; (𝑖𝑖𝑖) hull forces, hull forces and moment at low-speed for high 

drift angles (Oltmann & Sharma, 1984); (𝑖𝑣) environmental forces, disturbances effect on the vessel. The DNV-

GL formulation (2016), was used to assess the wind forces. In the following, a brief description of the mathematical 

models used is reported. 

2.2.1. Propulsion plant 

As already introduced, the propulsion system model is composed of 3 subsets: DC electric motor, shaft line, and 

propeller. The DC electric motor behaviour is described by the electromechanical differential equation, as follows:  

𝑑𝑖

𝑑𝑡
= −

𝑅

𝐿
𝑖(𝑡) −

1

𝐿
𝐾𝑒𝑛𝑒(𝑡) +

1

𝐿
𝑉𝑎𝑝𝑝(𝑡) 

(2) 

where: 𝑖(𝑡) is the current intensity, 𝑅 is the resistance, 𝐿 is the inductance, the 𝐾𝑒 is an electric constant related to 

the electrical wiring system, 𝑛𝑒(𝑡) is the motor speed and, 𝑉𝑎𝑝𝑝 is the applied voltage. The DC delivered torque, 

𝑄𝐷𝐶(𝑡), is proportional to an electric motor constant and the current induced by the applied voltage. 

𝑄𝐷𝐶(𝑡) =  𝐾𝑒  𝑖(𝑡) (3) 

The selection of this model is considered a good compromise between the small number of parameters to 

identify and a reliable reproduction of the dominant dynamics. The differential equation representing shaft-line 

behaviour is reported hereinafter: 

𝐼𝑇  �̇�𝑒 =∑𝑄(𝑡) = 𝑄𝐷𝐶(𝑡) − 𝑄𝑓𝑟𝑖𝑐(𝑡) − 𝑄𝑃(𝑡) 
(4) 

where: 𝐼𝑇  is the sum of all inertia elements, �̇�𝑒 is the motor angular acceleration, 𝑄𝐷𝐶(𝑡) is delivered torque, 

𝑄𝑓𝑟𝑖𝑐(𝑡) is the friction torque; and 𝑄𝑃(𝑡) is the required propeller torque. In particular, the friction torque, 𝑄𝑓𝑟𝑖𝑐(𝑡) 

is obtained by the following relation: 

𝑄𝑓𝑟𝑖𝑐(𝑡) = 𝑄𝐷𝐶(𝑡) (1 − 𝜂𝑇𝑅(𝑛𝑒)) (5) 

where: 𝜂𝑇𝑅 is the transmission efficiency, depending on the engine speed, 𝑛𝑒; 𝜂𝑇𝑅 ∈ [0.65, 0.98] with lower and 

upper bounds corresponding to idle condition and maximum engine speed, respectively; 𝜂𝑇𝑅 trend is logarithmic 

as described in Martelli et al. (2019) The required propeller torque, 𝑄𝑃(𝑡), is described by the following relation: 

𝑄𝑃(𝑡) =
𝑄𝑂(𝑡)

𝜂𝑅
 

(6) 

where: 𝑄𝑂, is the required open water torque and 𝜂𝑅, is a relative rotative efficiency, and it is assumed to be 

constant. The propeller geometry of the test model is consistent with the Wageningen 19A propeller (Kuiper, 

1992). The delivered thrust and required torque are evaluated by using 𝐶𝑇(𝛽) and 𝐶𝑄  (𝛽) coefficients in the four-

quadrant notation. A quasi-dynamic method is adopted to evaluate the propeller force in the time domain. All the 

quantities depend on the advance angle, 𝛽: 

𝛽 = tan−1
𝐽

0.7 𝜋
 ;  𝐽 =

𝑉𝐴

𝑛𝑝𝐷
 ; 𝑉𝐴 = 𝑉(1 − 𝑤) 

 

(7) 

𝑉𝑟 = √𝑉𝐴
2 + (0.7 𝜋 𝑛𝑝 𝐷)

2 

 

(8) 

𝑇𝑂 = 
1

2
ρ 
𝜋𝐷2

4
 𝑉𝑟

2 𝐶𝑇 ;  𝑄𝑂 = 
1

2
ρ 
𝜋𝐷3

4
 𝑉𝑟

2 𝐶𝑄  (9) 

where: 𝐽 is advance coefficient, 𝑉𝐴 is the advance speed, 𝑛𝑝 is the propeller speed, 𝐷 is the propeller diameter, 𝑉 

is the vessel speed, 𝑤 is the wave factor, 𝑉𝑟  is the relative speed, ρ is the water density, 𝑇𝑂 is the open water thrust, 

and 𝑄𝑂 is the open water torque. Hence, the forces and moment expressed in the ship fixed frame are defined as: 

{

𝑋𝑝 = 𝑇𝑂 cos 𝛿

 𝑌𝑝 = 𝑇𝑂 sen 𝛿

𝑁𝑝 = 𝑌𝑝𝑥𝑝 − 𝑋𝑝𝑦𝑝

 

(10) 
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where: 𝛿 is the geometric azimuthal angle, 𝑥𝑝 and 𝑦𝑝 represent the coordinates of the propeller with regard to the 

ship fixed frame. 

 

2.2.2. Bow thruster 

The bow-thruster has been modelled as a ducted propeller. It is possible to evaluate the delivered thrust (𝑇𝑂𝑏) 

and the required torque (𝑄𝑂𝑏) through 𝐾𝑇(𝐽) and 𝐾𝑄(𝐽) coefficients belonging to the tunnel thrusters of the 

Wageningen series, as described in the following: 

𝑇𝑂𝑏 =  ρ𝐾𝑇(𝐽) 𝑛𝑝
2𝐷4 ;  𝑄𝑂𝑏 =  ρ𝐾𝑄(𝐽) 𝑛𝑝

2𝐷5  (11) 

where 𝑉𝐴 is the advance velocity which is evaluated as follows:  

𝑉𝐴 = 𝑣 + 𝑟 𝑥𝐵𝑇  (12) 

where: 𝑣 is the velocity component along the y-axis, and 𝑥𝐵𝑇  is the distance between the bow-thruster tunnel and 

the origin of the ship-fixed reference frame. Hence: 

{

𝑋𝑏 = 0
 𝑌𝑏 = 𝑇𝑂𝑏
𝑁𝑏 = 𝑌𝑝𝑥𝑏𝑡

 

(13) 

2.2.3. Hull Forces 

The hull forces are evaluated by using Oltmann & Sharma approach. The proposed model provides a realistic 

representation of the hydrodynamic force performance for low-speed manoeuvres at high drift angle. Then, 

according to Oltmann & Sharma (1984), the total hydrodynamic force is composed by three main contributions: 

ideal fluid forces (𝐼), lift forces (𝐻𝐿), and cross-flow drag forces (𝐻𝐶), the formulation for 3-DOF is the following: 

{

𝑋ℎ = 𝑋𝐼 + 𝑋𝐻𝐿 − 𝑅𝑇
𝑌ℎ = 𝑌𝐼 + 𝑌𝐻𝐿 + 𝑌𝐻𝐶
𝑁ℎ = 𝑁𝐼 +𝑁𝐻𝐿 +𝑁𝐻𝐶

 

(14) 

where: 𝑋𝑖 refers to the force along 𝑏1, 𝑌𝑖 refers to the force along 𝑏2, and, 𝑁𝑖 refers to the moment around 𝑏3. 

The contribution of the hull resistance, 𝑅𝑇, in explicitly considered as a separate term. The ideal fluid forces 

(𝐼) are assessed through the following considerations: by using the potential theory (neglecting the effects of 

viscosity), the hydrodynamic forces, generated by a body that moves in an ideal, irrotational fluid that does not 

generate lift, can be expressed through a mass matrix and added inertia depending exclusively on the body shape. 

The wavefield formation phenomenon can be ignored (simplification acceptable for low Froude numbers 

considered). 

Lift forces (𝐻𝐿) can be assessed through the following considerations: a body in a fluid that moves at a given 

speed with a certain angle of attack generates lift forces equivalent to a wing profile. The hull can be seen as a low 

aspect ratio wing. A lift force, orthogonal to the flow, 𝐹𝐿, and an induced resistance parallel to it, 𝐹𝐷, are therefore 

generated. These forces are mainly dependent on the drift angle, 𝛽, which represents the angle of attack of the 

profile.  

Cross-Flow Drag (𝐻𝐶) forces represent the contribution of resistance due to the viscous forces generated by a 

moving body in a real fluid. Such term considers the hull divided into mutually non-influential sections and 

analyses each section of length 𝑑𝑥 placed at a distance 𝑥 from the origin of the axes. 

2.2.4. Environmental Forces 

The environmental forces have been evaluated under the hypothesis of the linear superposition principle:  

{

𝑋𝑒 = 𝑋𝑤 + 𝑋𝑐 + 𝑋𝑤𝑖𝑛𝑑
𝑌𝑒 = 𝑌𝑤 + 𝑌𝑐 + 𝑌𝑤𝑖𝑛𝑑
𝑁𝑒 = 𝑁𝑤 + 𝑁𝑐 + 𝑁𝑤𝑖𝑛𝑑

 

(15) 

where 𝑤, 𝑐, 𝑤𝑖𝑛𝑑 subscripts refer to wave, current, and wind, respectively. 

In the proposed simulations, only the wind action is taken into account, because, at the current state of research, 

it is not possible to validate the current and wave actions due to limitations in the experimental benchmark. The 

DNV-GL rules provide the formulation for all disturbance model actions. For the sake of shortness, hereinafter 

only the wind formulation is reported: 
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{
  
 

  
 𝑋𝑤𝑖𝑛𝑑 =

1

2
𝜌𝑎𝑖𝑟𝑉𝑤𝑖𝑛𝑑

2𝐴𝐹,𝑤𝑖𝑛𝑑(−0.7 cos  (𝛾𝑟𝑒𝑙))

𝑌𝑤𝑖𝑛𝑑 =
1

2
𝜌𝑎𝑖𝑟𝑉𝑤𝑖𝑛𝑑

2𝐴𝐿,𝑤𝑖𝑛𝑑(0.9 sin (𝛾𝑟𝑒𝑙))

𝑁𝑤𝑖𝑛𝑑 = 𝑌𝑤𝑖𝑛𝑑  (𝑥𝐿,𝑎𝑖𝑟 + 0.3 (1 − 2 
𝛾𝑟𝑒𝑙
𝑖

𝜋
)𝐿𝑝𝑝)        

 

 

𝛾𝑟𝑒𝑙
𝑖 = {

𝛾𝑟𝑒𝑙 ,                 0 ≤ 𝛾𝑟𝑒𝑙 ≤ 𝜋
2𝜋 − 𝛾𝑟𝑒𝑙 , 𝜋 ≤ 𝛾𝑟𝑒𝑙  ≤ 2𝜋

 

(16) 

where: 𝜌𝑎𝑖𝑟  is the air density, 𝑉𝑤𝑖𝑛𝑑 is the wind speed, 𝐴𝐹,𝑤𝑖𝑛𝑑  is the frontal projected wind area, 𝐴𝐿,𝑤𝑖𝑛𝑑  is the 

longitudinal projected wind area, 𝑥𝐿,𝑎𝑖𝑟  is the longitudinal position of the lateral projected area centre (in the body-

fixed frame), and 𝛾𝑟𝑒𝑙  is the relative wind direction.  

The proposed relations are suitable for both static and dynamic simulations. In particular, in the dynamic analysis, 

the relative wind direction is supplied by the instantaneous encounter angle. Besides, the wind speed is considered 

through the Davenport spectrum model tailored in order to generate allowable wind gust for the proposed model 

test. Namely, the maximum deviation from the average set value is 5%. The wind speed 𝑉𝑤𝑖𝑛𝑑 , implemented in 

the simulator is evaluated by means the following formulation:  

𝑉𝑤𝑖𝑛𝑑
2 = (𝑉𝑚,𝑤𝑖𝑛𝑑 + 𝑣𝑔,𝑤𝑖𝑛𝑑)

2 ≅ 𝑉𝑚,𝑤𝑖𝑛𝑑
2 + 2𝑉𝑚,𝑤𝑖𝑛𝑑𝑣𝑔,𝑤𝑖𝑛𝑑 (17) 

where: 𝑉𝑚,𝑤𝑖𝑛𝑑  is the average wind speed, and 𝑣𝑔,𝑤𝑖𝑛𝑑  is the wind gust speed. 

3. Dynamic positioning system  

3.1. Controller structure 

The controller structure is based on the one proposed by Alessandri et al. (2019) which provides an integrated 

structure for motion control. In this application, the motion controller orchestra realises on an optimised force 

allocation logic, and the input belongs switching between open and closed loop controllers. In particular, forces 

and moment requirements can be alternatively the output of the joystick or the motion controller, as sketched in 

Figure 3. The joystick output is independent requirements of force and moment, as well as controller output, are 

forces and moment necessary to compensate for the action of environmental disturbances by means of position 

and speed errors. For the sake of compactness, quantities are presented in matrix form.  In particular, the array 

𝜏𝑖 = [𝑋𝑖 , 𝑌𝑖 , 𝑁𝑖] ∈ ℜ
𝑛 contains forces components along 𝑏1, 𝑏2 and the moment around 𝑏3, respectively. The 

subscripts R and D indicate the requested and delivered quantities. In the following all the forces, moment, and 

thrusts are referred to superscript ∗ that represents that quantities are divided by the maximum allowable thrust of 

the azimuthal propeller. Then, by using the general structure the requested forces and moment 𝜏𝑅
∗  are defined 

hereinafter, the first set is referred to the joystick mode, while in the second one is related to the DP. 

𝜏𝑅
∗ = {

𝑋𝑗𝑜𝑦𝑠𝑡𝑖𝑐𝑘
∗

𝑌𝑗𝑜𝑦𝑠𝑡𝑖𝑐𝑘
∗

𝑁𝑗𝑜𝑦𝑠𝑡𝑖𝑐𝑘
∗

     or    𝜏𝑅
∗ = {

𝐾𝑃𝑥𝑒𝑥
∗ + 𝐾𝐷𝑥𝑒�̇�

∗ + 𝐾𝐼𝑥 ∫ 𝑒𝑥
∗ − 𝐾𝐴𝑊𝑥(𝑋𝑅

∗ − 𝑋𝐷
∗ )𝑑𝜁

𝐾𝑃𝑦𝑒𝑦
∗ + 𝐾𝐷𝑦𝑒�̇�

∗ + 𝐾𝐼𝑦 ∫ 𝑒𝑦
∗ − 𝐾𝐴𝑊𝑦(𝑌𝑅

∗ − 𝑌𝐷
∗)𝑑𝜁

𝐾𝑃𝜓𝑒𝜓
∗ + 𝐾𝐷𝜓𝑒�̇�

∗ + 𝐾𝐼𝜓 ∫ 𝑒𝜓
∗ − 𝐾𝐴𝑊𝜓

(𝑁𝑅
∗ − 𝑁𝐷

∗)𝑑𝜁

 (18) 

where: 𝑋𝑗𝑜𝑦𝑠𝑡𝑖𝑐𝑘
∗ , 𝑌𝑗𝑜𝑦𝑠𝑡𝑖𝑐𝑘

∗ , 𝑁𝑗𝑜𝑦𝑠𝑡𝑖𝑐𝑘
∗  are the non-dimensional forces corresponding to joystick lever positions, 

[𝐾𝑃𝑥 , 𝐾𝑃𝑦 , 𝐾𝑃𝜓] [𝐾𝐷𝑥 , 𝐾𝐷𝑦 , 𝐾𝐷𝜓], [𝐾𝐼𝑥 , 𝐾𝐼𝑦, 𝐾𝐼𝜓], and [𝐾𝐴𝑊𝑥 , 𝐾𝐴𝑊𝑦 , 𝐾𝐴𝑊𝜓
] are proportional, derivative, integral, anti-

windup controller coefficients, respectively. Indeed, in order to accurately assess the DP controller, an anti-windup 

component is added in order to limit windup integral divergences (Alessandri et al. 2014). In Figure 3, a simulation 

platform block model is sketched with attention to the switching mode. Indeed, as previously illustrated, the 

joystick and DP controller output are required forces and moment that are necessary to follow a user-defined 

direction or to keep the required position. Then, a unique force allocation logic can accomplish with both the 

requirements. 
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Figure 3: Controller structure. 

 

3.2. The Thrust Allocation Logic 

In this section, the allocation logic implemented in order to assess both joystick manoeuvre and dynamic 

positioning capabilities is illustrated. The logic is based on a constrained optimisation problem that makes the use 

of the Lagrange multiplier method able to minimise an objective function under opportune constraints. In 

particular, the domain of the function is  𝑥 = [𝑇𝑝𝑡
∗ , 𝑇𝑠𝑏

∗ , 𝑇𝑏𝑜𝑤
∗ , 𝑋𝑝𝑡

∗ , 𝑌𝑝𝑡
∗ , 𝑋𝑠𝑏

∗ , 𝑌𝑠𝑏
∗ ] ∈ ℝ7 where 𝑇𝑝𝑡

∗ = 𝑋𝑝𝑡
∗ 𝑏1 + 𝑌𝑝𝑡

∗ 𝑏2 is 

the vector of portside thrust, 𝑇𝑠𝑏
∗ = 𝑋𝑠𝑏

∗ 𝑏1 + 𝑌𝑠𝑏
∗ 𝑏2 is the vector of starboard thrust and 𝑇𝑏𝑜𝑤

∗ = 𝑌𝑏𝑜𝑤
∗ 𝑏2 is the vector 

of the bow-thruster thrust. The problem is formulated as it follows: 

min
𝑥
𝑓(𝑥)     with       ℎ𝑖(𝑥) = 0     and      𝑔𝑗(𝑥) > 0 (19) 

where 𝑓(𝑥) is the objective function 𝑓(𝑥): ℝ𝑛 ⟶ℝ 

𝑓(𝑥) = (
𝑇𝑝𝑡
∗

𝑇𝑚𝑎𝑥
𝑡𝑜𝑡

)

2

+ (
𝑇𝑠𝑏
∗

𝑇𝑚𝑎𝑥
𝑡𝑜𝑡

)

2

+ (
𝑇𝑏𝑜𝑤
∗

𝑇𝑚𝑎𝑥
𝑡𝑜𝑡

)

2

 (20) 

The constraints ℎ𝑖(𝑥): ℝ
𝑛 ⟶ℝ𝑚 are the following 

{
  
 

  
 
ℎ1(𝑥) = 𝑋𝑅

∗ − 𝑋𝑝𝑡
∗ − 𝑋𝑠𝑏

∗                                                                                 

ℎ2(𝑥) = 𝑌𝑅
∗ − 𝑌𝑝𝑡

∗ − 𝑌𝑠𝑏
∗ − 𝑇𝑏𝑜𝑤

∗                                                                    

ℎ3(𝑥) = 𝑁𝑅
∗ − 𝑥𝑏𝑜𝑤   𝑇𝑏𝑜𝑤

∗ − 𝑥𝑝𝑡  𝑌𝑝𝑡
∗ + + 𝑦𝑝𝑡  𝑋𝑝𝑡

∗ − 𝑥𝑠𝑏  𝑌𝑠𝑏
∗ + 𝑦𝑠𝑏  𝑋𝑠𝑏

∗

ℎ4(𝑥) = 𝑇𝑝𝑡
∗2 − 𝑋𝑝𝑡

∗2 − 𝑌𝑝𝑡
∗2

ℎ5(𝑥) = 𝑇𝑠𝑏
∗2 − 𝑋𝑠𝑏

∗2 − 𝑌𝑠𝑏
∗2
                                                                               

                  

 (21) 

 

where: [𝑋𝑅
∗ , 𝑌𝑅

∗, 𝑁𝑅
∗] are the required forces and moment. Such components are the output of the controller when 

the automatic motion control is active, and the loop is closed and the joystick output in open loop mode when the 

lever is active. The following constraints are added in order to guarantee that the relationship between the vector 

components and their moduli. 

𝑔1(𝑥) = 𝑇𝑝𝑡
∗        , 𝑔2(𝑥) = 𝑇𝑠𝑏

∗  (22) 

4. Simulation Results 

4.1. Joystick mode results 

As described in Section 3, two modes are user-selectable: the joystick mode (open-loop) and DP (closed-loop). 

The performances of the joystick mode are evaluated by simulation, and the results are described in the following. 

In this manoeuvre, the user commands the ship to act first a pure crabbing motion starting from zero speed, then a 

pure forward motion, and eventually a pure rotation on the spot. 

Figure 4 shows the time history of the joypad signal input; a three-axis controller is sufficient to control high 

drift angle manoeuvres. In this first installation, three independent controllers were used, one for each axis as for 

the DP. In the reported manoeuvre, the operator requires a pure crabbing (blue line) to portside for the first 15 s. 

After that, the user, before moving to pure surge (red dashed line) slows the drift speed down in order to bring the 

initial conditions as close to the original as possible. Then, pure yaw on the spot has been selected as drawn by the 

cyan dashed line.   
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In Figure 5, the required (blue lines) and the delivered (red dotted lines) forces and moment related to the 

actuators are shown. As can be seen, all the requirements are met by the vessel. Such a result efforts the chosen 

allocation logic with respect to the required forces setpoint. The forces are presented in dimensionless form, with 

respect to the maximum thrust of one propeller. Similarly, the moment has been presented in dimensionless form 

dividing by the maximum delivered moment of one propulsor. 

 
Figure 4: Joypad Output Signal 

 
Figure 5: Actuated and Requested Forces and Mom. 

In Figure 6, the comparison between required (blue line) and actuated (red dotted line) azimuth angles are 

shown.  

In Figure 7, the dimensionless path is reported (light blue line); initial and final conditions are shown with 

dashed green and continuous red waterlines, respectively; and waterline time history with a blue line. It can be 

seen that the commands are well performed with the minimum amount of delivered thrust.  During the last part of 

the manoeuvre, the pure yaw the boat has almost rotate anticlockwise for 180°. 

 
Figure 6: Actuated and Requested Azimuth Position 

 
Figure 7: Dimensionless Path 

 

4.2. Dynamic positioning - Dynamic and static DP capability plot 

In this section, station-keeping dynamic results are presented. The main idea is to compare DPCPs obtained by 

static approaches and those obtained by simulations. The main expected differences concern two main factors: (𝑖) 
the influence of transients, which do not have a great impact on the assessment of DP performance, but which can 

affect performance during changes in environmental conditions in operations; (𝑖𝑖) disturbance fluctuations, such 

as the effect of wind gusts, which can increase the average value by several percentage points. Indeed, DP 

performances are usually estimated through the DP capability polar plots with particular attention to the reliability 

of environmental disturbances. Moreover, the interaction between the external disturbances and the vessel involves 

dynamics that are not taken into account with the static approach. For such a reason, the developed simulation 

platform is used to obtain the DP capability plot by dynamic assessment results. In particular, 180 simulations 

have been conducted with different wind speed (from 6 to 15 𝑘𝑛 with 1 𝑘𝑛 step) and several incoming directions 
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(from 0° to 180° with a step of 10°). The duration of each simulation was set to 600 s, and maximum allowable 

errors are 0.7 𝐿𝑂𝐴  from the desired position and ± 15° from the desired bow angle. 

 
Figure 8: Comparison between static and "dynamic" DP capability plot 

 

Figure 8 shows the difference between a standard DP capability polar plot (blue line)  and the one obtained 

with the dynamic analysis (orange line). The more significant differences are experienced for wind coming from 

the bow quartering wind and stern direction. Such results enhance what was expected. In particular, there are no 

significant differences in the station keeping capability of the vehicle. On the other hand, the influence of the 

disturbances dynamics together with the differences in the actuator time responses impose considerations to be 

made on the extreme values obtained with the static approach. Indeed, in the static analysis, the equilibrium was 

evaluated with a fixed encounter angle, fixed wind speed, and without taking into account for the actuators rate 

limiters. For these reasons, tolerance constraints have been considered in the simulations. In order to emphasise 

the additional information obtained by using a simulation-based design approach, the time histories, of some 

significant quantities evaluated during a simulation with wind mean speed of 8 𝑘𝑛 and incoming direction of 160° 

are shown in dimensionless form over their maximum values. 

 

Figure 9: Required Voltage 160° 8kn 

 
Figure 10: Actuated and Required Forces and 

Moment 160° 8kn 

In Figure 9, the required engine voltages time histories are presented. In Figure 10, forces and moment required 

by the controller in order to compensate disturbance action (evaluated by means of positional errors) are compared 

with the delivered ones.  
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Figure 11: Actuated and Required Azimuth Position 

160° 8kn 

 
Figure 12: % Wind Speed 160° 8kn 

Figure 11 reports the time history of the required and delivered azimuth angles. In Figure 12, the time history 

of percentage variation of wind speed (black line) is reported, the mean wind speed, equal to 8 𝑘𝑛, is the red line. 

 
Figure 13: Dimensionless Path 160° 8kn 

 
Figure 14: Displacements 160° 8kn 

 

In Figure 13, the path of the vessel is reported with a cyan line. As can be seen, midship never overtakes the 

black dashed circle line, which represents the maximum allowable error. Eventually, in Figure 14, the 

displacements for 𝑥 and 𝑦-axes (over the ship length) and rotation on 𝑧-axis are reported. 

5. Conclusions & recommendations 

The presented paper aims to show a new approach to evaluate the dynamic positioning capability of a vessel. 

Moreover, the importance to conduct a DP dynamic analysis is highlighted whenever the system performance in 

a realistic environment needs to be evaluated. The authors consider that the static approach is still valid for the 

design of the main characteristics of the propulsion system and for a first analysis of its performance. On the other 

hand, it is not possible to understand, from the static results, if the vehicle will be able to overcome the transient 

safely nor if the vehicle can withstand, even small, oscillations around the equilibrium reached configuration. The 

presented DP system has been developed with an optimised thrust allocation that can be used in both open-loop 

joystick mode and in closed-loop dynamic positioning mode; both modes were successfully tested. Besides, the 

paper encourages the designers to analyse the DP system with a dynamic approach; in fact, sometimes significant 

differences are experienced compared to the static approach results. By using a dynamic approach it is possible to 

evaluate the transients of manoeuvring and also analyse how the DP control logic responds in the function of the 

different magnitude of disturbances. This information is not available with other design methods. The future 

development will regard the implementation of the thrust allocation on the hardware testing model, and the analysis 

of the experimental manoeuvring behaviour concerning the numerical results. 
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