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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.
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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 Sgrensen 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.
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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,
Sgrensen (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 11" Newton's law. The ship's quasi-velocity components (u, v, ) in the ship fixed frame (b,, b,, b3) and
the ship's displacements in the earth inertial frame (x, y, 1), can be assessed by using the following equation:
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where:h, p, e, b, ¢ 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; I,, is the ship inertia concerning bs. x 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 2

R 1 1
== —Zl(t) - zKe"e(t) +ZVaPP(t)

where: i(t) is the current intensity, R is the resistance, L is the inductance, the K, is an electric constant related to
the electrical wiring system, n,(t) is the motor speed and, V,,,,, is the applied voltage. The DC delivered torque,
Qpc(t), is proportional to an electric motor constant and the current induced by the applied voltage.
Qpc() = K. 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:

- 4
I ite = Q) = Qoe(®) = Qpric(®) = Q(®) @
where: I is the sum of all inertia elements, n, is the motor angular acceleration, Qp(t) is delivered torque,
Qfric(t) is the friction torque; and Qp(t) is the required propeller torque. In particular, the friction torque, Q- (t)
is obtained by the following relation:
eric(t) = QDC(t) 1 —nrr(ne)) (5)
where: 1y is the transmission efficiency, depending on the engine speed, n.; nrz € [0.65, 0.98] with lower and
upper bounds corresponding to idle condition and maximum engine speed, respectively; n,x trend is logarithmic
as described in Martelli et al. (2019) The required propeller torque, Qp(t), is described by the following relation:

G ©)

R
where: Q,, is the required open water torque and 7y, 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 Cr () and C, () 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, S:

a1 g _Ya ., _ _ )
B = tan 0_7n,]—npD,VA—V(1 w)

8

v = \/VAZ + (0.7 mn, D)? ®

1 mD? 1 mD3 9)

Ty = EPTVrZCTJ Qo = EpTVrZCQ
where: J is advance coefficient, V, is the advance speed, n,, is the propeller speed, D is the propeller diameter, V
is the vessel speed, w is the wave factor, V. is the relative speed, p is the water density, T, is the open water thrust,
and Q,, is the open water torque. Hence, the forces and moment expressed in the ship fixed frame are defined as:
Xy, =Tpcosé (10)
Y, =Tpsend
Np =Ypxp = Xpp
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where: & is the geometric azimuthal angle, x,, and y, 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 (Ty;)
and the required torque (Qop) through Kr(J) and K,(J) coefficients belonging to the tunnel thrusters of the
Wageningen series, as described in the following:

Top = pKr(J) np2D4: Qo» = PKo()) npzDs (11)
where V, is the advance velocity which is evaluated as follows:
Vi=v+r1xpr (12)

where: v is the velocity component along the y-axis, and xg is the distance between the bow-thruster tunnel and
the origin of the ship-fixed reference frame. Hence:

Yy = Top
Nb = prbt

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

X, = X; + Xy, — Ry (14)
Yo=Y + Yy + Yy
N, = N; + Ny, + Ny¢
where: X; refers to the force along b, Y; refers to the force along b,, and, N; refers to the moment around b;.

The contribution of the hull resistance, Ry, 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, F;, and an induced resistance parallel to it, Fj,, are therefore
generated. These forces are mainly dependent on the drift angle, 8, 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:
X, =X, + Xc + Xupina (15)
Yo=Y, + Y.+ Vyina
N = Ny, + N¢ + Nying
where w, ¢, 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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1
( Xwind = EpairvwindzAF,wind (_0'7 Cos (yrel))

1
{ Ywina = E PairVwinda 2AL,wind (0.9sin (Vrel))

i Vier (16)
kNwind = Ywind XL,air +03(1-2 % Lpp
| { Yrels 0< Vrel =r
Vrei 2m — Yrets T Yre < 2m

where: p,;,- is the air density, V,,;,4 is the wind speed, Ar,,inq is the frontal projected wind area, A, ,,inq is the
longitudinal projected wind area, x;, 4, is the longitudinal position of the lateral projected area centre (in the body-
fixed frame), and y,..; 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 V,,;,,4, implemented in
the simulator is evaluated by means the following formulation:

2 _ 2 ~ 2
Vwind - (Vm,wind + vg,wind) = Vm,wind + 2Vm,windvg,wind (17)

where: Vp, wing i the average wind speed, and vy ,inq 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
7; = [X;,Y;, N;] € R™ contains forces components along b,, b, and the moment around b5, 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 tj are defined
hereinafter, the first set is referred to the joystick mode, while in the second one is related to the DP.

Xioystick Kp ez + Kpe; + K;_ [ ez — Kay, (Xz — Xp)d
5 =4 Yioystiok of th =1 Kpey+Kpe;+K, Jey— Kaw,(Yg = Yp)d{ (18)
Nipystick pref}, + Knd,e;, + K11,, S ey — KAWV, (Ng — Np)d¢

*

where: Xi,yseicir Yioystick» Njoystick aré the non-dimensional forces corresponding to joystick lever positions,
[Kp,, pr, pr] [KDX'KDy'KD¢]! (Kr,.» K,y, K’w]’ and [Kaw,, KAWy,KAWd)] 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 = [Ty, Ty, Tiows Xpe Yoe Xip, Yo | € R” Where Ty, = X;by + Vb, is
the vector of portside thrust, Ty, = X3,b, + Y3, b, is the vector of starboard thrust and Ty, = Yu,., b is the vector
of the bow-thruster thrust. The problem is formulated as it follows:

mxinf(g) with hi(g) =0 and gj(g) >0 (19)

where f(x) is the objective function f(x): R® — R
2 2

pt sb bow
= + + 20
0= () + () + ) o
The constraints h;(x): R® — R™ are the following
(h1(£) =Xz — Xpe — Xsp
1
h, (E) =Yr = Ypr =Yoo = Thow

hS(E) = NI; — Xbow Tgow - xpt Y;;t ++ th X;t — Xsb Ys*b + Ysb Xs*b (21)

2 2 2
h4—(£) = Tpt — Apt T Ipt
2

hs(x) = Tey — X35 — Yoy

where: [Xg, Yz, Ng] 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.

91(5) = T;;t , gz(&) =T (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.
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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°.
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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 L, from the desired position and + 15° from the desired bow angle.
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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.
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Figure 10: Actuated and Required Forces and
Figure 9: Required Voltage 160° 8kn 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 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.
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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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