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‘Models and simulations have always been an essential part of the human experi-
ence. From we get up in the morning, we build up our mental model of the world around
us. Then we run a few simulations, in our mind, on how we are going to deal with the
problems and people are will meet during the day. We try different approaches, evalu-
ate the likely outcomes, and start the day with a plan. It will not protect us from failures
and surprises, but it will have prepared us to deal more effectively with whatever tasks
await us.’

H. Bossel






1 Introduction

This work is the result of three years of research carried out between January 2010
and December 2012 as part of The XXV cycle Ph.D course in Naval Architecture and
Marine Engineering. This course is provided by the “Ph.D. School in Science and Tech-
nologies for Engineering” of the Universita Degli Studi Di Genova (UNIGE).

This work belongs to the Italian academic sector ING-IND/02 (Marine Construction
& Marine Systems).

Funding has been provided by a scholarship from the Regione Liguria.

The challenge of this work is to develop a multi-physics simulation platform able
to represent the dynamic behaviour of a ship in the time domain. With respect to pre-
vious work available in literature, where the systems are often modeled one at a time,
the aim is to merge into a unique platform three ship macro-systems that contribute
to the global ship dynamics: the ship manoeuvrability, the ship propulsion plant, and
the control system. In this way, it is possible to catch the mutual interaction between
all the involved elements treating the ship as a whole.

Design and optimization of the propulsion plant is a crucial task of the ship de-
sign due to the fact that the global behaviour of a ship is greatly influenced by the
dynamic performance of the propulsion system. Different operational speeds, accel-
eration, deceleration, crash stop, and heavy turning are some examples of transient
situations that a propulsion system has to sustain without reducing ship safety and re-
liability. These aspects become crucial issues if the ship is a naval vessel. The dynamic
behaviour of the propulsion system is mainly affected by the control system perfor-
mance, i.e., the capacity of the control system to properly use the power necessary to
perform the required task within the boundary conditions imposed by machinery or
environmental constraints.

The main focus of this work is to develop and use the platform for the designs
of the propulsion plant and the propulsion control system for a naval vessel in the
early design stage. Using this platform, it is possible to develop the control system; to
try new control logics; to choose the main engines; to test the control system under
different operational conditions before the ship is built. In this way, the global design
time could be reduced and the final product could be better compared to the standard
design technique. It also can reduce the time and cost of the sea trial for final tuning.

To reach this goal, the propulsion control logics have been first developed in a vir-
tual environment and then in a real PLC to increase result reliability. The PLCs, linked
to the ship virtual model, has been thoroughly tested and optimized. This involves a
set of technical problems. The crucial task is to develop a ship simulator able to run
in real time, so particular attention has been dedicated to the choice and the develop-
ment of system physical models and their computation time.

The ship motion model taking into account all six degrees of freedom has been
developed, and the model for rudders and propellers has been developed considering

[ IE2T=l © 2014 Michele Martelli
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2 =— |Introduction

the motion three-dimensionally. The propulsion plant model includes both the main
engines and the transmission line dynamics. The propulsion control system, as it is
the lead objective of this work, is a subpart of the control system that has also been
modeled.

Finally, an experimental campaign has been performed to validate the simulation
platform.



2 Ship Dynamics

2.1 Simulation Approach

Hundreds of years ago, buildings, boats, and machineries were first tested as proto-
types before being constructed on a large scale. In naval field, the pioneer William
Froude established, in 1861, a methodology by which the results of small-scale towing
tank tests could be used to predict the behaviour of full-sized hulls.

With the emergence of electronics came the possibility to represent complex dy-
namic systems by equivalent systems of electronic components using analogies be-
tween electronic circuits (capacitors, resistors, and inductors) and mathematical op-
erations (integration, multiplication, and derivation). With advances in computer sci-
ence, the behaviour of complex systems can now be simulated on a computer without
even constructing and testing the real system. The computer can quickly and precisely
process any mathematical or logical formulation; these new developments have led to
unimaginable possibilities in all engineering domains and scientific fields.

The system dynamic behaviour can be studied by two different approaches [17].

The first approach is to describe the system behaviour from observations of one
or several identical systems, observing how they change (output) under different con-
ditions (input). Then, the description is used to create mathematical relationships to
relate input to output. This method imitates the behaviour of the real system using
these relationships, which usually have nothing to do with real processes in the sys-
tem. The system is not described in all of its details and functionality; it is treated as
a black box.

The second approach, which is employed in this thesis, tries to physically explain
the behaviour of the real system by mathematical modelling. In this case, some ques-
tions must be answered. Which and how many elements are present? How are they
linked? How do they influence each other? Furthermore, a huge quantity of data and
information about the elements must be available, and often this is not the case.

Using this information, the dynamic system behaviour can be simulated even for
conditions not observed in the past. The system is treated as a glass box, where all of
its elements and processes are schematized, and where the mutual interactions of the
elements are taken into account in a holistic vision of the problem. Past and future
system observations come into play at a later stage known as validation. Validation is
the key by which it is determined if the system has been correctly schematized.

Simulation techniques join system modelling and computer science in order to
obtain, in a virtual environment, the system behaviour over time.

The simulation models are usually composed of a set of data, Boolean logic, ta-
bles, and algebraic and differential equations, all linked to each other.

[ IE2T=l © 2014 Michele Martelli
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2.2 Literature Review

Different works (articles, Ph.D theses, books) present in the literature have been anal-
ysed. In fact, most of the relevant works have been produced by scientists at three uni-
versities: the research branch in marine modelling and simulation at Norwegian Uni-
versity of Science and Technology (NTNU), Delft University of Technology (TU Delft),
and Genova University (UNIGE).

In particular, Fossen from NTNU wrote three comprehensive books [23-25] about
the equations of motion and propulsion control systems for ocean vehicles. In these
books, the mathematical basis and the main steps to study ship motion are well ex-
plained. Fossen also dedicated some detailed sections for control systems of ship mo-
tion. Two Ph.D theses developed in NTUN have been considered [33, 40] that deal with
the modelling of propeller hydrodynamic forces and the local control system. In par-
ticular, the latter is focused on the propeller thrust estimation in four-quadrants op-
erations.

In the literature are also several works about ship manoeuvrability. In particular,
Ankudinov [11] proposed a modular mathematical approach for real time manoeu-
vring simulation; Kijima [30], studied roll motion; Brix [18] wrote regarding manoeu-
vring technical problems.

With regard to the rudder tests data, an active research group is located in
Southampton; several works have been produced [31, 32] in which the rudder be-
haviour downstream of the propeller has been studied, proposing different mathe-
matical formulas to evaluate interferences between the hull and the propeller.

The most studied topics include ship propulsion, the main engines, and auxiliary
systems. However, most of the works currently in the literature deal only with partic-
ular propulsive components or with a particular ship system without taking into ac-
count the behaviour of the whole ship. Propeller pitch change mechanisms have been
thoroughly studied in several works [12, 29, 44] from the point of view of mechanics,
hydraulic system, and acting loads.

Gas Turbine dynamics analysis can be found in some works [14, 35, 37], and of
particular note, the works of Rana and Rubis also deal with the turbine control system.

Few studies on the ship simulation, including propulsion plant, manoeuvring
model, and control system, are reported in literature [16, 38].

In the present thesis, the propulsion simulation of a particular CODLAG system
will be addressed and for which no information is present in literature as only three
of these systems have been installed (on the Finnjet ferry, on the German Navy F125
frigate, and on Italian-French Navy Frigate FREMM). The modelling and simulation of
such systems have been popular topics at Genoa University for the past fifteen years.
Different propulsion plant simulation models (ferries, merchant ships, pleasure boats,
and navy vessels) have been developed and published [5, 7, 13, 15]. In particular, the
Cavour project [2, 3, 6] has been the best example of the effectiveness of simulation
techniques.
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2.3 Ship Dynamics

The simulation model will be a software platform that allows the study of the ves-
sel behaviour during transient conditions (acceleration, deceleration, etc) and dur-
ing steady state conditions (constant speed navigation) as well as the analysis of the
mutual interaction between all the elements involved. To reach this goal, three com-
pletely different ship macro systems were joined together to adequately describe the
global ship behaviour: the ship manoeuvrability, the propulsion plant, and the control
system.

Each macro system is composed of different elements; each of these elements
have been schematized and modeled using the differential equations that govern their
physical behaviour and represent their functions.

Controller

-
Ship manoeuvring dynamic

Xr,Y1,Zr, Kr Mr Nr

(. GEAR I

ENGINE
- e e e e R TE IR e

Shaft line dynamics

PROP

— - - —

Figure 2.1: Ship Simulation Platform

The subdivision adopted in Table 2.1 is not completely accurate, because it is im-
possible to define the element membership to a specific macro area, and some systems
are borderline. For example, the propeller can be seen associated with the manoeu-
vrability as it provides the thrust required to achieve a given ship speed, but it can also
be included in the plant propulsive system because it determines the engine load.

The different sub models have been studied and developed with different degrees
of detail. The simplest way to schematize a system is by using a table of parameters
and algebraic equations that identify the system behaviour in steady state conditions.
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Table 2.1: Simulator scheme

MACRO - SYSTEMS | SUB - SYSTEMS
Manoeuvrability Hull

Rudder

Appendages

Propeller

Propulsion Plant Main Engine

Gearbox

Shaft line

Control System Propulsion Control System

Usually most of the needed data comes from system manufacture trials. The complex
and more realistic approach, used for the most of the elements, is to model the system
with its physical equations, both algebraic and differential. With this approach, a large
set of parameters must be taken into account, and this itself can be a difficult obstacle.

An intermediate approach could be obtained by merging tabular models and al-
gebraic/differential equations to produce a quasi-static model.

Obviously, it is important to take into account the computational cost that in-
creases (more than linearly) with the model complexity (Fig. 2.2).

STEADY STATE
DEVELOPMENT QUASI- STATIC COMPUTATIONAL
SIMPLICITY COST
FULLY DYNAMIC

Figure 2.2: Simplicity vs. computational cost

2.3.1 Rigid Body Dynamics

The first macro system mentioned was the manoeuvrability, as the aim is to study the
vessel’s motion as a rigid body with six degrees of freedom (surge, sway, heave, roll,
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pitch, and yaw). In order to study the vessel dynamics, some simplifications need to
be introduced: the ship is considered to be a rigid body; a constant displacement is
assumed, so it is possible to apply the Newton-Euler formulation as follows:

(Mgp + My)V = Crp(V)v+Drv + Dy (V)v+ G(n)n + Tp + TR

Where:

Mpgp and M, are the inertia and added mass matrices, respectively

Crp and G the Coriolis and restoring mass matrices, respectively

Dy and Dy are the linear damping and non linear damping matrices, respectively

Tp and Ty, are the propeller and rudder forces and moments vectors, respectively

v is the acceleration vector

v is the velocity vector

n is the position vector

All the elements that appear in the motion equation are explained in detail in
Chapter 4.

The crucial task has been to evaluate the right side of the equation. In particu-
lar, the hydrodynamic forces are the most difficult to evaluate with a standardized
methodology valid for each vessel type.

The rigid body differential equation has been developed in matrix form and gives
information about the ship acceleration, velocities (both linear and rotational), and
ship position in terms of trajectory and attitude angle.

Figure 2.3: Six degrees of freedom
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2.3.2 Propulsion plant dynamics

The propulsion plant is the second macro system studied, and its contribution to the
global ship behaviour is considerable.

It produces the required thrust, with the highest efficiency possible, to overtake
hydrodynamic drag. The propulsion plant has been decomposed into the following
main elements: main engines and their governors, the gearbox, the thrust and other
bearings, the shaft line, and the two controllable pitch propellers.

Alarge number of variables are required to represent the propulsion plant dynam-
ics, including ship speed, rpm, propeller pitch angle, and fuel supply. In a modern
propulsion plant, all these variables are managed by the propulsion control system.

It is hypothesized that the propulsion plant dynamics are mainly affected by the
engines dynamic and the transmission lines dynamic; thus, both have been taken into
account.

The main engines (i.e. gas turbine, electric motor, and diesel engine) dynamics
can be charged to their thermodynamic characteristic and to the electronic control
effects.

The main engine modelling and the main assumptions employed are reported in
Chapter 3.

The transmission line studied in this work has two degree of freedom: the shaft
line revolution regime and the propeller pitch angle. With respect to traditional trans-
mission lines, this gives a greater operational flexibility.

The dynamics of the propeller pitch is governed by the load acting on the propeller
blade and by the dynamics of the pitch actuating mechanism. For the last mecha-
nism, a detailed mathematical model has been developed to include both the blade
hydraulic piston motion equation and the dynamic pressure change inside the pis-
ton actuating chamber. To evaluate the loads acting on the propeller blade, a rigorous
formulation has been developed.

The two motion equations are reported herein.

D0 = 1 (Qnyal0)+ Q5(0 + Q-(0)

Where:

¢ is the blade angular acceleration

Q_o is the torque due to the interaction forces between propeller blade and blade
bearing

Qnyq is the hydraulic torque

Qs is the total spindle torque acting on the blade

I, is the moment of inertia of the blade about the spindle axis f 3

z
MmXpist(t) = A1p1(£) = A2pa(t) = BpXpise(£) + Z @;(t)

i=1
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Where:

mp is the total mechanism mass

Xpis¢ is the piston acceleration

A and A, are the yoke areas of the astern chamber and of the ahead chamber,
respectively

p1 and p, are the pressures inside the two chambers

B, is the damping coefficient

XZ: @; are the interaction forces between each blade and the bearing

lZ 1is the blade number

To evaluate the inside pressure, the mechanism is proposed in the following for-
mula: B

Poit (£) = (qi(t) = CipPou(t) — Axpis(t)) 0

Where:

Doir is the pressure

q; is the volumetric flow in

Cip represents the leakage coefficient

Agg is the piston area

Bgg is the oil Bulk modulus

V(¢) is the chamber volume

A detailed explanation of the propeller load and the propeller pitch actuating
mechanism behaviour is reported in Chapter 6.

The second degree of freedom of the system is the shaft line rotational regime.

The shaft line has been modelled using the Lagrangian equation, which provides
the rotational propeller speed w.

Isa)s (t) = Qeng (t) - eric (t) - QP(t)

Where:

I is the transmission line polar inertia

ws is the shaft line acceleration

Qeng is the engine torque

Qp is the required propeller torque

Qfric is torque due to friction

The shaft lines equation is a scalar equation, and, once solved, gives information
about the acceleration and revolution regimes of the shaft lines. It is also possible to
know the instantaneous position of the propeller blade. For a comprehensive descrip-
tion of the shaft line model and behaviour, see Paragraph 3.2.

In the case of a twin-propelled ship, the two shaft lines are considered indepen-
dently; thus, two equations should be implemented, one for each shaft line.

This becomes necessary because, during ship manoeuvring, an asymmetrical pro-
peller behaviour is experienced. In this implementation, the system is being repre-
sented in a more realistic way.
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Figure 2.4: Shaft line overview

2.3.3 Control system

All modern ships have installed electronic controllers in order to assist the crew in
handling the ship safely and efficiently.

A modern control system is a fully integrated system (ship supervisor) covering
many aspects of the ship operation that include the propulsion plant operation, power
management operation on the auxiliary engines, auxiliary machinery operation,
cargo on-and-off-loading operation, navigation, and administration of maintenance
and purchasing of spare parts.

Within the large group that composes the ship supervisor, in this thesis, only the
propulsion control system has been studied and designed.

The aim of the propulsion control system is to ‘translate’ the operator will into a
suitable machinery signal (setpoint) respecting all constraints (torque max, rpm max,
fuel consumption and so on) for all navigation modes.

Most of the parameters are controlled by a P.I.D. algorithm; the command signal
(output) is obtained by comparing operator requests with the data from the various
models, giving the propulsion plant a well-defined dynamic.

An example of P.I.D. algorithm is shown below:

t

u(t)=er(t)+K1/e(t)dt+KD%e(t)
0

Where:
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u (t) is the setpoint

e (t) is the error between the reference and the actual value
Kp is proportional gain

K; is integral gain

Kp is derivative gain

Figure 2.5: Example of propulsion controllers

A combination of P.I.D. algorithms are used, for instance, to generate the setpoint
for the two propulsion degrees of freedom (shaft line revolution regime and propeller
pitch angle).

The control system dynamics is not only supported by the P.I.D. algorithm; it is
also influenced by a set of logics, thresholds, Boolean state, and truth table. For ex-
ample, two innovative logics for emergency manouevring have been developed: Slam
Start and Crash Stop.

The combination of all these elements produces the propulsion control system
dynamics.

For the complete description of the ship propulsion control system, see Chapter 4.
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2.4 System of Systems

The peculiarity of this work, as previously announced, is a system engineering ap-
proach to bring together all disciplines involved to represent a unified view of the sys-
tem. This creates the need to implement many differential equations. From a mathe-
matical point of view, the problem can be summarised by solving the following second
order differential equations system (only the main equations are reported):

(Mgp + Mp)V = Crg(V)v+Drv + Dy (V)v+ G(n)n + Tp + TR
1

@(t) = I (Qnrya(®) + Qs() + Q-o(1))

z
MmXpist(t) = A1p1(t) — A2p2(6) — BpXpise(t) + Y Di(t)
i1

Doit (8) = (4:(6) = CipPoi() — Akpise(1)) %

Is - (ljs (t) = Qeng (t) - eric (t) - QP(t)
U; (t) = I(p . e(t) + I(] . f e(t) dt + KD . %e(t)

Solving this system is difficult and time consuming due to the large number of
variables involved. This system was developed into a software environment able to
solve it in the time domain. Thanks to modern computational power, this system can
be solved an infinite number of times in order to predict the ship dynamics with dif-
ferent initial and boundary conditions.

Another no less important ‘system’ included to the simulation platform is the hu-
man factor; this kind of ‘system’ cannot be mathematically expressed. Incorporating
the human interaction into the simulation loop is essential to have more realistic pre-
dictions about the ship dynamic behaviour under real conditions.

In Fig. 2.6 the connection between all simulation platform macro systems and el-
ements are shown. On top, the human figure that handles the system is addressed.
The control system ‘translates’ and processes the input into a working point for the
machinery. The propulsion plant allows the system to achieve the human request.

In order to better understand the figure, each sub-system is represented by black
circles and the straight lines represent mutual interactions.
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Figure 2.6: System of systems



3 Ship Propulsion Plant

The propulsion plant, the objective of this study, is a CODLAG (COmbined Diesel
eLectric And Gas) system. In a CODLAG system, as seen in Fig. 3.1 Propulsion plant,
electric motors are used at low speeds, the gas turbine is used at medium-high speed,
and both prime movers are used to reach maximum speed or maximum power, if
needed. With this kind of combination, a ship has more flexible power availability.

The most power is guaranteed by a gas turbine, which is linked to the input gear-
box shaft. The electric motors, fed by diesel generators, are directly mounted on the
shaft lines. A particular kind of gearbox (X-cross) is present: one input, double output,
with a double reduction stage. Two shaft lines drive two controllable pitch propellers.

Figure 3.1: Propulsion plant

A Summary of the main elements present:
— One gas turbine
—  Two electric motors
— Four Diesel generators
—  One gearbox
— Two controllable pitch propellers

[COET=TE © 2014 Michele Martelli
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3.1 Main Engines
3.1.1 Gas Turbine

The choice of a suitable gas turbine model is strongly dependent on the particular sys-
tem under investigation. In the first approach, the gas turbine mathematical model
has been structured in a modular arrangement, in which each module, represent-
ing a specific engine component (i.e. compressor, high pressure turbine, power tur-
bine, combustor, etc.), is modelled by means of steady state performance maps, time
dependent momentum, energy, and mass equations, and non-linear algebraic equa-
tions [14].

The main differential equations to be solved in the time domain concern both the
mechanical and thermodynamic engine parameters. In particular, the working fluid
processes are governed by the continuity equation:

dev) _,.
dt = Mi-Mo

and by the energy equation:

% = % (Mih; = Moho) + MgLHV
Where:

M; is the inlet mass flow rate

M, is the outlet mass flow rate

V is the GT component volume

h is the enthalpy

u is the internal energy

LHYV is the fuel lower heating value

The dynamics of the rotating shafts, both for high and low pressure turbines, are
determined by the dynamic momentum equation:

- @n-0s)
Where:

Qm and Qj,are the motor and brake torques

w the angular velocity

Unfortunately, the introduced mathematical equations for the numerical mod-
elling of marine gas turbines are not usually very reliable at very low engine loads.

In order to overcome this difficulty, more effective methods have been developed
based on engine manufacturer trials using the turbine maps.

The engine power can be simulated by a numerical surface depending on engine
speed and fuel consumption flow rate. In particular, in Fig. 3.2, the power surface of
a gas turbine is reported. The surface has been modelled on the ground of the load
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diagram provided by the engine manufacturer. Using these data, it is possible to ob-
tain the gas turbine power (or torque) through a surface interpolation. The fuel flow
is evaluated by the gas turbine controller that transforms the rpm set-point into a fuel
flow set-point.

0

gp

70

Power [%]

60
40

1
Fuel Flow [%] 0 Speed [%]

Figure 3.2: Power surface of the gas turbine

In the gas turbine model, a sub-model that represents the inner machinery gover-
nor has also been included known as the Turbine Control System (TCS). The TCS is in
the second hierarchic level loop. The main controlled variables are, in analogy with
the propulsion control supervisor: the torque, the regime of revolution, temperature,
and the fuel flow [1].

3.1.2 Electric Propulsion Motor

Electric motor models used for the propulsion system analyses can be grouped into
two types of models: non-physical models and physical models.

By the first approach option, which is employed in this work, the engine is mod-
elled by simple equations to set up the electric propulsion motor behaviour; thus, it
is necessary to identify few parameters from the engine manufacturer data. By this
technique, only the torque and the rpm of the engine are represented without any ref-
erence to the machine electric variables. This approach is suitable only for a high-level
simulation.

The torque is calculated according to a proportional and integral action on the
speed error [8]. In the simulation process, the engine actual speed is compared with
the engine speed commanded by the governor, and then the engine torque is adjusted
by a non-linear action in order to achieve and maintain the desired engine speed.
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The torque and over-speed protection are represented in order to ensure a more
realistic behaviour.

3.2 Transmission Line

Due to the axial symmetry of the transmission line (gearbox, shaft, and propeller) and
neglecting the shaft line deformation, the system can be studied as a holonomic sys-
tem with one degree of freedom: the shaft line angle.

The shaft line, shown in Fig. 3.3 Shaft line dynamics, has been modelled using the

Lagrangian equation:
d(T\_T _,
dt \ oo 0D
Where:

Q is the stress acting on the system

T (t) is the kinetic energy

@ is the system degree of freedom

The stress Q is the sum of the moments acting on the transmission line.

neng
Q) = > Qeng (£) - Qpric (£) - Q1)
i=1

Where:

Qeng is the engine torque

Qp is the required propeller torque

Qfric is the torque due to the friction

Neng Tepresents the engine number

The required propeller torque is evaluated using the procedure illustrated in Para-
graph 6.4.2; the torque due to friction is evaluated through a table representing exper-
imental data as a function of regime of revolution and delivered power; the engine
torque evaluation is shown in Paragraph 3.1.

Since the system is considered as a rigid body with a fixed axis, the total kinetic
energy is the algebraic sum of the kinetic energy of each component:

1 1 "
_ - )2
T = Ea)IG(a)) =3 (E 1 Ilw,>
i

Substituting the expression of Q and T into the Lagrange equation, expressed in terms
of shaft line regime of revolution, we obtain:

neng

Is(l)s (t) = Z Qeng (t) - eric (t) - QP(t)
i=1

Where:
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I is the transmission line polar inertia
ws is the shaft line acceleration

Figure 3.3: Shaft line dynamics



4 Propulsion Control

The increasing demand for fast and economical marine transport of passengers
and freights is giving renewed interest to several innovations and developments which
will set the new standards for the next ship designs.

Major innovations have already focused on the propulsion systems, and they have
been designed to satisfy the mandatory rules for safety and environmental impacts
and to reduce fuel oil consumption. Moreover, the increasing complexity of these new
marine propulsion systems, which often include engines with different power levels
and/or of different engine types (especially in navies) leads necessarily to the devel-
opment of dedicated propulsion control systems that are able to manage such com-
plex system in safe and economic ways for various vessel conditions. In some cases,
the propulsion control systems must also be able to ensure top performance of the
propulsion plant.

Two different techniques are usually available to develop and design a control
system: the open loop and the closed loop.

The open loop control system is composed of the controller (PLCs) and the trans-
mission lines and machinery. By this approach, the variable to be managed is set to a
specific value, but since there is no comparison with the field value, it is not certain
that the controlled variable assumes the desired value.

In the closed loop control system, the main elements of the system are the con-
troller (PLCs) and the transmission lines, machinery, and sensors. The controlled vari-
able is regulated (set-point) by a continuous comparison with the data coming from
the field (feedback). Usually, in marine propulsion control system design, the closed
loop is preferred because it is more accurate. The main reason is the fact that the ship
operates in a hostile environment, the sea, in which the environmental conditions
may vary quickly with a magnitude that cannot be predicted. Using the closed loop
approach, information about performance is measured and used to correct the sys-
tem behaviour.

In order to test performance and reliability of the control logics, new design ap-
proaches for automation development have been recently introduced [4]; one such
example is the “Real Time Hardware in the Loop” (RT-HIL).

According to this design approach, the propulsion control system is first designed
and tested in a virtual environment, and then the control logics are implemented into
a PLC linked to a virtual ship model to evaluate the effectiveness before onboard in-
stallation. This approach provides the designer realistic feedback [2].

[ IE2T=l © 2014 Michele Martelli
This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivs 3.0 License.
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4.1 Propulsion Control System

The supervisor system of the ship is the link between human action and the machin-
ery onboard. The crew can interact with the ship through operation stations, linked
to each other by a LAN that forms the control network. At the end of the control net-
work, automation servers trough the I/O cards between the control and the field bus
networks. These elements are the joints that transform the human action (the press
of a button, the pull of a lever) into a proper signal to the PLCs. In addition, incoming
field information is stored in these servers.

The field bus network is composed of the PLCs and the sensor needed to manage
the different systems. In this network, all data coming from the machinery are mon-
itored such that the PLCs can then provide appropriate set-points to each element of
machinery.

For safety reasons, the LAN infrastructure is usually a double ring for both control
and field bus networks..

The ship supervisor is usually divided into different sub-systems as is shown
in Fig. 4.1. Each sub-system manages and controls different onboard activities: ship
safety, propulsion, electric power management, etc. The focus of this work is the
design of the particular characteristics of the propulsion control system.
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Figure 4.1: Ship Supervisor Overview

The propulsion control system can be designed with different hierarchic levels as
shown in Fig. 4.2.

The higher level (indicated in black lines) is the ship supervisor, developed by the
shipyard or by an automation provider; its tasks are to transform human action into
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Figure 4.2: Hierarchical Levels

a set-point signal to the machineries and prevent possible system failure (i.e. due to
exceeding the maximum speed or torque capacities, high pressure, etc.).

Next, the second level (indicated in blue lines) is composed of the local controllers
given by the machinery manufacturers; the local controller receives as input the set-
point coming from the supervisor and returns a signal that confirms the receipt. The
local controller includes the control logics needed to preserve the machinery safety,
including thresholds of the imposed limits that are higher than those allowed by the
supervisor controller. Finally, the local PLC sends the proper signal, eventually mod-
ulated by the inner logics, to the machinery.

A third level also exists called ‘parallel control logics’ (indicated in red lines);
in this level, the single local controller can interact with the other local controllers
and machineries without the supervisor control. Usually, due to confidential reasons,
these logics are not well known to the supervisor designers and some unexpected be-
haviours can occur. These behaviours are obviously dangerous because:

“The controller mustn’t lose control”.

The challenge is to design the control logics and to set the main ship supervisor
parameters to reach the desired performance in a safe and economic way. Another aim
is to set all the propulsion control system thresholds to avoid, as much as possible,
the intervention of the local controllers and parallel logics. The latter task can be diffi-
cult without a full collaboration between the automation provider and the machinery
manufacturers.



22 —— Propulsion Control

In more detail, the crew interact with the propulsion plant from the bridge or from
other command stations onboard. The standard practice is to manage the ship through
a control approach based on propeller speed management. For complex propulsion
systems, it is also possible to change the propulsion mode (i.e. navigation, harbor,
etc.). The desired speed can be achieved through operation in two different ways:

— Through step levers in the ‘automatic’ way.
—  Setting the rpm and/or the propeller pitch set-points independently and in man-
ual mode.

We would like to analyse and model the first case. In designing a propulsion control
system we should keep in mind two different purposes: regulation and protection. Reg-
ulation allows the system to reach desired performance; protection allows the system
to do this safely.

Figure 4.3: Propulsion Controller layout

In Fig. 4.3, the logics flow to manage the two propulsion plant degrees of freedom
(the propeller pitch and the shaft line revolution) is shown. The input signal coming
from the bridge lever position is actuated by a human action. The signal is split into
two signals, one for each degree of freedom. The signals are then modulated by auto-
adapting ramps. The modulated signal is converted to a set-point (speed or pitch),
and here ends the ‘regulation’ control loop. This first part is very similar to a standard
open loop. Subsequently, the signal is compared with the field values and therein be-
gins the ’protection’ part of the control system that ensures the safety of the system.
Here, all protections are implemented (explained in detail below). It is thus possible to
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consider the propulsion control system as a hybrid between an open and closed loop.
When shipbuilders or ship-owners speak of ship control in terms of speed, the indi-
cated numbers are by definition not exact because, as external conditions (sea, wind,
current, performance degradation of propeller and hull) change, the desired speed
may not be reached!

4.1.1 Ramps

The ramps are a set of constants defined for each value reached by the step lever. The
ramps modulate the signal coming from the lever of the telegraph, which is usually a
step. The ramps are different for pitch and rpm, for acceleration and deceleration, and
also for the various propulsive modes. In Fig. 4.4, the set of rpm ramps in navigation
mode for an accelerating manoeuvre is shown in non-dimensional form.

Figure 4.4: Example of ramps

The value for the ramps is the angular coefficient, which is assigned to the time
variant signal incoming to the block (the unit of the constant ramps values are 1/s or
Hz). In this way, the signal that arrives to machinery is more gradual and thus avoids
the possibility of receiving signals with large discontinuities, which may create prob-
lems for the PLCs. In Fig. 4.5, the ramps block effects in the time domain are shown.

The study of these values has been possible thanks to an intense simulation cam-
paign through which the appropriate values have been selected and tested. Values are
considered appropriate such that during tight manoeuvres, the machineries are able
to avoid heave cuts due to control system protections.
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All these values are implemented into a proper block within the controller struc-
ture.

Figure 4.5: Effect of ramps vs. time

4.1.2 Combinator Law

The ship speed regulation is performed by modulating the propeller rpm and/or pitch.
The performance variation rules and hence the possible combinations of rpm/pitch
values (combinatory curves, depending on lever position) have been studied in steady
state conditions and then translated into a software program implemented in the main
propulsion controller according to the set mode of the vessel. The combinatory curves,
an example of which is shown in Fig. 4.6, provides the optimum performance of the
ship in the various propulsion modes. With regard to this important topic, it is ap-
propriate to note that the combinatory curves are studied to minimize fuel consump-
tion [22].

The signal, modulated by the ramps, is converted into a reference value for the
propeller pitch and shaft line revolution regimes by means of two tables in which the
steady state equilibrium points for propeller pitch and shaft line rotation regimes (de-
pending on lever position) are reported.

During normal management, when all controlled variables are within the allowed
limits, the set-point both for rpm and pitch is generated by a P.I.D algorithm based on
the error between the desired value and the monitored one:

e (t) = theresold (t) - feedback(t)
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Figure 4.6: Example of combinatory curves

setpoint(t)=er(t)+K1/e(t)dt+KD%e(t)

4.1.3 Protections

Different protection logics can be applied to a propulsion control system as a function
of the propulsion plant. Herein the main logics studied are reported:
e Engine over-torque protection
¢ Engine over-speed protection
e Shaft line over-torque protection
— Rpm reduction
- Pitch reduction
¢ Shaft line over-speed protection
¢ Torque balance

Obviously, other variables are monitored by the ship supervisor and become part of
the protection loop, including the main engine temperatures (inlet air, exhaust gas,
coolant), gearbox oil pressure and temperature, thrust bearing oil pressure and tem-
perature, propeller thrust, etc.).

The required propeller speed is compared with the measured actual shaft speed
to feed a PID algorithm able to assess the main engine throttle demand. This kind of
speed error is adjusted to keep each engine within its torque limit during every condi-
tion to prevent overload and also to take into account the other variables influenced
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by the shaft line rpm. The final engine throttle is the minimum signal between the

results achieved by three PID algorithms, which act:

— On the shaft speed error;

—  On the difference between the engine torque limit (for instance, equal to 85% of
the main engine nominal torque) and the engine actual torque;

—  On the difference between the shaft torque limit (for instance, equal to 85% of the
design shaft torque) and the shaft actual torque.

Once the engine throttle demand is calculated, the corresponding local engine con-
trol system must regulate the fuel flow to achieve the proper power required by the
propeller.

The pitch set-point is possibly corrected to keep each shaft line within its torque
limit during every condition. A possible correction to the pitch set-point is made
through a P.I.D. algorithm on the basis of a torque limit which is lower than the previ-
ous one (i.e. 75% — 85% of the shaft nominal torque). Possible overload protection is
determined first by the pitch reduction and then by the main engine throttle reduction.

During manouevres for a twin-propelled vessel, the loads on the propellers are
different between the inner and the outer shaft line, so different torques are acting.
In the case of x-crossed gearboxes, this difference in acting torques can be dangerous
for gearbox teeth, so a proper control function, referred to astorque balance, was de-
signed. The pitch set-point is corrected for each shaft on the basis of the difference of
torques acting on the shafts. The pitch set-point is then reduced for the shaft subjected
to the higher torque.

It is difficult to formulate a mathematical expression for the complex control
propulsion system under investigation, but it is possible to express such an arrange-
ment as a functionality dependence:

nset(t) = f(V, Tel, Qstpas onrty Qeng, nav mode, Nmax, Nmin» n)

(Pset(t) = f(Va Tel, Qstpas onrt; n, nav mode, Pmaxs Pmin)

Where:

V is the ship speed

Tel is the step lever position

Qstpq and Qpore are the real starboard and port shaft torques, respectively

Qeng is the real engine torque

nav mode is the real operative mode

Nmax@Ndn i, are the maximum and the minimum shaft line revolution regimes,
respectively

O maxPmin are the maximum and the minimum propeller pitch angles allowed

n is the actual shaft line regime of revolution
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4.2 Emergency Manoeuvres

Undoubtedly, propulsion systems with controllable pitch propellers serve an advan-
tage for emergency manoeuvres. The possibility of varying two degrees of freedom
(propeller pitch and rpm) ensures a much faster ship response. For example, in a
crash-stop manouevre, the time and the space needed to arrest the ship hugely de-
creases if compared to a propulsion plant with a fixed propeller. It is not required to
stop and reverse the shaft line motion; rather, the propeller pitch only needs to be
changed. During rapid acceleration, it is possible to increase both the shaft line speed
and the propeller pitch. These great benefits are offset by complex control logic studies
investigating a system with two degrees of freedom.

In the following discussion, the control logics, developed by the author, are de-
signed to maximise the performance in the two cases outlined above.

4.2.1 Slam Start

For the proposed control logic, the automation system interprets as a “Slam Start” con-
dition every ship manoeuvre in which the bridge lever position is suddenly brought to
the maximum step (100%), starting from a step value lower than 70%. In this context,
“Slam Start” manoeuvres can also start when the vessel is moving astern. In this case,
propeller pitch and speed are managed according to a proper combinatory law to drive
the CPP until the zero thrust condition. On the contrary, if the initial pitch is greater
than that one corresponding to zero thrust, ¢, shaft speed is managed by a PID action
on the basis of the speed error between actual speed and commanded set-point. The
commanded set-point provides the maximum propeller speed modulated by a ramp
over time.

Using simulation techniques, great numbers of ‘virtual manoeuvres’ can be calcu-
lated to optimize the slope of the ramps in a very short time with respect to traditional
methods.

The propeller pitch set-point is calculated over time by a proper control function
as described in Fig. 4.7.

Figure 4.7: Propeller pitch set-point logics in the “Slam Start” manoeuvre
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The whole control logic is summarised by means of the flow chart illustrated in
Fig. 4.8.

Figure 4.8: Flow chart for Slam Start control logic

In particular, when the propeller pitch increases the torque required by the pro-
peller very quickly, occasionally the main engine is not able to deliver the necessary
torque; this causes a drop in rpm and a slower manoeuvre. To prevent this, the pro-
posed pitch control function acts on the propeller pitch taking care that the actual pro-
peller rpm follows its increasing set-point with a speed tolerance (Arpm) in a smooth
and linear way and for as far as possible. In addition, in this case the simulation tech-
nique permits the set, as well as possible, the speed tolerance ((Arpm) value.

The speed tolerance (Arpm is useful to activate the “pitch freezing” when the shaft
line rpm is very far from its set-point; otherwise, any increase in the pitch set-point
would result in a further drop of shaft revolutions.

This particular behaviour is shown in Fig. 4.9, where the propeller pitch set-point
(solid line) and the corresponding feedback (dash-dot line) are reported.
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Figure 4.9: Propeller pitch dynamics for “Slam Start” manoeuvre

4.2.2 Crash Stop

For the “Crash Stop” condition, similar to that of the “Slam Start” condition, several
possible critical manoeuvres are considered, and this aspect complicates significantly
the control optimization for the automation designer. In fact, every condition in which
the bridge lever position is moved from any step higher than 20% to an astern step
at least equal to -100% is considered a “Crash Stop” mode. In order to reduce the
parameter range to be set for any possible case, the following logic has been studied
(Fig. 4.10).

As long as the propeller pitch values ¢ are greater than pitch corresponding to
zero thrust (¢o), the pitch set-point is calculated by a proper function (based on a PID
action on the error between actual propeller rpm and a rpm threshold set to a constant
value), whereas the shaft speed is managed acting on the engine signal responsible for
the engine fuel flow calculation. During a crash stop manoeuvre, the quick decrease
of the pitch propeller causes an increase in shaft line revolution with the risk of a non-
controllable over-speed due to the windmill effect. So, when the actual shaft speed is
greater than the previous speed threshold, the engine signal is immediately brought
to zero; otherwise, it is calculated as the standard procedure illustrated in 4.1.2.

On the contrary, for pitch values lower than ¢ (i.e. pitch values corresponding
to reverse running of the vessel the assessment of pitch and shaft speed set-points is
managed in according to a proper combinatory law studied for the crash stop.

4.3 Real Time Hardware In the Loop (RT-HIL)

The procedure developed to design a real propulsion control system can be subdivided
into four main steps. The analysis of customer requirements and technical specifica-
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Figure 4.10: Flow chart for the “Crash Stop” control logic

tions leads to a first tentative controller design based on previous experience and ex-
pert knowledge of control systems. The second step is a full simulation approach that
enables a complete understanding of both steady state and dynamic behaviours of the
regulated ship propulsion plant. The third step is the systematic analysis and review
of the simulation results, which allows the controller design to be updated and re-
fined until the desired performance is obtained. The implementation of the controller
scheme (resulting from the simulations) into the controller software gives the real con-
troller. The fourth step is the debugging and fine tuning of the real controller by a ‘Real
Time’ (RT) ‘Hardware In the Loop’ (HIL) simulation.

The last step allows the designer to study, in a simulated environment, the perfor-
mance of the real controller. The procedure integrates basic knowledge and manufac-
turer experience with massive use of numerical simulation in real time.

During the simulation-based preliminary design, it is appropriate for simulations
to run in batch mode to obtain the calculated data more quickly (that means that a
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Figure 4.11: Controller design by simulation

60-second test, for example, is simulated by PC in less than 60 seconds). The calcula-
tion time depends on several factors regarding both hardware limitations (computer
memory, CPU speed) and the developed numerical model (simulation time step, stiff-
ness, kind of solver for the ordinary differential equations). In this phase, the control
logic can be designed and several parameters of the regulation loops can be set in an
ideal system, representing the interaction between two software (control system and
ship) as illustrated in Fig. 4.12.

Figure 4.12: Data exchange between control and ship simulator

A typical architecture of the propulsion control system of a ship could be the fol-
lowing:
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Figure 4.13: Architecture of the propulsion controller

Several CPUs are usually used to control different components of the propulsion
system and to limit the loss of functionalities in the case of failure of one of them (even
if each CPU is used in a redundant configuration).

Unfortunately, the behaviour of the real hardware on board could be quite differ-
ent from that of the one simulated during the preliminary design phase.

The main differences could be due to the cyclic time of the CPUs, a different time
delay in exchanging data between controllers, and the native functions that can be
implemented; further differences could be explained by the presence of many func-
tionalities usually not implemented in the ship numerical model (but that still inter-
act with the propulsion control) and the thousands of signals that the automation has
to monitor on the real system.

In the real system, the whole control system has to work in real time and the au-
tomation designer has to be sure that the performance foreseen by simulation will be
maintained in a real environment. To this end, it is necessary to limit, as soon as pos-
sible, most of the differences between the two worlds. This could be possible by the
adoption of the RT-HIL method.

Once the control logic performance has been evaluated using batch simulations,
the control subsystem is tested by RT-HIL simulation.

This design technique is employed in test setup where the real hardware controller
can exchange data with the ship propulsion models (engine, shaft line, propeller, ship
motions, etc.) that are simulated in real-time (for example, a 60-second test must take
exactly 60 seconds to run on PC).

Generally, the real controller test is performed on board, partially during the de-
livery period and completely during ship full-scale trials. These trials are time con-
suming and very expensive as they require the full ship availability. By using RT-HIL
simulation, the physical availability of the ship is not required; thus, the controller
testing can be done even before the ship is built. In order to increase the simulation
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realism, some functionalities, not implemented in the ship model, are simulated by
codes inside the controllers.
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Figure 4.14: Test-bed used for RT HIL trials

Fig. 4.14 shows the block diagram of the experimental setup used for testing the
controller. A real-time application executes the ship model. An OPC client reads the
command parameters on the controllers through OPC servers and returns the results.
OPC servers and the application reside on the same PC and each OPC Server exchanges
data with one controller through Ethernet LAN.

The “Simulated Functionalities” can interact with an HMI (Human-Machine In-
terface) page, seen in Fig. 4.15, to supply commands from users (i.e. the selection of
the lever position and of a precise propulsion mode) and to simulate the minor sys-
tems not implemented inside the model. All of the parameters exchanged via OPC can
be logged to a file, but they are also available to the automation designer by means
of a graphical panel as illustrated in Fig. 4.16. In this way, it is possible to obtain a
comprehensive view of all system working parameters.

Because the real time application (ship model) is completely configurable, it is
possible to try the controller with different working scenarios (i.e. different ambient
temperatures, rudder angles, etc.). This is an additional advantage of the RT-HIL ap-
proach, not only because the designer can debug the controller before the on-board
delivery to maximise the controller performance and minimize costs and delivery time,
but also because it is possible to test the system in borderline situations that can be
difficult or risky to test with the real ship.
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5 Motion Equations

The manoeuvrability problem has been recognized by the international commu-
nity only in recent years, particularly after the Amoco Cadiz accident in 1978. The ship,
due to a storm, grounded in the English Channel and lost its crude oil cargo with catas-
trophic consequences for the marine environment.

Afterwards, 15 years passed (1993) before the IMO issued minimum standards to
ensure the safety of ships, and after another 10 years (2003), these regulations became
mandatory.

During the preliminary design stage, it is difficult to evaluate the boat manoeuvre-
ing characteristics without recourse to the model tests; because of this, the numerical
simulation becomes an indispensable tool.

Usually, the manoeuvrability problem is treated as a plane problem (with 3 de-
grees of freedom: surge, sway, and yaw), but our intention is to develop a model able
to evaluate all six of the ship motions (thus including heave, roll, and pitch).

By using the same model, it is also possible to study unusual propulsion control
system applications such as target tracking, path following, dynamic positioning, and
SO on.

To develop a unique model suitable for different ships, all the variables in this
methodology are expressed in non-dimensional form according to Table 5.1. An im-
portant assumption is that all the hydrodynamic coefficients used in the following
table are frequency independent.

Table 5.1: Scaling factor

VARIABLES UNITS (1.S.) | SCALING FACTOR
Linear Position [m] L

Linear velocity [m/s] |74

Angular Velocity [rad/s] y

Mass [kg] ip13

Mass moment of inertia | [kg m?2] %pL5

Force [N] 1pr2v?
Moments [Nm] 1pL3V?

5.1 Reference Frame

Before introducing the equations of motion, it is necessary to briefly outline the kine-
matics of the vessel. Different reference frames are used, so we shall begin our descrip-
tion with the introduction of all frames involved:

[ IE2T=l © 2014 Michele Martelli
This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivs 3.0 License.
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— Earth-fixed frame (n)

The n-frame (0, n,n,, 33) is a local geographical frame fixed to the Earth. The posi-
tive unit vector n; points towards the north, n, points towards the east, and n, points
downwards normal to the Earth’s surface the vessel moves on. The origin O is located
on the mean water free-surface at an appropriate location. The n -frame is considered
inertial. This is a reasonable assumption because the velocity of marine vehicles is
small enough for the forces due to the rotation of the Earth to be negligible. The n -
frame is used to define the position of the vessel on the Earth and the wind and current
direction.

Figure 5.1: Earth Fixed Frame

—  Ship-fixed frame (b)

The b-frame (Ob, b,,b,, 23) is fixed to the vessel hull. The positive unit vector b,
points towards the bow, b, points towards starboard and b, points downwards. The
centre, 0y, is often located in (L%, 0, zWL) , Where Lpp is the length between the ahead
and the astern perpendicular and zy; is the quota of the water line with respect to the
keel line.

The b-basis is used to describe velocities, accelerations, and forces, and it is also
used to formulate the equations of motion.
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Figure 5.2: Ship Fixed Frame

Figure 5.3: Euler Angles

5.2 Kinematics

The position of a vessel is defined by the coordinates of the origin of the b-frame rela-
tive to the n-frame. The attitude (or orientation) of a vessel is defined by the orientation
of the b-frame with respect to the n-frame. This is given by three consecutive rotations
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about the main axes that take the n-frame into the b-frame. These rotations can be per-
formed in a different order (there are 12 different ways of doing this), and each triplet
of rotated angles is called a set of Euler angles. The most commonly used set of Euler
angles are yaw, pitch, and roll, which corresponds to the rotations performed in the
following order:

1. rotation about the z, axis of angle i (yaw angle),

2. rotation about the y’ axis of angle 6 (pitch angle),

3. rotation about the x” axis of angle ¢ (roll angle).

Thus, the position and orientation of a vessel is defined by the coordinates of the origin
0, relative to the n-frame, and by the Euler angles. The generalized position vector
(position and orientation) of the vessel in n-frame is defined as follows:

x(t)
y(t)
z(t)
(X ()]
0 (t)
Y (1)

The generalized velocity vector is the time derivative of the position vector:

x(6)
y(®)
2(t)
1G]
o(t)
PO
It is convenient to represent the velocities in the b-basis.
The usual notation is:
u(t)
v(t)
w(t)
p(t)
q(t)
r(t)
Where:
v can be expressed as v = [v} | w} ]
yﬁ/n = [ u, v, w } is the linear velocity of the point O, with respect to the
n-frame, expressed in the b-frame
g’g m= [ P, q, 1 } is the angular velocity of the b-frame with respect to the
n-frame, expressed in the b-basis [41].
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Table 5.2: Kinematic Variables

VARIABLE DESCRIPTION FRAME/BASIS
X North position n- frame
y East position n- frame
z Down position n- frame
) Roll angle Euleranglen — b
0 Pitch angle Euleranglen — b
Y Heading or Yaw angle | Euleranglen — b
u 0, surge velocity b- basis
v 0y sway velocity b- basis
w 0y, heave velocity b- basis
P Roll rate b- basis
q Pitch rate b- basis
r Yaw rate b- basis

The transportation between the components of the linear velocity, expressed in
the n -basis and b -basis, respectively, is given by the relation:

b
!Z/n = RE!},/"
Where, according to Fig. 5.3, R}, is the following matrix [24]:

cos(y)cos(B) - sin () cos (¢) + cos () sin (8) sin (¢p) sin () sin (¢) + cos (P) cos (¢) sin (0)
Rj=| -sin () cos (6) cos (1) cos (¢) + sin (¢)sin (6) sin () - cos () sin (¢) + sin () sin () cos (¢)
—sin (0) cos (0) sin (¢) cos (0) cos (¢p)

The following notation is used to transform a generic vector from one basis to another:

to _ pto from
v = Rfromz

The previous equation means that, to obtain the components v, it is necessary to

apply the matrix RY,, on the components virom,

We can evaluate the relationship between the ship angular velocity and its com-
ponents and the time derivative of the Euler angles through the matrix transportation:

b
Qz/n = ngb/n
Where T} is given by:

1 sin(¢)tan(f) cos(¢)tan ()

™m-| O cos (¢p) —sin (¢h)
b sin () cos ()
cos(6) cos(6)
It is important to note that the matrix has a singularity when the pitch angle 6 = +7;

however, for our aim, this does not create any problems because the ship will be never
operate in this condition.
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In summary, we can write the six degrees of freedom kinematic equations in a

compact way as [25]:
n
fl _ Rb 03),(13 v
03x3 Tb

5.3 6 D.O.F. Motion Equation

The horizontal motion includes only 3 significant degrees of freedom: x (surge), y
(sway), z (yaw).

Figure 5.4: Angle Notation

In accordance with Fig. 5.4, some definitions are given:

— Heading angle i defines the direction of the vessel bow; it is positive by the right
hand screw convention.

— Course angle y defines the direction of the velocity vector of the vessel; it is positive
by the right hand screw convention.

— Drift angle 8 defines the direction of the velocity vector of the vessel with respect
to the bowi; it is positive by the right hand screw convention.

The relationship between the three previous angles is given by:

X=¢+B
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It is also possible to evaluate the drift angle as a function of the velocity vector com-
ponents:

B = atan (%)

A generic rigid body motion requires 6 generalized coordinates (3 displacements and
3 rotations) to be identified. When all six coupled motions (surge, sway, heave, roll,
pitch, and yaw) are concerned, a vessel can be considered as a six degrees-of-freedom
(d.o.f.) rigid-body as represented in Fig. 5.5.

Figure 5.5: Six degrees of freedom

The corresponding equations of motion can be deduced by the forces and mo-
ments equations using the second Newton’s law:

m-vg=r1

Where:

V¢ is the ship gravity centre acceleration with respect to the inertial frame n

Due to the rotation of the b-frame with respect to n-frame, is it necessary to in-
troduce further terms that identify the Coriolis and centripetal forces and moments.
Then, to develop the motion equations for an arbitrary origin (different from the grav-
ity centre) the following equation [25] has been used:

T= MRBV + CRB(V)V

Where:
Mpgpg is the inertia matrix
Cgp is the inertia Coriolis-centripetal matrix
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T are the total forces and total moments acting on the vessel

m 0 0 0 mzg -myg |
0 m 0 -mzg 0 mxg
0 0 m myc -—-mxg 0
Mgp =
0 -MZzg myg Lix Ixy Iy,
sz O —me Iyx Iyy IyZ
| -myz; mxg 0 Lo Izy IS

Due to the ship symmetry: Iy = Iyx = I,z = I,y =0and y; = 0.
The Coriolis-centripetal matrix can be represented in different ways, but for our
aim we choose the parameterization [39] as a function of the inertia matrix:

0343 ) Mllvg/n +M12w2/n

Crg (V) =
-S (Muvg/n +M12(Ug/n) -S levg/n + Mzzwg/n

Where:
S denotes the cross-product operator:

0 -a3 a b1
anb=S@b=| a3 0 -a b,
—ai a) 0 b3

Mj; is the 3x3 sub-block of the matrix Mgp

Coupling the kinematic equation and Newton’s law, we obtain a system of twelve
first order differential equations whose solutions provide the instantaneous position
of the gravity centre (ship trajectory) and the velocity vector.

The main difficulties for solving the differential equation system are the correct
evaluations of the forces acting on the ship.

5.4 Proposed Forces Evaluation

It has been hypothesized that the forces and the moments acting on the vessel are the
following:

—  Hull forces and moments 7y

—  Propeller forces and moments 7p

— Rudder forces and moments 7y

—  Environmental forces and moments 7y

— Restoring Forces and moments 7

So the total external forces acting on a ship can be represented by the sum:

T=Tg+Tp+TRr+Tw +Tg
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5.4.1 Hull Forces

The hull force contribution can be decomposed into three main components: added
mass effect 74, linear 7;p, and non-linear damping effects Ty p:

TH=TAa+TL +TNL

The added mass forces are the hydrodynamic forces when a body is forced to acceler-
ate, but these terms are not to be considered like a mass increase of the vessel.
Regarding the added mass forces, it is possible again to decompose them into two
components:
Tga=Myv+Ca(V)v

Where:

M, is the added mass matrix

C, is the hydrodynamic Coriolis-centripetal matrix

The coefficients of the matrix M, can be derived in different ways, such as statis-
tical data available in literature, strip theory, potential theory, CFD techniques, and
experimental trial.

The proposed added mass matrix is obtained starting from statistical data, and it
is a particular case of the problem. Not all the components are expressed due to the
fact that some data were not available:

X, 0 0 0 0 O
0 Y, 0 Y, 0 O
0 0 Z, 0 0 O
My =
0 kK, 0 K, 0 K;
0 0 0 0 M, O
L 0 0 0 N, O N; |

The notation [41] is also used to define added mass matrix and damping matrix com-
ponents.

Le. X; denotes the coefficient of the added mass force along the b, direction due
to an acceleration & along the b, direction.

The C, can be easily calculated in the same way of the matrix Cgp, but in our case,
we did not consider this term because it is included in the damping coefficient matrix
due to the fact that the usual way to obtain hydrodynamic coefficients by means of
model tests (or regression formulas derived by them) implicitly includes their effects.

Ca = Ogxe

Damping forces are given as a function of the velocity vector, so the contribution of
damping effects can be calculated through the following formula:

Tp = DLV + DNL(V)V
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Where:
Dy is the linear damping matrix
Dy is the non-linear damping matrix

X, 0 0 O 0O O
YV O Yp 0 Yr
0 Zyw O 0O O

Dy =
K. 0 K, 0 K.

0 0 0 Mg O
NvoNpoNr

© O O O O

Le. Yy denotes the coefficient of the linear damping force along b, direction due to a
velocity v along the b, direction.

Dy =

XV + X, r 0 0 0 X,r
2
0 Yy, 1ol + Yur® + Y, VI +Y 1) V] 0] 0 Yoo 1P 0 Vi) [l + Y I+ Y I+ Yy 7] el
0 0 Z, 1) W] 0 0 0
2
0 Ky 1@l + K, VI + Koyt® + K,y IV 0] 0 K, 1p) 1P 0 Kjo 101+ Koy 1T+ Ky IVE+ K1) 171 0]
0 0 0 [ M, lal 0
2
0 Ny L@l Ny IV Not® + Ny V] o] 0 Ny el 0 Ny 1@1+ Ny IrL+ N VLN ) DL 0]

The elements of D; and Dy; matrix are evaluated using regression [30, 43] corrected
first to take into account appendage and then corrected through a model scale exper-
imental campaign.

5.4.2 Propulsion Forces

The propulsion forces and moments 7p belong to this force class. In this case, the
propulsion forces and moments are generated by two controllable pitch propellers.
They include: longitudinal force (thrust) influenced by asymmetrical functioning dur-
ing manoeuvres (via asymmetrical propulsive coefficients); the lateral and vertical
forces due to the oblique propeller flow. The procedure to evaluate these kinds of forces
are explained in Paragraph 6.4.2.

5.4.3 Rudder Forces

They are the forces and the moments developed by the rudder 7. In this case, the
steering forces and moments are generated by two spade rudders, which can also have
a rudder roll functioning (roll stabilization in adverse environment). The procedure to
evaluate these kinds of forces is explained in 7.3.
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5.4.4 Environmental Forces

There are three types of environmental disturbances acting on the ship: wind, current,
and wave. In this analysis, however, none of these effects was taken into account.

5.4.5 Restoring Forces

The restoring forces and moments 7 are due to buoyancy Bs = pgV and weight force
Ws = mg, where m is the mass of the vessel, g is the gravity acceleration, p is the sea
water mass density, and V is the fluid displaced volume.

The analytical expression of 7 is derived on the basis of geometrical and iner-
tial properties of the vessel. This kind of force is position-dependent and is strongly
influenced by ship load condition.

The restoring forces can be written in a compact vectorial form:

76 =GN

Where the G matrix is shown below; its components are calculated according to [34]:

0 0 0 0 0 0
0 0 0 0 0 0
G- 0 0 pghy 0 -pgAwxy O
0 O 0 gmGMT 0 0
0 0 -pgAwxs 0 gmGML O
L0 O 0 0 0 0 |

Where:

Ay is the water plane area

Xy is the longitudinal coordinate of the floatation centre

GMT is the transversal metacentric height

GML is the longitudinal metacentric height

The restoring matrix evaluated with the previous formulation is linear, and for a
more precise formulation it would be necessary to use the righting arm GZ instead of
GMT. Nevertheless, the small angles usually involved in the manoeuvrability problem
allow for this simplification.

Summarizing the results, the motion equations can be written in the following
compact form:

(MRB + MA)V = CRB(V)V + DLV + DNL(V)V + G(q)n +Tp+ TR
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One of the major targets for the propeller design is a high propeller efficiency, but
is also important to optimize the propeller for noise, vibration, and cavitation.

A controllable pitch propeller (CPP) is indeed more complex than a fixed pro-
peller; it contains more parts, many of them moving, and it would be unrealistic to ex-
pect that there is no extra risk entailed in installing CPPs rather than fixed propellers.

Unlike fixed pitch propellers, whose only operational variable is rotational speed,
the controllable pitch propeller provides an extra degree of freedom in its ability to
change blade pitch. However, for some propulsion applications, particularly those
involving shaft-driven generators, the shaft speed is held constant. This reduces the
number of operating variables, again, to one. It is important to evaluate a correct rela-
tionship between shaft speed and pitch angle. This relationship is called a combina-
tory curve.

Using the combinatory curve, the efficiency is maximised and the risk of cavitation
is minimized.

In the last forty years, the controllable pitch propeller has grown in popularity
from representing a small proportion of the propellers produced to its current very
substantial market share.

This growth is illustrated in Fig. 6.1, which shows the proportion of controllable
pitch propeller systems when compared to the total number of propulsion systems
classified in Lloyd’s Register during the years 1960 to 2004, taken at five-year intervals.

40
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Figure 6.1: Market share of controllable pitch propellers

Fig. 6.1 shows the relative distribution of controllable pitch propellers within cer-
tain classes of ship type.

From Table 6.1, the controllable pitch propeller is currently most favored in ves-
sels with several operative speed profiles such as passenger ships and ferries, general
cargo ships, and tugs and fishing vessels.

[COET=TE © 2014 Michele Martelli
This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivs 3.0 License.
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Table 6.1: Percentage of CPP compared to the total number of propellers by ship type

Ship type 1960~ 1965 1970 1975 19810+ 1985 1990 1995- 2000—
1964 1969 1974 1979 1984 1989 1994 1999 2004
Tankers 1 7 15 14 23 13 21 17 10
Bulk carriers 1 9 10 5 ] 12 0 1 1
Container ships 0 13 24 3 1 13 18 10 9
General cargo 2 12 20 29 42 43 45 55 80
Passenger ships and ferries 24 64 82 100 94 100 88 78 63
Tugs and offshore vessels 29 50 44 76 85 100 77 73 78
Fishing vessels 48 54 87 90 93 92 100 90 89

6.1 Pitch Change Mechanism

Controllable pitch propellers are generally actuated by hydraulic oil power systems
due to their high power/volume ratios. Usually, the simplest hydraulic-mechanical ac-
tuator is used: the piston in a cylinder. The oil flows from the tank to the OD box in a
normal pipe inside the engine room. The OD box is a directional valve located on the
shaft from which oil flows through a twin pipe inside the shafting to the propeller hub
piston. Inside the CPP hub, a double effect hydraulic cylinder is actuated by the oil
pressure in a longitudinal direction. Two actuating chambers are needed to move the
blade at both positive and negative pitch angles.

The pitch can be measured with the feedback pipe, a potentiometer attached to
the inner transmission line. For a more accurate pitch measurement, the sensors can
be positioned inside the hub. The chosen pitch angle is achieved by the proportional
pitch controller that compares the actual pitch set-point with the real pitch and ma-
nipulates the oil valve.

The system layout is schematized in Fig. 6.2.

The propeller blades are connected to the hub with different kinds of suspension.

Usually, the blades are connected to the hydraulic actuator in the hub via a slot-
pin mechanism.

For the pin-slot mechanism, the relationship between the hydraulic force gener-
ated inside the hub (piston force) and the spindle torque is the following [46]:

_ Fnyaeyp
Qnya = os7(p)
Where:

Qnyq hydraulic torque

Fpyq [N] hydraulic force

eyp eccentricity of the yoke pin

¢ pitch angle

The relationship between the linear movement (piston stroke) and the pitch angle
(blade angular position) is expressed as:

Xpist = Xmax_an — tan (@uax_anm — @) eyp

Where:
Xpist instantaneous linear position (stroke)
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OIL PIPELINES
BLADE SEAT

CYLINDER CHAMBERS

Figure 6.2: Main elements inside a CPP hub.

[\
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TRAN /f"’"l' 5

Figure 6.3: Pin-slot mechanism

Xuax_ax Maximum stroke ahead

@ uax_ag maximum pitch ahead

All the variables appearing on the right hand side of the relationship between the
linear movement and the pitch angle are derived from the corresponding mechanism

drawing represented in Fig. 6.4.
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Figure 6.4: Relationship between linear and angular position

6.2 Reference Frame

Before introducing the equations for blade motion and the methodology for evaluation
of the forces, it is necessary to briefly outline the reference frames. Different reference
frames are used, so it is best to define the coordinate system involved:

— Hub-fixed frame (e)

The e-frame (Oe, €158y, QB) is fixed to the hub. The positive unit vector e, points to-
wards the bow, e; coincides with the unit vector of the spindle axis, and e, is the
vectorial product of e; and e, . The origin O, of the frame is in the centre of the shaft
line.

Figure 6.5: Hub Fixed Frame e
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The relationship between e-frame and b-frame is defined as the following:

e, =b, by =e;
e, = cosdb, +sind b, b, =cosJe, -sinde,
e; = -sindb, + cos db, b, =sinJe, + cos e,

— Blade-fixed frame (f)

The f -frame (Of, f 1 jfz, f 3) is fixed to the blade. The positive unit vectors f L and iz
are the unit vectors e, and e, rotated by a pitch angle of the blade ¢, and f 3 coincides
with e;. The origin Oy of the frame is in the centre of the shaft line with respect to the
vertical position and under the spindle axis for the witch regarding the longitudinal
and transversal position.

Figure 6.6: Blade Fixed Frame (f)

The relationship between f-frame and e-frame is shown by following:

f, = cospe, +singe, e, =cosof -singpf,
f, = —singe, +cosp e, e,=singf, +COS§D£3
/fg =& €3 =f3

Using the angular velocity composition theorem, it is possible to represent the angular
velocities (with respect to the inertial n-frame) of a single blade wy and the hub wy
respectively, as:

Wp = Wy + Wy +w, = Pbs + e, + of,

Wy =W, +wy = Pby + Je,

where 1, 9 and ¢ [rad/s] denote the time derivatives of the yaw angle, the blade an-
gular position, and the pitch angle, respectively.
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6.3 Motion and Pressure Differential Equation

The blade position is the key factor for the ship performance, whereas the oil pressure
is the key parameter of the mechanism; excessively high pressures can be responsi-
ble for mechanism failure, and hence they should be always monitored by the ship
automation systems. Thus the proposed mathematical model, developed by the au-
thor [9], is based on two differential equations describing the motion of the blade and
the motion of the piston, respectively.

The first differential equation is the equation of motion of a blade around its f 3
axis evaluated in the e-frame:

D0 = 7 (Qnyal) + 05(0) + Q-0(0)

Where:

{ is the blade angular acceleration

Q_o is the torque due to the interaction forces between propeller blade and blade
bearing

Qnya is the hydraulic torque

Qs is the total spindle torque acting on the blade

I}, is the moment of inertia of the blade about the spindle axis f 3

The second differential equation describes the motion of the cylinder:

z
MmXpise(t) = A1p1(t) — Ap2(t) — BpXpise(t) + Z D;(t)
i-1
Where:
Mm = My + Mp + M, is the sum of the yoke mass (my), propeller mass (mp), and
oil mass (my,)
Xpis¢ is the piston acceleration
A and A, are the yoke areas of the astern chamber and of the ahead chamber,
respectively
pi1 and pj, are the pressures inside the two chambers
Bj is the damping coefficient

Z
> @; is the resultant of the reaction forces due to the interaction between each

bladle 1and the bearing

Z is the number of blades

In order to properly implement the differential equations, all the forces and mo-
ments acting on a single blade have to be evaluated. This will be shown in the follow-
ing sections.



52 —— Propeller & Pitch Change Mechanism

6.4 Forces Evaluation

In order to develop a simulation model suitable for CPP control system design and
testing, current knowledge of the loads acting on a blade must be assessed.

The total spindle torque is the torque acting around the spindle axis of the pro-
peller blade, and it must either be balanced by the hub mechanism to hold the blades
in the required pitch setting or, alternatively, be overcome when a pitch change is re-
quired. The spindle torque can be subdivided into three components as follows [19]:

QS(],(P)=QSH(L(P)“'QSIU,(P)‘*‘QSF(L(P)

Where:

Qs is the total spindle torque at a given value of non-dimensional propeller ad-
vance coefficient J and at a given value of pitch angle ¢;

Qsg is the hydrodynamic component of spindle torque due to the water pressure
field acting on the blade surfaces;

Qg is the inertial component (Qsc in Carlton nomenclature) resulting from the
blade mass distribution;

Qs is the frictional component of spindle torque resulting from the relative mo-
tion of the surfaces within the blade hub.

The spindle torques are usually expressed in the non-dimensional forms of KQsc
and KQg;. These coefficients are similar to the conventional propeller torque coeffi-
cient, and they are related to the respective spindle torques components as follows:

Qs
KQs = naps

Qg
KQs; = ppn2D5

Where:

p and p,, are the water and the blade mass densities, respectively

n is the propeller speed

D is the propeller diameter

Little data about spindle torque has been published. Some of the most exhaustive
work is the experimental data of the 3-BLADED JP-CPP SERIES [20]. Unfortunately,
this data is not sufficient to accurately represent the behaviour of the CPP actuating
mechanism during ship manoeuvres. Some recent publications [12, 29, 44] concern
the evaluation of the spindle torque acting on a blade.

First of all, it is necessary to list the forces acting on the controllable pitch pro-
peller blades:
— Inertial Forces Tp;
— Hydrodynamic Forces 7p
—  Frictional Forces Tpr
- Hydraulic Forces Fpq
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So the total external forces acting on a blade are:

Tprop = Tpr + Tp + Tpr + Fpyq

6.4.1 Inertial Forces

The motion of the ship and the rotation of the propeller give rise to corresponding Cori-
olis and transportation inertial forces acting on each blade in the e-frame. Moreover,
gravity yields a sinusoidal varying force.

In more detail, the Coriolis force is defined by:

s / ~2ppwyAVpdT
¢

The transportation force is expressed as:

ES=/—pb [a, +wy A (g A (P~ 0)) + iy A (P - 0)]dr
3

The weight force is given by:

F" = / ppgdT = myg
¢

Where:

a, is the linear acceleration of the origin O with respect to the inertial frame

Ppg is the mass density of the propeller blade

(P - 0) is the position vector of a generic point P of the blade with respect to the
origin O

my, is the blade mass

g is the gravity acceleration

&g is the whole set of points constituting the blade

vp is the linear velocity vector of a generic point P of the blade evaluated in the
e-frame

More explicitly:

K;=ZZ+Q¢/\(P—O)=¢[3/\(P—O)

Recalling the definition of centre of gravity for a blade:

©-0)- 1 [ py(P-0)dr
3
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Ig"g

Figure 6.7: Hub and blade reference frames

It is therefore possible to express the inertial forces in a simpler form:
FC = 2mywy Avg

FS = -mya, - mywy A [wy A (G - 0)] - mydy A (G- 0)

The total contribution of inertial and weight forces acting on a blade is then given by
the sum:
F=F"+F +F°

In addition, the moments with respect to the origin O of the above forces have to be
evaluated. To this end, the moment of a generic (density of) force acting on a blade is
given by:

MO=/(P—O)/\£dT
¢

Combining the equation that provides a generic moment and the definition of the in-
ertia tensor with respect to the origin O for each blade:

LW = [ py(P=0) Ay A (P-O)]dr
3

It is possible to demonstrate (see Appendix 1 for the complete proof) that the moments
of the inertial forces can be expressed as:

MG = -w, Ao (wg) - wy Ao (g¢) +1 (gq, /\QH)
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M = -my, (G~ 0) A ag - wy Ao (Wp) ~ Lo (@)

Where w,, = ¢f , denotes the angular velocity of the blade evaluated in the e-frame.
The moment due to the weight force is:

M{ =my(G-0)rg

The total moment with respect to the origin O due to inertial and weight forces acting
on a blade is then given by the sum:

Mg = Mg + Mg + Mg

All moments are evaluated in [Nm]. The component of the vector M{) along the unit
vector f 3 provides the scalar quantity Qg;.
Composing the vectors F; and ML, it’s possible to obtain 7p;.

6.4.2 Propeller Hydrodynamic Forces

In the literature, different numerical methods based, for instance, on the potential ap-
proach or on R.A.N.S.E. solver [27, 28], have been proposed to predict propeller hydro-
dynamic loads. Unfortunately, due to their long computational times, these methods
are difficult to apply in the context of a time domain simulator like the one described in
the present work. Therefore, in the proposed work, the hydrodynamic forces have been
evaluated through a quasi-steady-state methodology based on the propeller open wa-
ter tests. These tests provide an open water diagram, which allows the evaluation of
the thrust coefficient K1 and torque coefficient K. For controllable pitch propellers,
these coefficients depend on the advance coefficient J and from blade position ¢:

T
Kr= aps
. Q
Ko= oops
_Va
J= nD

By definition, it is possible to calculate the hydrodynamic force along b, direction, the
thrust T, and the required propeller torque Qp using the following formulas:

T(, ) =Kr(J, ¢)pn’D*

Qr(J, 9) = Ko (J, ) pn°D°

Where:
p is the sea water density
D is the propeller diameter
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n is the shaft line revolution regime

A clarification is needed to achieve a correct J evaluation. The fluid velocity eval-
uated in Oy is different from the fluid velocity evaluated in O so the rigid motion for-
mula was used to calculate the local (propeller) fluid velocity:

lejrop (1:3)= Q?tern (1:3)+ Hstem(4 16) A (Ob - Of)

The first component of ygmp is the effective longitudinal velocity on the propeller
blade. Another important aspect to be taken into account is the study of the propeller
behaviour during manoeuvring. Twin screw ships may experience considerably asym-
metrical propeller function during manoeuvres. This phenomenon may result in large
power fluctuations during tight manoeuvres, with increases of shaft torque up to and
over 100% of the steady values in straight course and considerable unbalances be-
tween the two shaft lines. This phenomenon has been modelled for imbalances of
both of wake field and propeller thrust. To take into account the different wake field,

on the inner and outer propeller, it is assumed that, during manoeuvres:

(1- W)unbal =(1- W)Straight +Aw

Thus: Y
]eﬁ _ mep (1) [(1 - W)Straight + AW]
nD

Where Aw is a correction obtained from the analysis of a set of dedicated experimental
trials [21] as a function of the drift angle and ship speed. This approach is schematized
in Fig. 6.8; in particular, two effects are superimposed during manoeuvres. The firstis a
symmetrical variation of the advance coefficient due to speed reduction during turns.
The second is an asymmetrical variation of the advance coefficient, which results in
asymmetrical loading of shaft lines.

To take into account the thrust unbalances experienced during manouevres with
respect to open water characteristics, a corrective factor is introduced [42] that is a
function of the drift angle and ship speed:

F= Tunbal
Topenwater

Where T,pq is the measured thrust from experimental trials, and Topenwater is the
thrust that would be obtained from the open water diagrams using J.5 as the advance
coefficient.

In summary, the procedure to evaluate the thrust and the required torque requires
the evaluation of the advance coefficient /.4 followed by the evaluation of the pitch
angle ¢. Then, through a surface interpolation, it is possible to evaluate the propeller
hydrodynamic coefficients K1 and K, as it is shown in Fig. 6.9. Finally, the thrust mag-
nitude is corrected trough the 7 coefficient. This procedure is efficient from the point
of view of computation time; however, the transient precision is difficult to assess.
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Figure 6.8: Asymmetrical variation of advance coefficient ) during manoeuvres

Figure 6.9: Kt surface

To evaluate the forces produced by the propeller along b, and b5, the Ribner the-
ory [36], based on semi-empirical formulations was used. This formulation relates the
propeller hydrodynamic forces (non-dimensional) with their main geometrical char-
acteristics.

The force is evaluated with the following formula:

F _ ksf(a)oI1 Ao _p
HD.b2 = T qoly 12 Pror®

Where:
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f(a) is the q -factor:

1+a) (1+a)+(1+2a)2]

fay= 1+ (1+2a)?

a is the inflow factor defined as follows:

1/2uAm

Tu(l-w)

ks is the spinner factor
kg is the side wash factor
u,_ and u are defined in Paragraph 7.2

o is the blade ‘solidity’
o= 32 (choss
4m D

I is the side-area index:

3 A
Il = Zmo%
my is slope of the foil lift curve:
mo = 0.952n

By the same procedure, it is possible to evaluate the hydrodynamic force along b;:

F _ ksf(a)al Ay
HD.b3 = 93 ka0l L2 ProrG)

We assume that all blades develop the same thrust and require the same torque (the
wake fraction field as a function of blade angular position is not considered):
F
Eup_biage = %

Where:

Fup biade i the single blade developed force vector

The resultant hydrodynamic force is assumed to be acting on the hydrodynamic
centre of the blade CH; the components of the vector in the b-basis are denoted by
(xcH» YcH» Zch)- SO, it is possible to evaluate the moment with the classical formula:

QSH =(CH-0)AFyp
With:
Tp = EHD; QSH]

The above resultant moment Q,,, needs to be decomposed according to the f-basis,
then the component along the unit vector f , can be evaluated to be used in the piston
motion equation.
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6.4.3 Frictional Forces
The blade seat on the hub is made by a bearing that supports forces in both axial

and radial directions (Fig. 6.10). These frictional forces have been derived for each
direction separately.

RADIAL PART

AXIAL PART

Figure 6.10: Blade seat

The frictional radial force and moment have been evaluated by the procedure pro-
posed by Godjevac and co-authors [29], so it is not further discussed here.

The frictional axial force F,x is the vectorial sum of the two components in the
blade fixed frame f as shown in Fig. 6.11. The third component has been neglected for
simplicity.

Fax = Fzzax,[l + Fix,fz

o

Fa:

Figure 6.11: Axial contact
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The interaction between the blade carrier and the hub is considered a point-wise
contact. By using the static equilibrium of forces, the axial components along f L and
f , can be assessed:

ZFAX’L =0 :>FHD,£1 + Fl’lil + FAX’fl =0=> FAX,L = _FHD,[I - FI’Lcl

ZFAX’£2 =0 :FHDJ:Z +FI,):2 +FAX,£2 =0= FAX’}:Z = _FHD’£2 - F]’iz

Where:
Fhp, f, and Fpyyp, 7, are the hydrodynamic force components along f L and f ,» Tespec-
tively
Fi, f, and F 17, are the inertial force components along f N and f 5 respectively
Then, the torque due to the axial force is given by:

Qux = KsFpxda

Where:

dq [m] is the distance between the point where the axial force is supposed to be
applied and the hub friction seat of the propeller blade root

Ky is the non-dimensional frictional coefficient of the blade and hub materials

The sum of the axial and radial friction torques along f 3 provides the total friction
spindle torque Qgp.

It possible to obtain 7pr by the following relation:

Tpr = [Fax,fl + Fraa 15 Fax_p2 + Fraa_2Qax g3 + Qrad,fB]

6.4.4 Hydraulic Forces

The oil pressure needed to turn the blade or, alternatively, to hold it in the desired
position is supplied by a hydraulic power pack consisting of pumps and valves. The
actuating system consists of a double effect piston (yoke) with single rod and circular
section. The developed force is proportional to the yoke area and to the oil pressure; a
difference exists between the developed force in the forward and backward directions
with the following relationship:

Fyya s = A1p1

Frya p = Aa2pa

To evaluate the dynamic change of pressure, the following relationships are used:
— state equation:

Poil = Pi,oil t pi’Bo“p

— continuity equation:
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. . _d(p IVC) _ dp il dVC

Where:

V. is the piston chamber volume

Poir is the oil mass density

B is the oil Bulk modulus

m; is the mass flow in

11, is the mass flow out

By neglecting the dependence of the density on the temperature and combining
the state equation with the continuity equation, we obtain:

_Vedp  aV.
-9 =g ar " a

Where:
g; is the volumetric flow in
qo is the volumetric flow out
The leakage of the hydraulic actuator between the two chambers is evaluated by

the following coefficient:
_ Dpty1
Where:
Dp is the piston head diameter
to is the orifice thickness
Lp is the thickness of the piston head
u is the oil dynamic viscosity

Finally, the pressure differential equation becomes:

B

pi= (qi - Cipbi - Ai)'(pist) Ao + Vo
iApis

Where:
Vo is the initial chamber volume



7 Rudder

The rudder is the onboard machinery most widely used to manoeuvre the ship. It
is a passive manoeuvring device that uses flow generated by the surge ship motion to
develop a suitable lateral force and an associated moment, which are responsible for
the ship turns.

The rudder force can be decomposed into two different components:

— The first is perpendicular to the fluid velocity direction, and it is called Lift.
— The second is parallel to the fluid velocity direction, and it is called Drag.

It is possible to assume that both lift and drag forces are applied in the pressure centre
of the rudder.

Figure 7.1: Rudder Force

The commonly used rudders have a decided elongation in one of their two dimen-
sions and generally have a rounded nose contour at the leading edge and a pointed
trailing edge. The main features that characterize a rudder are:

— Contour Type: i.e. NACA, HSVA, IFS, etc.

— Mean line: the line that links the trailing edge and the leading edge

- Attackangle (§.4): the angle between the mean line and the flow velocity direction

—  Average chord (c¢): the mean of the curves length, linking the trailing edge and the
leading edge (chords), evaluated at root and at tip

— Average span (s): the mean rudder height

— Maximum thickness (t): the maximum rudder thickness

— Rudder Area (AR): the area invested by the fluid

- Aspect Ratio (2): the ratio between the span and the chord

[COET=TE © 2014 Michele Martelli
This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivs 3.0 License.
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Figure 7.2: Rudder overview

Usually, the rudder is installed at the ship stern in to maximise the force arm with re-
spect to the centre of gravity; furthermore, in this position the rudder can also exploit
the flow acceleration generated by the propeller. For example, if the ship speed is zero
or close to zero and the propeller works in bollard condition, the rudder can generate
a hydrodynamic force (if located in the propeller slipstream).

After the above brief description of the main features of a rudder, the main aim is
to develop a three dimensional model to describe the main effects that the rudder pro-
duces during a ship manoeuvre. Another important goal is the development of a model
independent of the specific characteristics of the particular rudder one can consider.
To do this, all involved variables have must be used in non-dimensional form accord-
ing to Table 7.1 and Table 5.1.

Moreover, to implement the rudder model, it has been necessary to deal with the
flow field in the stern region of a ship taking into account the mutual interference
among rudder, hull, and propeller; in addition, the rudder has been modeled taking
into account all six ship motions.
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Table 7.1: Scaling factor

VARIABLES UNITS (1.S.) | SCALING FACTOR
Rudder position & main geometric characteristic [m] L
Lift & Drag Forces [N] 1pL2v?
Lift & Drag Moments [Nm] 1pL3v?
Linear velocity [m/s] %4
Angular Velocity [rad/s] %

Usually, the rudder’s main function is to correct the heading of a ship; however,
depending on the ship type, the rudder can also be used to produce or correct roll
motion. In recent years the rudder roll system has been developed, and nowadays ap-
plications are being implemented, especially in the naval field. The complete knowl-
edge of the rudder forces and moments allows better system design, and in particular
it allows the use of simulation techniques to develop and tune the rudder roll control
system before its installation onboard.

In the following sections, the main characteristics of the proposed rudder math-
ematical model are described with the aim to provide a theoretical knowledge about
the principal hydrodynamic phenomena involved. This model is valid for forward ship
velocity. The rudder taken into account for this formulation is a Spade type.

7.1 Reference Frame

In order to obtain a correct model development, it has been necessary to introduce all
the coordinate systems involved in the formulation of our model:
— Rudder at zero degrees fixed frame (d)

The d-frame (0y, d,, d,, d;), shown in Fig. 7.3, is fixed to the rudder (at 0°rudder an-
gle). The unit vector d, points towards the leading edge along the chord when the
rudder is in its 0°position; d; has direction parallel to the rudder surface and points
downwards; d, is the result of the vector product d, = d; A d,. The origin O of the
frame is positioned at a fixed point in the rudder (that is considered as fixed for the
sake of simplicity) more precisely it is assumed that O, location is given by:

Where X,,4, Yruds Zruaq are the coordinates of the rudder root with the respect to the
pole Oy. 65, denotes the rudder axis inclination; in this formulation, it is arbitrarily
assumed to locate the centre of the system at 45% of the span, a vertical position near
the effective centre of pressure. In case a better approximation is necessary, further
shifts of the force may be applied. The rudder is installed onboard with a transversal
inclination to take advantage in terms of roll moment deduction.
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Figure 7.3: Rudder at zero degrees Fixed Frame (d)

The linear transformation between the b-basis and the d-basis can be expressed
as:
3
d; = (Rd ) b,
Yi ; b if Zj

J

where the orthogonal matrix Rg is function of the fixed angle §,:

1 0 0
Rﬁ =| 0 cos(bs) —sin(8sy)
0 sin(6s)  cos(8py)

- Rudder-fixed frame (w)

The w-frame (Ow, Wi, W,, w3) , shown in Fig. 74, is fixed to the rudder (moving alto-
gether with it). The positive unit vector w, points towards the leading edge and it is
rotated by § with the respect to d;. 6 is the instantaneous rudder angle. w; is equal
to d;, and w, is the result of the vector product w, = w3 A w;. The origin Oy of the
w-frame is assumed to coincide with O,. Theoretically, a moving pole Oy should be
employed to consider the shift of the centre of pressure of the rudder as a function
of the rudder angle; however, choosing Oy, = O, involves only a small and negligible
error in terms of global manoeuvring performances. This new reference frame allows
the forces and fluid velocity components to be expressed as functions of the rudder
angle 6 (a positive rudder angle corresponds to a portside ship turn).
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Figure 7.4: Rudder-Fixed Frame (w)

The linear transformation between the d-basis and the w-basis can be expressed
as:

3
j=1

J

where the orthogonal matrix RY is function of the variable rudder angle &:

cos(6) sin(6) O
R} =| -sin(6) cos(6) 0
0 0 1

—  Fluid-fixed frame (z)

The z-frame, shown in Fig. 75, (0z, z,, 2, 23 ) is fixed to the fluid velocity vector, in-
coming on the rudder; this is obviously only an ideal direction, which is used to eval-
uate the effective rudder angle and consequently the rudder forces as obviously the
flow direction at rudder location during manoeuvres is not unique. The unit vector
z, points towards the flow velocity direction at rudder and it is rotated by 6grr with
respect to w;. z; is equal to w;, and z, is the vector product z, = z; A z;. The origin
O; of the frame coincides with 0,,. This reference frame allows the Lift and the Drag
forces to be evaluated taking into account the effective angle of attack 8grr between
the fluid and the rudder.
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Figure 7.5: Fluid-Fixed Frame (z)

The linear transformation between the z-basis and the w-basis can be expressed
as
3
zi =) (RV) ij Wi
i-1

Where the orthogonal matrix R%, is function of the variable angle 6grr:

cos(b.5) sin(fer) O
Ry = | -sin(6.5) cos(8e5) O
0 0 1

7.2 Hull - propeller — rudder interactions

The hull presence alters the fluid velocity vector in the stern zone where the rudders
are located. The disturbances due to the hull on the incoming flow (the hull has a
straightening effect on the flow) have been evaluated with statistical regressions de-
rived from experimental tests. To account for these effects, the straightening effect
has been decomposed in two components [11]: one component acts on the sway mo-
tion and the other acts on the yaw motion. Therefore, two correction factors have been
introduced to modify the fluid velocity vector.

In addition, a third correction factor has been introduced, which modifies the roll
motion because in our case we are considering six degrees of freedom.

The relation between the components of linear and angular ship velocities eval-
uated in 0, and the components of the same velocities evaluated in the stern region
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before the propeller is assumed to be:
Vster = V)Y

With:
y=[l o1 Ypl)’r}

y is called fluid straightening vector.
In more detail, according to Ankudinov regression, the coefficients of y can be
evaluated through the following formula:

yv=1-1.5-(B,/L)- (Cs - By/T5)"’
yr=yv-(0.44+0.22-y,)

Yp=)Yv

Where:

By is the vessel breadth

Cjp is the block coefficient

Ts is the ship draft

The fluid velocity evaluated in O, is different from the fluid velocity evaluated in
0, not only because of the flow straightening, but also because of the different posi-
tion. So, the rigid motion formula has been used to calculate the local (rudder) fluid
velocity:

Ua (1:3) =00 (1:3) +17,4(4 : 6) A (0 — 0g)

There is also a strong interaction between the propeller and the rudder; the longi-
tudinal velocity component should be evaluated taking into account the longitudinal
velocity at the rudder position due to the ship motions (ship longitudinal velocity mod-
ified by the asymmetrical wake fraction)in addition to the propeller accelerated flow
considering rudder position relative to propeller axis, slipstream diameter reduction,
and flow turbulence corrections.

These effects cannot be neglected without compromising the accuracy of the rud-
der force evaluation.

The acceleration effect is evaluated by the actuator disk theory; the velocity at an
infinite distance downstream from the rudder is:

Ugoo = \/(1 -w)?u? + %KT (nD)* - (1 - w)u
Then the velocity in an upstream region is added:
Uoo = Upeo + (1 = W)U
The velocity evaluated in the propeller disk plane is:

1
uprop = Equo + (1 - W)Ll
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X

ku,.+ (1w

Figure 7.6: Rudder-Propeller Interaction
So, it is possible to evaluate the surge flow velocity at every point of interest using the
following equation derived from actuator disk theory:

U (x) = kprop(XUgee + (1 - W)u

Where kyrop is a coefficient that provides the accelerated velocity as a function of the
non-dimensional distance between the rudder and the propeller; this is obtained us-
ing the diagram in Fig. 7.7.

kprop = 0.5 +0.36 tanh (0.98drep_rua) + 0.11tanh(15d,r0p_ruq)

where d,,op_ryq is the non-dimensional distance (with respect to D/2), along b, direc-
tion, between the rudder and the propeller.

Figure 7.7: kprop coefficient
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The last correction for the surge velocity was introduced to take into account the
experimental results about the rudder/propeller complex. In particular, on the basis
of Molland’s work [31], a new coefficient kg;, was introduced that reduces the effect
due to the propeller slipstream. In this way, the first component of the velocity vector
becomes:

U (x) = kprop(x) * Upeo * ksiip + (1 = W) - u
Once the velocity is known, it is possible to define the flow tube diameter at a certain

location x using the flow conservation equation:

Dr(x)=D ’;”(’;1;

However, the hypothesis of flow conservation is not satisfactory because there is a
mixing between the flow inside the propeller slipstream and the surrounding flow. To
account for this effect, the following formula was applied [18]:
u(x)-u(l-w)
Ar(x) = 0.15x——F——=
0 u(x)+u(l-w)
Where:
Ar is the radius increment
In this way, the surge velocity is corrected as follows:

eorr (00 = [ ()~ u (1 - w)] (1) +ut - w)

Now, it is possible to calculate the total velocity through weighted average between
the accelerated flow velocity on the rudder inside the flow tube and the undisturbed
flow velocity outside the flow tube:

A

A -A
ace = 4 o - wyP?
R

Ugee = AR [uCOVV (X)]Z +

Where:
Ap is the rudder area inside the flux tube.

7.3 Proposed Forces Evaluation

Using a composition of rotational matrices, it is possible to represent the rudder ve-
locity vector in the w-basis:

b
Vg (1:3) =Ry xRExv,,,(1:3)

To evaluate the forces developed by the rudder, it is necessary to consider the real an-
gle between the rudder and the fluid; this angle is obtainable by the following equa-

tion: e
vy 4(2
8.5 = atan <%)

acc
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We also remember an alternative definition of the attack angle:

6ejf =6- ﬁloc

Where:
Bioc is the local drift angle

d
Bloc = atan (Umg(z)>

rud

v’:u 4(2) is the sway velocity evaluated in the rudder position with respect to the

d-frame, taking into account the fluid straightening due to the hull

ud , is the accelerated surge velocity evaluated in the d-frame

It is also possible to calculate the velocity module in the plane< z,z, >. Using the
hypothesis that the velocity component along z, is negligible, we obtain:

Vtzz = \/ V(1) + 0%, (2

Subsequently, the forces acting on the rudder, expressed in z-basis, can be evaluated.
Rudder forces are evaluated considering rudder open water characteristics, properly
modified by hydrodynamic interaction with propeller and hull and the rudder type.
The lift slope coefficient is expressed through the following formula [26]:

1.95-7

dcCy =
L 1+

AR

Where:
AR, is the effective aspect ratio
ARgeom is the geometric aspect ratio, defined as follows:

S
AReﬂr = ZARgeom = ZE

The effective aspect ratio was introduced because the rudder root is quite close to
the hull; in this configuration, cross-flow effects on one extremity of the rudder are
blocked, so the rudder aspect ratio may be doubled with respect to a rudder with two
free extremities. Cross-flow is a 3-D effect generated by significant differences in pres-
sure on the two side of the airfoil. This pressure field allows fluid to cross from the high
pressure zone to the low pressure zone with a consequent drop in performance.

To assess the drag force in non-dimensional form, the following formula [45] (with
a correction) was adopted:

(dCy, 8rr)’ V2,
o TAR A
€osw TAR +Cpo| Ar 1212 €OTTCD _spade

Drud = _Sign(ufud(l))

Where:
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eosw is the Oswald correction shape factor that takes into account the non-
elliptical circulation around the rudder

Cpo is the drag coefficient for §gpr = 0

COTTcp_spade 1S an empirical corrective coefficient obtained by the following equa-
tion as a function of the propeller hydrodynamic load:

K\’ K
COTTCD_spade = (—0.29181 <T2T) +0.82005 (]—ZT> + 1.23509)

The lift coefficient C; is defined in three different ranges of rudder angle by proper
laws; these ranges depend on the stall angle and the peak angle.

The stall angle asry;; is the effective rudder angle where the stall phenomena
starts and is obtained by linear interpolation of the function of the propeller hydrody-
namic load K/J? using the follow diagram:

Figure 7.8: Diagram of asrarr

The angle apgax is the effective rudder angle at which the maximum lift is pro-
duced and is obtained by linear interpolation of a function of the asrs;; angle using
the following diagram:

Figure 7.9: Diagram of apgag
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The corresponding lift curve is outlined in the following figure:

Figure 7.10: Trend of lift coefficient curve

In more detail, the Lift is expressed in non-dimensional form through a piecewise
function:

If 6grF < AsTaLL ,
ARV
Lya=4dCy |6EFF‘%

If asrarr < Oppr < ApEak

C AR V2
Lya= |:dCLaSTALL +dCy (|6gFF| — astarL) ranLéZTgiilll} Izz ‘;;zz

If 6grr > appak

Cr_staLL_sPaDA
range_stall

)
CLJTALLJPADA:| AR Viin

range_stall L2Vv?

Lya = |:dCLaSTALL +dCp (apgak — XsTALL)

~dCy, (|6erF| — apEak)

Where:
Cr_starr is a semi-empirical value
range_stall is a semi-empirical value
So, it is possible to compose the forces vector developed by the rudder:

Efud = (DrudLrud’ 0)

Now, it is possible to express the forces developed by the rudder in the b-basis using
the (transposes of the) rotational matrices introduced above:

T,(1:3)= (Rf; .R% -R;”) Fy
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It is also possible to calculate the moments generated by the rudder introducing the
rudder position, identified by the distance between the pole O, and the pole 04, and
applying the following formula:

7,(4:6)= 0y~ 0) AT,(1:3)

Finally, after this procedure, we can add the rudder forces and moments in the ship
non-dimensional motion equations.



8 Validation

In order to validate the proposed methodologies and the software platform, a ship
equipped with CPPs driven by a gas turbine has been modeled, and an experimental
campaign has been performed.

For confidentiality reasons, the obtained ship data cannot be published, and all
the results are presented in non-dimensional form. The main ship characteristics are
reported in the following table:

Table 8.1: Main ship characteristics

L/B 7
B/T 4
Fn 0.37
Propeller 5 bladed CPP
Rudder Rudder roll
Main Engine | Gas Turbine

8.1 Comparison

During the sea trials, the main propulsion variables and ship manoeuvring character-
istics have been recorded by the on-board automation system and by a supplemen-
tary acquisition system, which was suitably installed on-board to record the typical
manoeuvrability parameters. In total, more than 60 channels have been recorded and
post-processed. Hereinafter a comparison between experimental measurements and
simulated data for different manoeuvres is reported, but for the sake of brevity, only
the most relevant results are shown. Both kinds of data have been sampled every sin-
gle second. To verify a good correlation between sea trials and simulation results, a
slam start, a tight turning circle, and the zig-zag manoeuvre have been analysed.

8.1.1 Slam Start

Reported below is a comparison between experimental and simulated data for a slam
start manoeuvre. Slam start is an emergency manouevre used to determine the propul-
sion plant performance and its control system reliability during tough manoeuvres. It
is also a necessary trial to test and validate the new control logic introduced in 4.2.1.
Starting from zero speed (or around zero speed), the ship is brought to the maximum
speed reachable by the current propulsive configuration.

[ IE2T=l © 2014 Michele Martelli
This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivs 3.0 License.
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All experimental data are sampled every second. The simulated output data are
sampled every second. The propulsion configuration during the sea trial was in elec-
tric mode. In the simulation model, the final propulsion control system configuration
installed on board is not present.

Fig. 8.1shows the command lever position time history for both port and starboard
step levers. Each value is dimensionless with respect to the maximum lever position.
This figure demonstrates that the simulated manoeuvre corresponds to the experimen-
tal one.

Figure 8.1: Slam Start — Step Lever vs. Time

Fig. 8.2 shows the ship speed time history. Each value is dimensionless with re-
spect to the maximum speed reachable in electric mode configuration. In the exper-
imental curve, a step behaviour is observed. This is because the variable has been
recorded without decimal values. A very good correlation between the two curves can
be seen. This demonstrates that the simulation platform is able to represent the real
ship behaviour during a high-dynamic transient. This result means that all macro-
models (propulsion plant, control system, and manoeuvrability) and their mutual in-
teractions are correctly schematized.

Fig. 8.3 shows the revolution regime time history for both transmission lines, port
and starboard. Each value is dimensionless with respect to the maximum rpm com-
manded in electric mode configuration. The two curves are completely overlapped,
and only a few differences occur in the first part of the manoeuvre. This could be due
to a small difference of the rpm controller proportional gain. The system appears to
be completely controlled. No rpm overshoots appear, and the manoeuvre has been
performed without any interference of the electronic control protection.

Fig. 8.4 shows the propeller pitch angle over time for both shaft lines, port and
starboard. Each value is dimensionless with respect to the design propeller pitch an-
gle. Some differences during transients occur. The simulated pitch change is quicker



Comparison =— 77

Figure 8.2: Slam Start — Ship Speed vs. Time

Figure 8.3: Slam Start — Shaft lines revolution vs. Time

than the real one. Some real system delays (electric transmission line delay, PLCs in-
ner time cycle, etc.) can create this difference or maybe a different tuning from the real
PLCs installed onboard exists.

Fig. 8.5 shows the oil pressure inside the piston chamber, for port and starboard
pitch change mechanisms, over time. Each value (both simulated and experimental)
is dimensionless with respect to the maximum portside oil pressure reached during
the trial.

The two curves show a different initial slope. The simulated oil pressure rises more
slowly than the experimental one. This could be caused by a different positioning of
the measuring equipment. In fact, the simulated oil pressure is evaluated in the ac-
tuating chamber and remains constant for the entirety of the manoeuvre. The exper-
imental data is probably measured after the pump. When the blade stops moving, a
pressure drop occurs because the valve that isolates the actuating chamber has been
closed.
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Figure 8.4: Slam Start — Propellers pitch angle vs. Time

Figure 8.5: Slam Start — Oil pressure vs. Time

The maximum value calculated through the simulator is 20% less than the exper-
imental maximum value.

Fig. 8.6 shows the propeller torque over time for both shaft lines, port and star-
board. Each value is dimensionless with respect to the steady state value of the end of
the manoeuvre.

The simulated data rises more quickly than the experimental data. This is an effect
of the propeller pitch change velocity shown in Fig. 8.4. It is interesting to note that,
during the transient, 110% of the torque at the end of the manoeuvre is reached.

Fig. 8.7 shows the propeller thrust over time for both shaft lines, port and star-
board.

Each value is dimensionless with respect to the steady state value of the end of the
manoeuvre.

The thrust measurement is difficult to measure, and the following curves have high
values for validating the propeller open water characteristics and the methodology
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described in 6.4.2. The simulated data rises more quickly than the experimental data.
This is an effect of the propeller pitch change velocity, which is shown in Fig. 8.4. It
is interesting to note that, during the transient, there occurs 140% of the thrust at the
end of the manoeuvre. This effect in Gas Turbine mode can be dangerous for the thrust
bearing. There is an optimal correlation between the curves.

Figure 8.6: Slam Start — Shafts Torque vs. Time

Figure 8.7: Slam Start — Propellers Thrust vs. Time

Fig. 8.8 shows the electric propulsion motor power over time for both shaft lines,
port and starboard. Each value is dimensionless with respect to the maximum power
that the electric motor can generate. There is a good overlap between the two curves.
Small differences exist: the simulated motor dynamic is a little bit quicker than the
real one in the initial period, and then the steepness becomes comparable just like
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Figure 8.8: Slam Start — Electric Motors Power vs. Time

the shaft torque and the propeller thrust shown previously. This could be due to a fast
propeller pitch change.

8.1.2 Turning

Below a comparison between experimental and simulated data for an evolution ma-
noeuvre in a gas turbine configuration has been reported. All experimental data was
sampled every ten seconds, whereas the simulated data was sampled every second.
The considered turning circle manoeuvre has been performed at the maximum speed
with a rudder angle near the maximum. In particular, the manoeuvre is characterized
by an approach phase in straight motion, followed by a turning circle at constant rud-
der angle. A turning test is usually used to determine the effectiveness of the rudder,
to assess steady-state turning characteristics, and to analyse the propulsion plant be-
haviour in transient conditions. During this manoeuvre, significant transversal heel-
ing angles of the vessel may be reached, especially at high speeds. The propeller pitch
angle has been recorded so that the effect of the control system during this manoeuvre
can be completely validated. Furthermore, the propeller thrusts have been recorded,
so it is been possible to also validate the methodology employed to represent asym-
metric propellers loads.

Fig. 8.9 shows the commanded values of the rudder angle over time. Each rudder
value is dimensionless with respect to the maximum rudder angle. This figure demon-
strates that the simulated manoeuvre corresponds, in terms of rudder actuating veloc-
ity, to the experimental one.

Fig. 8.10 shows the ship trajectory in terms of non-dimensional position: X/L and
Y/L. The simulation platform shows good precision with small differences on the tac-
tical diameter below the 40% ship length. From this point of view, it is remarkable
that the hydrodynamic coefficients, obtained by the adopted regression formula, have
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Figure 8.9: Turning - Rudder vs. Time

been further tuned on the basis of the model scale tests since particular attention is
given to the effect of the ship’s manoeuvre on the propulsion system.

Figure 8.10: Turning — Trajectory

Fig. 8.11 shows the shaft power time history in both transmission lines, port and
starboard. Each power value is dimensionless with respect to the initial manoeuvre
power. Some interesting results appear from this figure. During the initial period of
the manouevre, it is possible to see different behaviour in the two shaft lines. In the
inner shaft line (port), there is a power reduction; in the outer shaft line (starboard),
there is a power increase. During the stable period of the manouevre, both shaft lines
require, with different magnitude, a higher power with respect to a straight course.
These effects can be explained by the asymmetrical propeller flow described in 6.4.2.

Fig. 8.12shows the revolution regime time history for both transmission lines, port
and starboard. Each value is dimensionless with respect to the initial manoeuvre port
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Figure 8.11: Turning — Shafts Power vs. Time

rpm. Some differences occur. During the sea trial, the rpm are more or less constant for
the entirety of the manoeuvre. Instead, in the simulated time history, a symmetrical
decrease of the shaft lines revolution of about 5% is observed. The symmetry is due to
the particular gearbox installed onboard. Different reasons can additionally explain
these discrepancies. In fact, during a manoeuvre, an increase in propeller torque is
required. In the simulated manoeuvre, the gas turbine is not able to provide the nec-
essary torque, giving rise to an rpm drop. The gas turbine model has been validated
with manufacturer data, so it is possible that there are different thresholds for the
over-torque control.

Figure 8.12: Turning — Shaft lines revolution vs. Time

Fig. 8.13 shows the ship speed time history. Each value is dimensionless with re-
spect to the approach speed. When the rudder was turned portside, the ship speed
decreased, reaching, when the manoeuvre stabilized, a value 35% lower than that in
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the beginning. A small difference of less than 5% between experimental records and
simulation values is noted. Moreover, ship speed reduction is faster in the simulation.
This behaviour might be partly ascribed to some differences in the automation settings
and partly to residual differences in the manoeuvrability model.

Figure 8.13: Turning — Ship speed vs. Time

Figure 8.14: Turning — Yaw rate vs. Time

Fig. 8.14 shows the yaw rate time history. Each value is dimensionless with re-
spect to the V/L ratio. The experimental data are scattered; however, the simulated
are smoothened. The trends appear to be similar.

Fig. 8.15 shows the transversal heeling over time. Each numerical value is dimen-
sionless with respect to the peak angle reached during this manoeuvre. A reasonably
good matching between the two time histories is observed. This proves the validity of
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Figure 8.15: Turning — Heeling angle vs. Time

the evaluation of the forces acting on hull and rudder. In fact, a small difference of less
than 10% on the first peak value and on the stabilized heel angle is observed; on the
contrary, simulation is not able to capture the oscillations that are present in the sea
trials records. The presence of these oscillations has yet to be investigated and might
be ascribed to an external disturbance. This proves the validity of the manoeuvring
model described in 5.3 and 5.4. Only a small difference in the peak values still exist.

8.1.3 Zig Zag

Next we report a comparison between experimental and simulated data for a Zig Zag
manoeuvre. This type of manoeuvre is performed by setting the rudder from its initial
central position to an assigned angle (usually 10 or 20 degrees) to starboard (or port).
Once this angle has been reached, the rudder is kept steady until the ship has turned
by the same angle to starboard (or port).

All experimental data were sampled every ten seconds, the simulated data were
sampled every second. This manoeuvre has been performed at the maximum speed.
The propulsion configuration was set in Gas Turbine mode. Zig Zag test is used to de-
termine the ship course stability and to analyse the propulsion plant and its controller
behaviour during transient periods. Unfortunately, the propeller pitch angle was not
recorded during this sea trial.

Fig. 8.16 shows the command rudder angle versus time. Each rudder value is di-
mensionless with respect to the maximum rudder angle. This figure demonstrates that
the simulated manoeuvre corresponds, in terms of rudder actuating velocity and tim-
ing, to the experimental one.

Fig. 8.17 shows the ship trajectory in terms of non-dimensional position: X/L and
Y/L. A generallly good correlation, with very few differences below the 0.1 ship length,
is observed.
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Figure 8.16: Zig Zag - Rudder vs. Time

Figure 8.17: Zig Zag - Trajectory

Fig. 8.18 shows the shaft power time history in both transmission lines, port and
starboard. Each power value is dimensionless with respect to the initial manoeuvre
power. Some interesting results appear from this figure. During the entirety of the ma-
noeuvre, different behaviour is observed on the two shaft lines. A sinusoidal behaviour
appears; these effects can be charged to the asymmetrical propeller flow, described
in 6.4.2, and to the propulsion control system effect on the propeller pitch angle re-
duction, described in 4.1.3. Unfortunately, it is impossible to prove the effective pitch
reduction due to lack of recorded data. The experimental data sample time does not al-
low us to make any further conclusions regarding the different maximum power mea-
surements for port shaft (105%) and starboard shaft (120%).

Fig. 8.19 shows the shaft line revolution regime time history for both transmis-
sion lines, port and starboard. Each value is dimensionless with respect to the initial
manoeuvre rpm. During the sea trial, the rpm are more or less constant for the entire
trial. Then, the variables start to oscillate; this phenomena might be due to a control
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Figure 8.18: Zig Zag — Shafts Power vs. Time

Figure 8.19: Zig Zag - Shaft lines revolution vs. Time

instability. However, in the simulated time history, this behaviour appears from the
manoeuvre beginning. The maximum difference between the two trends are below
6%. Similar to the evolution manoeuvre, the difference can be attributed to different
control settings, particularly to a propeller pitch reduction function setting.

Fig. 8.20 shows the ship speed time history. Each value is dimensionless with re-
spect to the approaching velocity recorded during the trial. A certain difference be-
tween experimental and simulated values is observed, with larger oscillations in the
simulation, but in general the two time histories are well-related. It is important to
note that, during the sea trial, this channel has been recorded without decimal units,
thus providing a discontinuous curve.

Fig. 8.21 shows the transversal heeling over time. Each value (both simulated and
experimental) is dimensionless with respect to maximum angle reached during the
experimental trial. A good correlation is observed in terms of absolute value and pe-
riod for the two time histories, proving once again the validity of the manoeuvring
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Figure 8.20: Zig Zag — Ship speed vs. Time

Figure 8.21: Zig Zag - Heeling angle vs. Time

Figure 8.22: Zig Zag — Heading vs. Time
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model describing the roll motion described in 5.3 and 5.4. Such as in the evolution
manoeuvre, a difference on the peak values still exists.

Fig. 8.22 shows the heading versus time. In Fig. 8.22, the command rudder is also
reported in both cases. This helps to evaluate the overshoot angle. The experimental
and simulated data are well-related in terms of overshoot angle and oscillation period.



9 Conclusions

The proposed simulation approach, employed at the design stage, gives the de-
signer insight into expected performance of a designed vessel, providing feedback that
would otherwise be unavailable until the real system is built and tested.

This insight provides the possibility to check a number of design alternatives to
optimize vessel design.

This Ph.D. thesis was inspired from a collaboration between Genova University
and an important automation provider. The main target of this work was the develop-
ment and use of simulation techniques for the propulsion control system design of a
naval vessel. Thanks to the previously mentioned collaboration, it has been possible
to apply the developed methods and models to a real industrial project. The princi-
pal objective has been well-achieved. The use of this kind of simulation platform to
test the propulsion controller before the installation onboard enabled the automation
provider to significantly reduce tuning time during sea trials. Furthermore, the simu-
lation platform allowed the optimization of propulsion plant performance in terms of
responsiveness, fuel consumption, and safety.

After the sea trials, the different models were validated. A good correlation be-
tween experimental and simulated data was observed. Obviously, some differences
exist, and it is important understand the causes for future improvement. Generally,
the differences between experimental and simulated data could be attributed to:

— Different conditions simulated
— Measurement uncertainties

— Missing data

- Assumptions used

— Numerical error

These potential sources for discrepancies could serve as future topics for further in-
vestigation in the ship design process.

The methodology and the simulation “kernel” developed and validated could be-
come an invaluable multi-purpose tool for the maritime community (design studies,
shipyard, automation provider, ship owners, crew, harbor authorities, classification
register, etc.) because it allows the following tasks to be completed in a faster, more
efficient manner:

- Size and optimize the propulsion plant

- Develop and optimize the propulsion control system
- Improve safety onboard

— Environmental assessment & IMO indicators

—  Study maintenance programs

— Crew training

—  Avoid collision in narrow water (harbor).

[ IE2T=l © 2014 Michele Martelli
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Nomenclature

SYMBOL UNIT DESCRIPTION

a [-1 Propeller inflow factor

a, [m/s?]  Acceleration of propulsor with respect ton
b [-1 Ship fixed frame

c [m] Rudder average chord

COITCD_spade [-] Empirical drag correction for spade rudder
d [-1 Rudder 0°fixed frame

da [m] Lever arm of blade frictional axial force
dprop_rud [-] Distance between rudder and propeller
dCL [-1 Rudder lift slope coefficient

e [-1 Hub fixed frame

e(t) [-] P.I.D. Error

eosw [-] Oswald correction shape factor

eyp [m] Yoke-pin eccentricity

f [-1 Blade fixed frame

f(a) [-] Propeller g factor

g [m/s?]  Gravity acceleration

h [/kgl Enthalpy

ka [-1 Propeller side wash factor

kprop [-] Corrective coefficient for propeller fluid velocity
ks [-] Propeller spinner factor

Kksiip [-] Coefficient to reduce propeller slipstream effect
mo [-] Slope of propeller lift curve

m kgl Ship mass

my [kgl Blade mass

m; [kg/s]  Oil mass flow in

Mm [kel] Pitch change mechanism mass

mo [kg] Oil mass

Mo [kg/s] Oil mass flow out

my kgl Propeller mass

my [kgl Yoke mass

n [kgl Earth fixed frame

n [rad/s]  Shaft line rpm

Nmax [rpm] Max shaft line rpm

Ninin [rpm] Min shaft line rpm

Nset [rpm] Shaft line rpm set-point

nav mode [-1 Operative mode

P [rad/s] Rollrate

p1 [Pa] Astern chamber oil pressure

D2 [Pa] Ahead chamber oil pressure

Poil [Pa/s]  Time derivative of hub oil pressure

q [rad/s]  Pitch rate

qi [m3/s]  Oil volumetric flow in

Gout [m3/s]  Oil volumetric flow out

[ IE2T=l © 2014 Michele Martelli
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~ o~ =

to
threshold
u
uZCC
Uprop
Uoo
Upoo
1

Ve

w

w

e
XcH

Xf

XG
XMax-AH
Xpist
)'(pist
Xrud
Xpist

y

YcH

Y6

Yrud
z

z
ZcH
Z6
Zrud
Zwl

Aq

A

Ag

Ao

Ap

AR

Aw
ARq
ARgeom

Bs
By

[rad/s]
[m]

[Pa]
[Kg/s]
[N]
[m]

Yaw rate

Average rudder span

Max rudder thickness

Thrust corrective coefficient during manoeuvres
Piston head orifice thickness

Crash stop rpm threshold

Ship surge velocity

Propeller accelerated flow velocity

Fluid velocity in propeller disk plane

Fluid velocity in upstream region from rudder
Fluid velocity at infinity downstream from rudder
Ship sway velocity

Ship gravity centre acceleration vector
Rudder fixed frame

Ship heave velocity

Longitudinal ship position

Longitudinal blade pressure centre position
Longitudinal floatation centre position
Longitudinal gravity centre position

Max stroke ahead

Piston stroke

Piston velocity

Longitudinal rudder position

Piston acceleration

Transversal ship position

Transversal blade pressure centre position
Transversal gravity centre position
Transversal rudder position

Fluid fixed frame

Vertical ship position

Vertical blade pressure centre position
Vertical gravity centre position

Vertical rudder position

Waterline

Yoke area of astern chamber
Yoke area of ahead chamber
Propeller expanded area
Propeller disk area

Rudder area inside the flux tube
Rudder area

Water plane area

Effective rudder aspect ratio
Geometric rudder aspect ratio
Oil Bulk modulus

Pitch mechanism damping coefficient
Ship buoyancy

Vessel breadth



Ca
Cp
Cpo
CL
Cip
CPP
CrB

Dy
Dy

Drud

KMT
Ky

Kp
Kpjp|

KQsy
KQsy
Ky

K|
Kiirijg|
Ky,
Kijg)
Kr

Ky

KVN
Kypy|

[m]
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Hydrodynamic Coriolis centripetal ship matrix
Block coefficient

Rudder drag coefficient at zero degree
Rudder lift coefficient

Leakage coefficient

Controllable pitch propellers

Coriolis centripetal ship matrix

Propeller diameter

Linear damping matrix

Non-linear damping matrix

Piston head diameter

Rudder drag

Flow tube diameter

Blade root friction axial force vector
Propulsor hydrodynamic force vector

Pitch mechanism hydraulic force

External force and moment acting on the vessel
Total inertial forces acting on the propulsor blade
Blade root friction radial force vector
Propulsor Coriolis force vector

Propulsor transportation force vector
Propulsor weight force vector

Restoring matrix

Longitudinal metacentric height

Transversal metacentric height

Righting arm

Derivative Gain

Integral Gain

Distance of buoyancy centre from metacentre
Hydrodynamic coefficients of D; matrix
Hydrodynamic coefficients of M4 matrix
Proportional Gain

Hydrodynamic coefficients of Dy; matrix
Propulsor torque coefficient

Hydrodynamic spindle torque coefficient
Inertial spindle torque coefficient
Hydrodynamic coefficients of D; matrix
Hydrodynamic coefficients of M4 matrix
Hydrodynamic coefficients of Dy; matrix
Hydrodynamic coefficients of Dy, matrix
Hydrodynamic coefficients of Dy, matrix
Hydrodynamic coefficients of Dy; matrix
Non-dimensional propeller thrust coefficient
Hydrodynamic coefficients of D; matrix
Hydrodynamic coefficients of M, matrix
Hydrodynamic coefficients of Dy, matrix
Hydrodynamic coefficients of Dy, matrix
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Kyvi1p] [-] Hydrodynamic coefficients of Dy; matrix

Kyjp| [-] Hydrodynamic coefficients of Dy; matrix

I [-] Propeller side area index

I [kg m?2] Blade Inertia

Ie [kg m?]  Engine Inertia

Ig [kg m?2]  Gearbox Inertia

Ip [kg m?2]  Propeller Inertia

Is [kg m2]  Shaft line polar inertia

J [-] Propeller advance coefficient

L [m] Ship length

LHV [)/kg] Lower heating value

Lyya [-] Rudder lift

Ly [m] Piston head thickness

Lpp [m] Length between perpendiculars

M [-] Inertia and added mass ship matrix

My [-] Added mass ship matrix

M(C) [Nm] Blade moments due to Coriolis forces

M{) [Nm] Total blade moments due to inertial forces

Mf) [Nm] Blade moments due to transportation forces

MI’)V [Nm] Blade moments due to weight forces

My [-] Hydrodynamic coefficients of D; matrix

My [-] Hydrodynamic coefficients of M4 matrix

Mgq| [-] Hydrodynamic coefficients of Dy; matrix

Mpgp [-1 Rigid body inertia ship matrix

Ny [-1. Hydrodynamic coefficients of Dy matrix_

Ny [-1 Hydrodynamic coefficients of M, matrix_

Npjp| [-1 Hydrodynamic coefficients of Dy; matrix_

N, [-1 Hydrodynamic coefficients of D; matrix_

N; [-1 Hydrodynamic coefficients of M4 matrix_

N [-1. Hydrodynamic coefficients of Dy; matrix_

Nijrilo] [-1. Hydrodynamic coefficients of Dy; matrix_

Ny [-1 Hydrodynamic coefficients of Dy; matrix_

Nyjg| [-1 Hydrodynamic coefficients of Dy; matrix_

N, [-1 Hydrodynamic coefficients of D; matrix_

Nyir [-1 Hydrodynamic coefficients of Dy; matrix_

Ny [-1. Hydrodynamic coefficients of Dy; matrix_

Nyjvijo| [-1. Hydrodynamic coefficients of Dy; matrix_

Nyjg| [-1 Hydrodynamic coefficients of Dy; matrix_
[-1 n frame origin

Oy [-1 b frame origin

04 [-1 d frame origin

Oe [-1. e frame origin

Of [-1. f frame origin

Ow [-1 w frame origin

0, [-1 z frame origin

oD [-] Oil Distribution

Pn W] Engine brake power

Q,, [Nm] Blade root friction axial moment vector



Ypip|
Yr

Yo
Yiirijol
Yy
Y|
Y,

Yy

YVYY
Yoy
Yiivilgl
Yyjg|
z

ZB

Nomenclature

Engine torque

Frictional shaft torque

Hydraulic torque

External torques acting on the shaft
Propeller torque

Port shaft torque

Blade root friction radial moment vector
Total spindle torque

Frictional component of spindle torque
Hydrodynamic component of spindle torque
Inertial component of spindle torque
Starboard shaft torque

Interaction torque between blade and its bearing
Rotational Matrix from b to n (linear velocity)
Rotational Matrix from b to d (linear velocity)
Rotational Matrix from d to w (linear velocity)
Rotational Matrix from w to z (linear velocity)
Cross-product operator

Propulsor thrust

Ship draft

Rotational Matrix from b to n (angular velocity)
Step lever position

Ship speed

Propulsor advance velocity

Actuating chamber volume

Initial actuating chamber volume

Ship weight force

Hydrodynamic coefficients of Dy, matrix
Hydrodynamic coefficients of D; matrix
Hydrodynamic coefficients of M, matrix
Hydrodynamic coefficients of Dy; matrix
Hydrodynamic coefficients of Dy; matrix
Hydrodynamic coefficients of D; matrix
Hydrodynamic coefficients of M4 matrix
Hydrodynamic coefficients of Dy, matrix
Hydrodynamic coefficients of D; matrix
Hydrodynamic coefficients of Dy; matrix
Hydrodynamic coefficients of Dy; matrix
Hydrodynamic coefficients of Dy; matrix
Hydrodynamic coefficients of Dy, matrix
Hydrodynamic coefficients of D; matrix
Hydrodynamic coefficients of M, matrix
Hydrodynamic coefficients of Dy; matrix
Hydrodynamic coefficients of Dy; matrix
Hydrodynamic coefficients of Dy; matrix
Hydrodynamic coefficients of Dy, matrix
Number of blades

Distance between buoyancy centre and keel line
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YViua

Poil

TA
Tp
T6
TH
TL
TNL
Tp
Tpr
Tp1
TpROP
TR
Tw

Po
PMax_AH

E)

[rad]
[rad]
[rad]
[rad]

-]

[rad]
[rad]
[rad]

[m - rad]
[m/s - rad/s]
[m/s? - rad/s?]

[rad]

-]

[Pa s]

[m/s-rad/s]

[m/s]
[m/s]

[m/s? - rad/s?]

[m/s]

-]

[kg/m3]
[kg/m3]
[kg/m3]

-]

[N-
[N-
[N-
[N-
[N-
[N-
[N-
[N-
[N-
[N-
[N-
[N-
[N-

Nm]
Nm]
Nm]
Nm]
Nm]
Nm]
Nm]
Nm]
Nm]
Nm]
Nm]
Nm]
Nm]

[rad]
[rad/s]
[rad/s?]
[rad]
[rad]
[rad]

Distance between gravity centre and keel line
Hydrodynamic coefficients of D matrix
Hydrodynamic coefficients of M, matrix
Hydrodynamic coefficients of Dy, matrix

Rudder max lift angle

Rudder stall angle

Drift angle

Drift angle at rudder

Fluid straightening vector

Rudder angle

Rudder effective attack angle

Rudder axis fixed inclination

Ship position vector

Ship velocity vector in n -basis

Ship acceleration vector in n -basis

Pitch angle

Frictional coefficient of the blade-hub

Oil dynamic viscosity

Ship velocity vector in b -basis

Linear velocity vector for the propulsor gravity centre
Fluid velocity vector in b -basis on rudder

Ship acceleration vector in b -basis

Ship linear velocity vector

Whole set of points constituting the blade

Sea water mass density

Blade mass density

Oil mass density

Blade solidity

External force and moment acting on the vessel
Added mass forces and moments vector
Damping forces and moments vector

Restoring forces and moments vector
Hydrodynamic hull forces and moments vector
Linear damping forces and moments vector
Non-linear damping forces and moments vector
Propulsor hydrodynamic forces and moments vector
Propulsor frictional forces and moments vector
Propulsor inertial forces and moments vector
Total forces and moments acting on the propulsors
Rudders forces and moments vector
Environmental forces and moments vector
Propeller pitch angle

Blade angular velocity

Blade angular acceleration

Zero thrust pitch angle

Max propeller pitch ahead

Roll angle



b
gb/n
Wpg
Wy
Ws

4,
Arpm
Aw

1-9
1-w)
(CH-0)
(G-0
P-0)

[rad]
[rad]
[rad/s]
[rad/s]
[rad/s]
[rad/s?]

[m]
[rpm]
[-]
[N]

[m3]
[-]
[-]
[m]
[m]
[m]

Nomenclature

Course angle

Yaw angle

Ship angular velocity vector
Blade angular velocity vector
Hub angular velocity vector
Shaft line acceleration

Propeller flow radius increment

Slam Start tolerance

Asymmetrical wake field increment

Interaction force between blade and its bearing

Displaced volume

Thrust deduction factor

Wake factor

Position vector of the blade pressure centre
Position vector of the blade gravity centre
Generic distance vector
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M(C,:—zﬁ//\p(P—O)/\[a)H/\[wq,/\(P—O)Hdr (A1)

M§ is the moment (with respect to the point O) of the Coriolis force acting on a sin-
gle blade. Using the skew-symmetric property of the vector (wedge) product between
vectors (a A b = -b A\ @) as well as the well-known formulaa A (b A¢c) = b(a-¢c) -
c(a - b) (the dot denoting scalar product between vectors), we can work out the vec-
tor expression under the integral A.1 in different ways. In particular, we obtain the
identities:

P-0A [wx A |2, AP-0)]] -
e N[E-0OA[ex AP-0)]]-w, AwyP-07 A2
and
P-O\ @i A\ [, AP-0)] =-w, AP-0)[(P-0)-wy] (A3
Moreover, it is easily seen that the following identities hold as well:
w, \(P-0)[(P-0)- wy] =
P-0)A[(@ Aws) AP-0)] +wy AP-0) [w,-P-0)] (a4

and

wa \[P-O A @, A®-0)]] = 0y A\ wy |P- 0wy A\ (P-0) [w, - (P-0)]
(A.5)
Combining A.2, A.3, A4, and A.5, we then obtain:

—2(P-0)\ [QH/\ [Qq]/\(P—O)H _

~w, \ |-\ [y A@-0)]] + @, Awy|P-0P+

+ -0\ [(w, Awy) AP-0)] +wy AP-0) |0, P-0)] =

~w, A[E-O N [ax A@-0)]] +@-0) A\ (2, Awi) AP-0)]
oy \[P- O\ [w, AP-0)]] (4.6)

[COET=TE © 2014 Michele Martelli
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Inserting the content of Eq. A.6 into Eq. A.1 and recalling the general definition of
the action of the inertia tensor on a vector a, we obtain:

lo@- [p®-0)A\[a)\@-0)]dr (7)
B

Then, taking into account that the vectors w, and w, p are independent of the in-
tegration variables, we reach the final expression:

MG = ~w, \lo @)~ wy \Io (w,) +1o (@, /\ ) (4.8)

where I, denotes the inertia tensor of the single blade with respect to the point O.
Concerning the moment of the transportation force with respect to the point O, we
have:

Mf)=—/p(P—O)/\[go+gH/\ 0y AP-0)] +aoy AP-0)]dr  (A9)
5

On the one hand, it is immediately seen that:

- /p(P -0) \aodr =-M(G-0) A\ a, (A.10)
B

and

_ / p(P-0) \ [QH AP- 0)} dr = ~Io (@) (A1)
B

On the other hand, we have the identity:
P-0) A [@n A [@x A®P-0)]] = P-0) \lwy @y - (P-0))] -
(P-0) \ lwy (g - (P~ O)] + wy \ wy [P~ 0P =

Wy \ [-(P-0) @y - (P-0)+wy P 0P| =wy \ [P-O) \\ [wy A\ P-0)]]
(A.12)

From Eq. A.12, it follows that:
_ /p P-0)\ [QH A [QH/\ P- O)H dr = ~wy; \ o (@g) (A13)
;

Taking Egs. A.10, A.11, and A.12 into account, we can rewrite Eq. A.9 in the final
form:
M§ =-M(G-0) \ ag - wy \ o (Wp) - To (@) (A14)
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