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ABSTRACT:

This thesis have in general been divided into three parts: Discussion about the traditional approach for station
keeping and manoeuvring capability (static approach with dynamic factor), use of more modern tools analysing
dynamic capabilities of the vessels (DynCap, and DNVGL DP Level3); Detail study of the main machinery
systems as generators and thrusters with their control system to establish and understand the theory and relation
between them; Development of a design configuration systematics enabling us to have parameters to perform early
stage dynamic calculation analysis and establish dynamic equipment and ship merit factor.

There are already today several providers of dynamic simulation tools where you could build virtual models of
your vessel and perform analysis at early design. As far as | have found there is no standard way of building the
various parts of the models, and these models includes simplifications and assumptions. If we don't properly
understand the relations we could end up thrusting the early stage dynamic models and the resulting vessel
behaviour too much.

This thesis propose two levels of early design approach to ensure that the designer have understanding of
applicable load combinations and dynamic relation of combination of main propulsion machinery configurations.
The equipment category and dynamic merit factors proposed in Part 2, could form a basis for a future dynamic
categorization system that will enable us to make better use of 3™ party dynamic analysing tools at an early design
phase (“correct” input). Or at least evaluate their results.

I have not found other work that tries to link, generalize and simplify the dynamic relations between main
machinery and their control systems at an overall level with the intention to make a simple design tool for selecting
equipment based on their dynamic behaviour and dependencies.

The future for vessels with dynamic position/manoeuvring systems on board I believe will be to have full scale
vessel specific dynamic calculating model incorporated in their control systems, calculating probable resulting
deviating positions in event of failures or changed weather.

But I still believe that the industry needs an early stage simple design tool or approach to understand and ensure
that the dynamic behaviour is understood and controlled.
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PREFACE

One of the main challenges in ship design is to make sure that a vessel is able to perform its
tasks in a safe and efficient manner. The industry has therefore created vessels and systems
with high degree of integration between various systems and their control systems.

The result is flexible, cost effective and more environmental friendly vessels, but it have also
its challenges related to higher degree of complexity and need for operational awareness and
understanding.

It is therefore essential that the designer understand the interactions between the vessels
different system, to be able to determine the weather operational window where the vessel can
maintain its speed, heading and position within some limits.

To establish a weather window, a static analysis is normally performed by balancing the
maximum obtainable thruster force against a resultant mean environmental force due to wind,
wave drift, current, and possible other loads.

Important assumptions and simplifications must be done to facilitate the analysis and the
dynamic behaviour of the vessel and propulsion system is normally not considered, but
allowed for by having a “margin” or dynamic factor.

No criteria for thruster response requirements, are to my knowledge agreed upon in building
specifications, nor building contracts, and not always either given in specifications from
equipment manufacturer. The manufacturers of the various equipment would possible tend to
like slow response, gradually build-up of thrust, this due to maintenance and stability
requirements etc. But they are not clearly stating their preference/limits. While the owner
from a manoeuvring point of view in many cases would like to have faster response.

When vessels like car ferries with marginal main machinery installations, (and for vessels that
intend to operate with only a limited number of diesel electric engine connected at the same
time) have their propulsion and thrust arrangements tested at trails, the result might be that
you need to tune down the response rate for various equipment to meet the main machinery’s
limitation. This might result in slow vessel response as one of the few parameters that could
be adjusted, at this late stage is the thrust response time/curve.

These adjustments have implications for the equipment, the vessels main power generating
machinery, power management system, black out prevention and DP/manoeuvring tuning as
well as crash stop distance etc. for the vessel.

This study will try to investigate the interaction between main machinery, to better understand
the reasoning, - and effect of these interactions. It will be at an overall level studying the
consumers and the producers, and will establish some guidance related to dynamic merits for
main propulsion system and the vessel as such.

A literature study of relevant papers, articles and books is conducted to better understand the
theory and background around the topic. This to understand what research has already been
conducted linked to my topic, and to be able to focus my study and base the foundation on
others work and insight.

The study also include contact with industry partners enabling me to get actual data related to
time-varying thrust response for different types of main propulsion systems and side thrust
system as well as azimuth propulsion systems.

The theses will in part 2 propose a design method, or procedure to take into consideration the
dynamic behaviour of main equipment, and the vessel as such, at an early design stage.



This procedure propose a simple systematic for selecting a set of parameters for various
equipment enabling us to perform a dynamic simulations at a design phase, without knowing
how the vessel ended up finally tuned. The vessel will then have a set of limits it will have to
fulfil during tuning and these settings should be possible for the ship owner to order their
vessels according to.

Hopefully such a standard categorisation for various equipment could result in a design
system to simple establishing some kind of dynamic environmental regularity numbers,
similar to the static ERN calculations and merits we know from DP vessels today.

This could be a system with various fault scenarios, or change in environmental conditions,
simulation by time-domain tools and resulting dynamic operation window. Possible a
dynamic ship merit number something like Dsm/sdeg,10m/10deg, 15m/15deg,20m/20deg) ERN.

ABSTRACT

This thesis have in general been divided into three parts: Discussion about the traditional
approach for station keeping and manoeuvring capability (static approach with dynamic
factor), use of more modern tools analysing dynamic capabilities of the vessels (DynCap, and
DNVGL DP Level3); Detail study of the main machinery systems as generators and thrusters
with their control system to establish and understand the theory and relation between them;
Development of a design configuration systematics enabling us to have parameters to do early
stage dynamic calculation analysis and establish dynamic equipment and ship merit factor.

There are already today several providers of dynamic simulation tools where you could build
virtual models of your vessel and perform analysis at early design. As far as | have found
there is no standard way of building the various parts of the models, and these models
includes simplifications and assumptions. If we don't properly understand the dynamic
relations, we could end up trusting the early stage dynamic models with the resulting vessel
behaviour too much.

I have not found other work that tries to link, generalise and simplify the dynamic relations
between main machinery and their control systems, at an overall level with the intention to
make a simple design tool for selecting equipment based on their dynamic behaviour and
dependencies.

The equipment category and dynamic merit factors proposed in part 2, could form a basis for
a future dynamic categorization system, that will enable us to make better use of 3" party
dynamic analysing tools at an early design phase. Alternative to such open categorization and
sharing of information of equipment capabilities, is to have fully integrated control and
analyse systems for each design.

The future for vessels with dynamic position/manoeuvring systems on board, | believe will be
to have full scale vessel specific dynamic calculating model incorporated in their control
systems. These systems will calculate probable resulting deviating positions in event of
failures or changed weather.

But in my view, we still need an early design tool, for us better to understand the dynamic
relations and enable us to combine and utilize modern technologies and perform dynamic
simulations with some assumptions before we select the final setup.



This thesis propose two levels for early design approach, to ensure that the designer have
understanding of applicable load combinations and their dynamic relations, to main
propulsion machinery configurations. The design philosophy and modes for operations should
then be clearly stated, so that control systems etc. take this philosophy in to considerations.

| hope that this simple approach could result in more research and creation of refined tools, to
better support decisions made early in the design process, enabling the industry to make better
products and encounter less problems late in the building phase.
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TERMINOLOGY

This thesis refer to sever other works done by other, formulas and equations from earlier
performed work are in some sections included to point out relations. The reader is referred to
the authors and the interested reader should consult the referred work for further details and
explanations for formulas etc.

Abbreviations

AP
CcP
CPP
DOF
DNVGL
DP
FPP
GNC
IMCA
LOA
LPP
ME
MCR
MTC
PM
PMS

QP

rps

Aft Perpendicular

Controllable pitch

Controllable pitch propeller

Degree of freedom

DNV GL AS, Classification Company
Dynamic positioning

Fixed pitch propeller

Guidance, navigation, and control
International Marine Contractures Association
Length over all

Length between perpendiculars

Main engine

Maximum Continuous Rating

Manual thruster control

Pierson-Moskowitz (wave spectrum) or Position Mooring
Power management system

Torque

Combined torque/power
Revolutions-per-second






1 INTRODUCTION

1.1 Project background

One of the challenges in ship design is to make sure that a vessel is able to perform its tasks in
a safe and efficient manner by defining optimal vessel design with respect to hull, propulsion,
thruster and main power configurations.

To select the right propulsion configuration and effects are crucial. The main prolusion
system is normally designed according to service speed and draught requirements and the
thruster according to expected resulting side force requirements.
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........

Propulsion Requirements Typical "displacement hull”
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Figure 1-1, Propulsion Requirements Figure 1-2, Ship Resistance

(Sketches taken from Lecture notes, HIALS Machinery System)

Control of the vessels movement is handled by several “layers” or hierarchy of levels of
control systems interacting and working together, this is the same for manually operated
vessels where the captain operates the handles and a DP operated vessel where a controller
based upon sensor gives the orders.

Smogeli (2006) describes the control hierarchy of a marine guidance, navigation and control
system might be divided into three levels and refers to Balchen et al. (1976, 1980); Sgrensen
etal., (1996); Strand, (1999); Strand and Fossen, (1999); Fossen and Strand (1999, 2001);
Strand and Sgrensen (2000); Lindegaard and Fossen (2001); Fossen (2002); Lindegaard
(2003); Bray (2003) and Sgrensen (2005)

* The guidance and navigation system, including local set-point and path generation.
* The high-level plant control, including thrust allocation and power management.
* The low-level thruster controllers.

This thesis will focus on the high level controller and specially the Thrust allocation ability
for a vessel with a given main machinery configuration in various modes. But to understand
the interactions between the systems the assignment will also study the propulsion and
thruster system and its dynamic more in detail.

Pivano (2008) have in his work focused on thrust estimation and control of marine propellers
and are linking this to the overall control system similar to earlier work done by several as
Smogeli and Fossen mentioned above.

My work will not go in depth related to propeller control as ventilation, anti-spin, and loss
control effects it will consider only normal operation and fully submerged propellers.
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Figure 1-3, Sketch of Marine vehicle control system Pivano (2008) and DNVGL-
ST-0111 2016

Load 1oreue Propulsion unit
T Propeller Shaft ) Qm[ Motor | Qe Low-level T
—~— hydro- dynamics dynamics thruster —

Theust dynamics [ controller
/ setpoint

force
VV'ZWOS | Vessel

Current motion
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In Smogeli PhD from 2006 he is also referring to and describing the main type of propellers
types/systems used for side thrust and main propulsion. I will repeat some of this in this study
to establish an understanding of the various power needs for the different applications.

Both Smogeli (2006), Pivano (2008, 2012) and Bgrhaug (2012) describe the various vessel
motion variables and refer back to Fossen (94 and 2011) and several others.

But in short a marine vessel is moving in 6 degrees of freedom (DOF) and six independent
coordinates are required to determine the position and orientation.

These six different motion components are defined as surge, sway, heave, roll, pitch and yaw,
Fossen (2011).



Figure 1-5, 6-DOF

The various DOF positions, orientations and corresponding velocities and accelerations
for the vessels is defined in SNAME (1950) as presented by Fossen (2011)

DOF Forces Linear Position
and mo- | and an- | and Euler
ments gular Angles

velocities

1 motion in the x direction (surge) | X u X

2 motion in the y direction (sway) | Y A\ v

3 motion in the z direction (heave) | Z w v/

4 rotation about the x axis (roll) K p o

5 rotation about the vy axis (pitch) | M q 0

6 rotation about the z axis (yaw) N r 1

Figure 1-6, 6-DOF, SNAME (1950) notations as given in Bredhaug (2012)

Bredhaug (2012) explain the different equations for motion control and cordinate
transformation used by different tools but we will not go into details about this in this thesis.

To help you in the design phase you could use several tools to determine the static weather
operational window where the vessel can maintain its speed, heading and position within
some limits.

To establish a weather window, a static analysis is normally performed by balancing the
maximum obtainable thruster force against a resultant mean environmental force due to wind,
wave drift, current, and possible other loads.

Important assumptions and simplifications must be done to facilitate the analysis and the
dynamic behaviour of the vessel and propulsion system is not considered, but allowed for by
having a “margin”. IMCA M140 have a 15% dynamic Allowance, DNV ERN have 10%
Dynamic allowance, In the New DNVGL-ST-0111 - Assessment of station keeping capability
of dynamic positioning vessels Standard Level 1 uses 1.25.

To establish the plots indicated below the sum of the environmental forces given in
IMCA/DNVGL standards acting on a vessels are calculated for several positions around the
vessel to present the capability in a polar coordinate plot. These plots could of cause also be
established for certain conditions not given by IMCA, but typical weather in a given port to
help evaluate ferry regularity and wheatear window for a given location.
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The above illustrations is examples of the vessels capabilities after an equilibrium of
environmental and thrust forces have been achieved (static pictures)

F(environment)+F(vessel thrust)=0

The effect of dynamic weather or vessel motions and inertia and the propeller systems
response time is not considered in these static analyses, but as described above accounted for
by a dynamic factor.

Bredhug (2012) are studying the current standards shortcomings and are pointing out that they
are based on non-vessel specific coefficients, thruster force rules of thumb coefficients and
don't give specifications of how to account for the DP control system etc.

Bredhuag (2012) is touching upon that the thrust force could not be established immediately
and that we need to encounter for forbidden thrust zones as well as the different thruster types
Azimuth thruster with fixed pitch propellers that need to turn etc. and that it takes time to
ramp up thrust forces.

In Bredhaug (2012) he is comparing the static DP CAP systematic given by Class and IMCA
with the The Next Level DP Capability Analysis By @yvind Smogeli, Nguyen Dong Trong,
Brede Bgrhaug, Luca Pivano and indicate that this will be a better tool to get accurate
understanding of the vessel behaviour.

DNVGL have lately issued their new Assessment of station keeping capability of dynamic
positioning vessels Standard — DNVGL-ST-0111. This standard have a DP Capability Level
3 part that introducing a 3 degree heading limit and a 5 meter position limit.

Heading limit

Position limit

Figure 1-10, Position and heading limits from the DNVGL-ST-0111

To achieve accurate and trustworthy results from modern dynamic simulation tools you need
to have your input and limitations correctly established.

But no formal criteria for thruster response requirements are given in the above listed
publications or to my knowledge normally agreed upon in neither building specifications nor
building contracts.

Equipment manufacturers would possible tend to like slow response and gradually build-up of
thrust, due to maintenance and stability requirements etc. but are to my understanding not



clearly stating their preference/limits, while the owner in many cases would like to have faster
response.

The Thrust Allocation module and the power module in the DynCAP tools are prepared for
taking this into considerations but i have not found any good study related to this.

This is also indicated in the work from Bredhaug (2012) he is stating that to understand the
azimuths turning time to build up of thrust is important, but from the evaluation in his section
9.7 Power it seems for me like he is only checking the static theoretical power availability and
are not taking into considerations the main engine power setup and dynamic behaviour.

This thesis will focus in the relation between thrust build up times and combinations of load
cases and compared this with the main generators capability.

Thrust output

120

Truster 1 Thruster2 Thruster 3

a0 / / /
2 / // Resulting Thrust Energy
L=

o

100

80

60

o 1 2 3 4 5 3 7 8 9 10 11 12 13 14 15 15 17 18 19 20

Figure 1-11, Various thrust build up times

We understand that the thruster’s dynamic behaviour will have effect on the dynamic
behaviour of the vessel, but it is not equally clear that the thruster’s dynamic behaviour is
highly dependent of the main machinery configuration and mode.
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Figure 1-12, Thrust energy time variations

As indicated in the above figure different ramping times could result in differences of the
dynamic capabilities of the vessels. The vessel to the left in the below illustration could
maintain its position within some meters due to here quick response and build-up of counter
forces and the vessel to the right with slower response will have a bigger footprint in the same
weather, or in the event of losing one of its thrusters and need to allocate and build up thrust
for remaining thrusters.
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Figure 1-13, Illustrations from Smogeli et. al [4] The next level DP

The vessel to the right could be better in many ways, both related to stability of systems and
maintenance etc. If the operation profile for the vessel accepts this bigger footprint this is
perfectly fine, but if the vessel need to have a small footprint the dynamic of the various
systems is important. This is of cause linked to the vessels movement and inertia and could
also have effect on the fuel consumption etc.

When vessels are tested at trails, many of the parameters as the thrusters and main machinery
catachrestic are fixed, and one of the few remaining parameters that could be adjusted is the
thrust response time/curve. To adjust this could have implications for both the equipment, and
the vessels machinery and power management system and built in blackout prevention
systems etc.

The thrust response could be depending on several settings as power available signal from the
PMS, to the drive settings and the control system and it is not always clear during
commissioning who is the responsible to tune “total” system.

Lately as described in Bredhaug (2012) and as mentioned above there have been developed
tools as the DynCap tool from Marine Cybernetics that takes the dynamic vessel, weather,
system and thrust allocation into considerations but to have the correct input related to thrust
curves you will need data from actual tuned vessel.

This study will try to investigate the relations between the different systems affecting the
thrust build up curves and possible try to establish some guidance related to dynamic merits
for thrusters, main engine and control system configurations and the vessel as such.

Hopefully we could by proposing some guide for expectations to the systems, and use these at
an early design phase with tools like DynCap or other similar tools be better to predict the
vessels behaviour. If we don't have these basic understanding established we risk using and
thrusting these new tools with the wrong assumptions. This could in some cases be worse than
not “knowing” the actual limit for the vessel.

1.2 Previous Work

This study and my literature search of the selected topic have reviled that there have been
done similar studies of the ships dynamic in the recent past. But they all have a slightly
different perspective.



One of the closest linked works I have found is the “The Next Level DP Capability Analysis”
By @yvind Smogeli, Nguyen Dong Trong, Brede Bgrhaug, Luca Pivano. They propose an
analysis tool “DynCap” as the next level of DP capability analyse and concludes in their study
that the traditional ERN and IMCA M 140 have significant short comings and that their
calculations shows a closer to real station keeping capability. This is supported by a Master
Thesis by Bgrhaug B in June 2012.

Previous “supporting” work have been carried out on a wide range of themes some of the
most important contributors in my view is Thor I. Fossen's, Guidance and control of ocean
vehicles (1994).

For description of low-frequency and wave-frequency motion Fossen — A nonlinear unified
state-space model for ship manoeuvring and control in a seaway have been briefly studied and
to understand the thrust allocation in general T. A. Johansen, T. I. Fossen, Control Allocation
— A Survey, Automatic, 2013 could be consulted.

This work forms much of the theories for making a mathematical model of control of ship
movements. Bgrhaug (2012) explains these relations in this will not be part of this thesis.

To better understand the propeller system and the control of marine propellers the PhD from
@yvind N. Smogeli "Control of marine propellers: From normal to extreme conditions.”
(2006); and the same with the PhD from Luca Pivano “Thrust Estimation and Control of
Marine Propellers in Four- Quadrant Operations” (2008). Both of these has been studied and
referred to at several points during this paper.

To better understand the Torque and power control the work done by Asgeir Sgrensen and
@yvind N. Smogeli. "Torque and power control of electrically driven marine propellers."
Control Engineering Practice 17.9 (2009) and the work done by Rakopoulos, Constantine D.,
and Evangelos G. Giakoumis. Diesel engine transient operation: principles of operation and
simulation analysis. Springer Science & Business Media, 2009.

Work from several others are referred to and listed in the reference table in the end.

1.3 Problem formulation
The thesis will be divided in two parts:

Part 1 will investigate how this is handled today. Investigate relevant Propulsion, Main
Machinery and Control theory. This part will also try to establish normal dynamic
power/thrust times by interviewing and actual measurements on-board actual vessels.
Establish “normal” Power/Time graphs from “signal” to actual thrust and investigate how this
effect the thruster and the relation to the main machinery system.

Part 2 will use the main propulsion machinery and thrust response relations found in Part 1 to
evaluate the vessels dynamic capabilities and to develop a simplified methodology for
selecting a normal range of thrust response times linked to the main machinery and modes
(generators online). And propose a system enabling us to make a dynamic merit factor for the
various equipment/system/vessel. Propose a simple early stage design method to ensure sound
dynamic relations and to combine this input with programs as DynCap to establish some kind
of Dynamic ERN number merit factor for the vessel something like

D (5misdeg,10m/10deg, 15m/15deg,20m/20deg) ERN



1.4 Objectives

From an environmental point of view all would like to run with as optimal engine
configurations as possible, we need to realize that this could have effect on the dynamic
response times and behaviour of the vessel.

The use of alternative fuel sources such as LNG as well as introducing accumulated energy as
flywheels or batteries for dynamic peak shaving will also be briefly discussed.

When we understand the dynamic relations we more easily could propose the right size of an
“accumulator” to help us handle the dynamic effects of rapidly changing loads. This could
have a positive effect for the environment, vessel behaviour as well as maintenance needs and
costs.

The objectives for this Master Thesis as such is of cause to try to learn more about the
selected topic and possible establish some important relations that could be used by the
industry to build better ships for their intended purpose and reduce uncertainties that that
influence the end result.

This applies both for the early stage design phase as well as for the vessel specific full
dynamic models.

2 BACKGROUND AND THEORETICAL BASIS

2.1 Current design considerations based upon steady state
evaluations

It seems like most design offices today mostly make use of their experience database as well
as steady state evaluation criteria’s given in the traditional DP rules to select their thruster
configuration.

Designs are often compared and weighted by their ERN numbers.

For the selection of main machinery system a static electric power balance sheet comparing
the various modes are used and of cause evaluated according to the operation profile of the
vessel to find the best possible combination of static power.

As the position keeping and manoeuvring operation is a dynamic operation by definition we
need to understand the transient states both from the external environment as well as between
the various consumers (force actuators) and generators on-board

As described above more advanced design tools are available, but to date often not used in the
design phase.

2.1.1 Environmental forces

As mentioned above the environmental forces are dynamic but are to start with simplified in
equations giving us a constant environmental in different levels.
Both IMECA M140 (2012) and the DNV GL Rules and new standard ST-0111 gives us
guidance how to calculate these.
The following environmental forces are to be considered:

- Wind forces

- Wave forces

- Current forces
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Figure 2-1, Coordinate system figure from DNVGL-ST-0111

2.1.1.1 Wind:

Reference is made to the DNVGL-ST-0111 - Assessment of station keeping capability of
dynamic positioning vessels Standard. (July 2016). This standard describes the formulas that
could be used to calculate the wind force in the X and Y direction as well as the moment the

forces will result in for the vessel.

1
FX,wind = Epair Vv%ind AF,Wind * (—0.7 % cos(direction))

1
Ey wina = > Pair Viina AL wing * (0.9 * sin(direction))

direction, 0 < direction < T,

dir = . . . .
{21{ —direction,n < direction < 2m

dir
My wina = Fywina * (xL,air + 0.3 % (1 — 2% ?) * Lpp)

Figure 2-2, Wind Formulas from DNVGL - ST-0111

where:
Direction = wind coming from direction
AF,wind = frontal projected wind area as from a picture in front view
AlL,wind = longitudinal projected wind area as from a picture in side view
XL,air = longitudinal position of the area centre of AL,wind

Pair = air density = 1.226 kg/ms3
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2.1.1.2 Current

The forces from current loads shall be calculated using the following formulas:

1

FX,current = Epwater churrent B x draft * (_0'07 * cos(direction))

— 2 : - -
FY,current - Epwater chrrent AL,current * (0'6 * sm(dtrectton))

dir={

direction, 0 < direction < m,
2w — direction,m < direction < 2n

) dir
MZ,current = FY,current * (xL,currem + max (mln (0'4 * (l — 2% - ), 0'25) ’ _0'2) * Lpp)

Figure 2-3, Current Formulas from DNVGL - ST-0111

where:

AL, current = longitudinal projected submerged current area as from a picture in side view
Direction = current speed coming from direction

B = maximum breadth at water line

draft = summer load line draft

XL,current = longitudinal position of the area center of AL current

Pwater = water density = 1026 kg/ms3

2.1.1.3 Waves

Wave drift forces shall be calculated using the following formulas:

1 ) ) ,
FX,wave = Epwater gHSzB * h(dlrectlon, bOWangle ’ CWLaft) * f(T surge )

1 ,
Fy wave = Epwater gHELOS + (0.09 * sin(direction)) * f(T Sway)

MZ,wave = FY,wave * (xLos + (005 —0.14

dir(direction)
) Los)

Figure 2-4, Wave Formulas from DNVGL - ST-0111

where:

Hs = significant wave height

Los = longitudinal distance between the fore most and aft most point under water

Lpp = length between perpendiculars

XLos = longitudinal position of Los/2

bowangle = angle between the vessel x-axis and a line drawn from the foremost point in the
water line to the point at y = B/4 (ahead of Lpp/2) on the water line, so the bowangle =
arctan(B/4/(xmaxxb4)), xmax is the longitudinal position of the foremost point in the water
line, xb4 is the longitudinal position of the point in the water line at transverse position
equal to B/4

CwaLaft = water plane area coefficient of the water plane area behind midship =
AwLaft/(Lpp/2*B)

AwLaft = water plane area for x < 0

direction = waves coming from direction.

11



2.1.2 Actuators and Effective thrust

The DNVGL-ST-0111 describes various types of actuators and their resulting effective thrust
tanking into consideration several factors, as inlet, ducting mechanical efficiency, ventilation.
These various effects are in more depth described in Smogeli (2006).

Figure 2-5, Thrust actuators and their forbidden zone vectors

2.1.3 Control system and thrust allocation

As mentioned above the control system consist of several layers, It is simply stated in the
standards that the control system should calculate necessary actuator forces and their direction
to control the vessel position and heading taking into consideration eventual forbidden thrust
zones for actuators.

2.1.4 Power generation

Calculations shall be in accordance with the vessel static power consumption balance, and it
is stated that 10% of electrical generated power shall be reserved for hotel and consumers not
part of the thruster system for each mode.

The DNVGL rules DNVGL-RU-SHIP-Pt6 Ch3 have requirements related to redundancy and
capacity of generators and have in their guidance note stated that “Particular attention should
be paid to starting conditions of thruster motors, especially with one generator out of service.
Thrusters should have arrangements to prevent large start currents and voltage drop during the
start sequence”.

2.1.5 Static Capability plots

There are several standards and tools to create Capability Plots, DNV GL have now a open
tool that could be downloaded and started in https://my.dnvgl.com/
(https://dpcapability.azurewebsites.net) There are also other tools available and common
for these tools is that you give the vessel parameters needed by the above given formulas as
well as the actuators position and limitations and you are able to create a static capability plot
similar to the one indicated below.

The Wind envelop indicate the balance of the vessels capabilities from the thrusters to balance
the sum of the wind, wave and current acting on the vessel. It doesn’t state anything about the
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time or distance it will need to build up this state of equilibrium, but the various standards
have a dynamic factor to take this into consecration in the example below this is 1.25.
Default Vessel DP Capability App - Diving Support Vessel
Worst Case Single Failure: Intact case, Loss of SWBD 1, Loss of SWBD 2

Dynamic factor: 1.25

Wing envelope - Limiting wing speed |n Beautart scale

50 ¥ 1

I

1o

150

a1 170

[ irtact cass @ Loss of 5WED 1 # Lass of 5wED 2

Figure: Worst case single failure resulfs, Beaufort scale

Figure 2-6, Typical static capability plot

Table: DP Capability numbers and Beaufort scale wind, wave height and wave period

Beaufort number Dpnial-_ﬁ‘;::“f}' Beaufort description|Wind speed [mis] Sig:g;::;:}ave Tp [s] Current [m/s]
o o Calm 0 0 A i}
1 1 Light air i5 0.1 35 0.25
2 2 Light breeze 34 0.4 4.5 0.50
3 3 Gentle breeze 54 02 5.5 0.75
4 4 Moderate breeze T8 13 6.5 0.75
5 5 Fresh breeze 10.7 2.1 7.5 0.75
8 g Strong breeze 13.8 3.1 8.5 0.75
7 T Moderate gale 171 432 8.0 0.75
a 8 Gale 20.7 57 10.0 0.75
o g Strong gale 24.4 T4 10.5 0.75
10 10 Storm 28.4 05 1.5 0.75
11 1 Violent Storm 328 1241 12.0 D.75
12 MA Hurricane force MA A MNA 0.75

Figure 2-7, Environmental Condition used by DNVGL program and the DNV GL
DP Capability Standard ST-0111



2.1.6 Environmental regularity numbers “ERN” and calculations

Based on the capability plots the position keeping ability of the vessel could be established
according to the concept of the environmental regularity numbers, hereafter called ERN.

The ERN represents the static balance of environmental forces and thruster output. ERN is
quantified with its basis in the weather statistics of a chosen location in the North Sea with a
given ERN Wind and Wave statistic table listed in Rules for classification: Ships — DNVGL-
RU-SHIP-Pt6Ch3

The format of the ERN is a series of 4 numbers, ranging from 0 to 99. Like ERN(a, b, c, d)
and is normally listed in the register information of the vessel.

The is extracted from the capability plots at the incidence angle of forces which causes the
maximum load on the vessel. The four numbers shall represent:

a: represent optimal use of all thrusters

b: represent minimum effect of single-thruster

c: represent the maximum effect single-thruster failure

d: represent the worst case failure mode

The ERN is intended to reflect a “worst case situation”, which for mono-hull vessels normally
will be the situation with the weather on the beam. The ERN will be based on this situation
regardless of the vessel's ability to select other headings in operation.

For further information reference is made to DNVGL-RU-SHIP-Pt6Ch3 - Navigation,
manoeuvring and position keeping.

Several vessels have ERN(99,99,99,99) but they could have highly variable capabilities to
establish a new balance between the vessels reaction forces and the environmental forces after
a failure or change in weather.

So a more advances approach to evaluate the vessels position keeping abilities should
possible be used. This is also pointed out by Berhaug (2012).

2.2 New advanced method for dynamic capability analysis
“DynCap” by Marine Cybernetics and DP capability level3 by DNV GL

To get more insight and understanding of the vessel’s actual manoeuvring and position
keeping capability we need more insight of the actual dynamic performance of the vessels
main machinery and movement behaviour. And we will need to performance time-domain
evaluation and simulations to establish the vessels capability.

The new simulation and modelling tools as the DynCap program from Marine Cybernetics
and the DP capability Level 3 from DNV GL tries to assess the effect of dynamics on the
position keeping performance.

Relevant dynamics are:
- vessel dynamics
- environmental load dynamics
- actuators dynamics
- Main machinery configuration and resulting dynamic capabilities in various modes
- external force dynamics
- DP and other control system dynamics.
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The earlier work by Smogeli et. al (2012) The next level DPCapability Analysis» By @yvind
Smogeli, Nguyen Dong Trong as well as later work done by Luca Pivano and Brede Bgrhaug
Is referred to in this chapter.

2.2.1 Deriving the DynCap equations

From Thor I Fossen's “Guidance and control of Ocean Vehicles” and later work we find the
basis for modelling marine vehicles. Later work like Dyncap - “the next level dynamic dp
capability analysis” by Pivano, L, @yvind Notland Smogeli, and Vik, B. (2012). Have used
time domain calculations to bridge the gap between a static analysis and to better understand
the vessels capabilities.

Brede Bgrhaug has in his thesis from 2012 compared the two methods and have also
explained the vessel motion variables and the equation of motion of a vessel i water, which
ac-cording to Fossen (2011) is the governing model for vessels in water.

The program to my understanding takes into consideration modelling of the vessel in the
marine environment with Hydrodynamic forces and moments as well as kinematics, Newton
and Langragian Mechanics and Rigid-Body Dynamics

Berhaug has also shown the mathematical relationship between the static equations for forces
and the equations of motions used in time domain calculations in the DynCap program.

For further detail the reader is encouraged to read his work and the work referred therein.

2.2.1 Variation in environment and actuator time response

Even if we now have a tool where we could calculate and simulate the vessels dynamic
behaviour with changed environmental forces, or result of loss of one or several actuators
resulting in movement of the vessel before a new equilibrium could be established.

We still need to do some assumptions as we don't have the actual complete system and its
limitation before the vessel is completed and we could perform testing on board as described
in the DNV GL ST - 0111.

2.2.2 Lack of data for actual thrust response configuration

As described later in this assignment we don't have good figures for response time and
resulting trust build up times for the various thrusters. These responses are dependant of
several factors and are not given before the vessel is completed and tuned during sea trail.

And as earlier pointed out there is to my knowledge not a standard that you could refer to, and
you are in many cases dependent on several manufacturers of systems and equipment

2.2.3 Need for equipment Dynamic Merit System.
As the dynamic response times are poorly covered by rules and regulations and are not
commonly identified in building specifications etc. it is my understanding that the industry
needs a new simplified system for evaluating vessels during early design as well as could be
used as input to more advanced time domain dynamic simulation tools.
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To perform full “DynCap” analysis for the vessels with all its equipment, control systems and
relations programed will of cause be one way. This will be difficult and time consuming in an
early design perspective.

We need some simple guides for response times, and we need to establish a simple dynamic
merit factor system, possible as simple as to have three to four levels of response times, effect
of thrusters according to size position/moment of vessel etc.

This is what | will propose in Part 2

PART 1 - ESTABLISH SYSTEM UNDERSTANDING,
COLLECTION OF DATA

3 PROPULSION THEORY, REASONING FOR THRUST
RESPONSE, TORQUE AND POWER RELATIONSHIPS

3.1 General

In this section we will study propulsion theory for various types of propellers and systems and
how this is linked when it comes to propulsion speed, torque and thrust.

3.2 Propulsion theory, Main types of thruster/propulsion
configuration

As indicated by Smogeli (2006) the actual propeller thrust T, and torque Q, are influenced by
many parameters. Thrust and Torque can in general be formulated as functions of the shaft
speed in revolutions per second (rps), time-varying states x, (e.g. pitch ratio, advance
velocity, submergence), and fixed thruster parameters 6p (e.g. propeller diameter, geometry,
position) Smogeli (2006) have defined the following equations:

Ta = fT (nr Xpr ep)l

Qa = fQ(nI Xp, ep)
Pn = ZTCHQH

The functions may of cause also include thrust and torque losses due to several factors as
ventilation, in and out of water effects, and dynamic flow effects. These effects will not be
studied in detail in these theses.

Smogeli (2006) describes the three main types of propellers and their control, pitch controlled
CPP with constant speed, speed controlled fixed pitch propellers FPP and consolidated
controlled CCP where both the shaft speed and pitch can be controlled.

Smogeli (2006) further states that since the desired thrust can be produced by a number of
combinations of shaft speed and pitch, this can be formulated as an optimal control problem
and further states that optimal control of CCP is mainly relevant for transit operation. And
refer to several works treating e.g. Schanz (1967), Winterbone (1980), Beek and Mulder
(1983), Parsons and Wu (1985), Bakountouzis (1992), Chachulski et al. (1995), Fukuba et al.
(1996), Morvillo (1996), Young-Bok et al. (1998), and Whalley and Ebrahimi (2002), and an
overview given in Ruth et al. (2006). For more background information.
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3.3 Propeller modelling and Characteristics

3.3.1 Propeller Characteristics in general

Propellers are, with the exception of tunnel thrusters, usually asymmetric and optimized for
producing thrust in one direction. The propeller characteristics will therefore depend on both
the rotational direction of the propeller and the inflow direction. Smogeli (2006) and
Pivano(2008) explains the four quadrants of operation of a propeller and their relationship.

3.3.2 Propeller efficiency

Smogeli (2006) describes several effects that need to be evaluated related to the propellers
efficiency. The presence of a hull close to a main propeller affects the propeller efficiency in
several ways and Smogeli (2006), refers to e.g. Lewis (1989). The DNVGL ST- 0111 also
point to hull shape, inlet angels and ducting of propellers as well as ventilation effects.

3.3.3 Thrust, Torque and Power relationships

Smogeli (2006) point out that due to the working principles of the propeller, the thrust and
torque are closely coupled. From an investigation of the effect of roughness on open
propellers, Lerbs (1952) showed that for a given propeller, a change AKQ of KQ implies a
proportional change AKT of KT , i.e.: where ct is a constant. This implies that KT and KQ
can be linearly related

Smogeli (2006) refers to full-scale experimental performed by Zhinkin (1989), that show that
this relationship is stable for a large range of propeller operating conditions, including varying
advance ratios, in waves, and for oblique inflow.
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Figure 2.5: Relationship between K7 and K for the Wageningen BA-T0 prb-
peller in the range —0.9 < J, < 1.2,

Figure 3-1, KT/KQ curves from Smogeli(2006)

Figure 2.6: Relationship between K7 and K for the Wageningen K,4-70 pro
peller with 19A nozzle in the range 0 < J, < 0.86.

It is pointed out that Zhinkin (1989) only considered the first quadrant of operation and that
for other applications and possible ducted propellers need to take into consideration that this
might not be correct and should be accounted for by the control system.

The Power relation is directly linked to the Torque in a steady state, the effective thrust is of
cause a function of the efficiency of the system and its operational conditions. The
power/torque curve is for a thruster with variable speed also dependant of the inertia of the
shafts and the inertia of the propeller in water and the change of speed (acceleration of the
propeller)

For the load cases later described in this thesis the Power requirements are simplified.
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3.4 Three main types of propeller control and Characteristics

3.4.1 Fixed RPM and Variable Pitch

A thruster with fixed rpm and variable pitch, is a thruster that normally rotates at a given rpm
and the variable thrust is obtain from varying the pitch ratio(xp).

These thrusters are normally banned from being started up with a pitch setting much different

from zero. Resulting in quite flat power P/ Torque curve up to the desired revolution level,
and then you increase the pitch at constant speed increasing the P/Q.

4iN

|

|

|

|

|

| el

| . VariQble
P de

e >

! 28

N (e )
(i

R Y

Figure 3-2, Power/Torque diagram for fixed RPM and variable Pitch

The thrusters with fixed RPM and variable pitch could be directly driven by diesel engines, or
by electric motors.

As these thrusters will rotate with a constant speed, the starting arrangement for the electric
motors is normally conventional star delta or auto transformer arrangements.

These starting arrangements are adjusted to avoid to high electrical starting currents and
moments for the equipment, and are calculated based on the inertia of the system and the
maximum moment/current that is acceptable.

The research article by Garg and Tomar, J Electr (2015) explain the various start up methods
and discuss start up times.

In the tests on board one of the vessel found in Appendix we find that their 600kW thrusters
requires about 1200kW running at intended speed with zero pitch.

As these thrusters are started independently before a manoeuvring operation initiates, the high
dynamic current/power needed to overcome the inertia during spin up of the thruster is
seldom any problem, but will need to be encounter for.

We also find that these thrusters have a lower dynamic load variation during manoeuvring due
to the fact that they are already running at their intended speed and you only change the pitch
and variation from 100kW to 600kW in our test vessel example.

These running thrusters will also have a damping effect for other load variations in the
electric system on-board the vessel as they represent a rotating mass.

The above effects will be explained a little more in detail later in the report.
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3.4.2 Fixed Pitch and variable RPM

A thruster with fixed pitch and variable RPM, is a thruster that change its thrust by variation
of the speed and rotation direction. These thrusters are normally driven by a frequency
converter system (drive) enabling them to easy to change speed and direction.

&

v

Figure 3-3, Power/Torque diagram for fixed pitch and variable RPM

These thrusters will not have a liner power / Torque curve related to revolution speed, the
curve tend to be quite steep close to the maximum operation torque and power and the control
system need to take this into consideration.

As these thrusters will change the speed they will also have to overcome the inertia forces for
a dynamic manoeuvring picture, making them a little more complex to model. Due to their
nature and drive system they will not represent a damping effect in the same way as a thruster
that runs with constant speed.

These thrusters will have the full range of power variations from about 0 kw and will have the
dynamic changes related to overcome the spin up of the rotating mass of the thruster in
addition.

If these thrusters are built with short acceleration times they could due to the inertia forces
have high power demand also in the dynamic range speeding up the thruster. More research
should be made with actual load cases and variations to find normal dynamic power curves
for these thrusters.

3.4.3 Variable RPM and Variable Pitch

For these thrusters we have two control parameters, the shaft speed and the pitch angle.
This enables the thruster to have high pitch and low RPM at part loads and this might have a
positive effect on the power consumption in some applications.

The P/n curve could be designed by varying these parameters to best fit the purpose for the
thruster.
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Figure 3-4, Power/Torque diagram for variable pitch and variable RPM

We find that different manufacturer have different philosophies when it comes to their curves,
some quite quickly increase the speed of the propeller and then adjust the pitch and revolution
to have a more linear power and thrust curve and other seem to increase the speed and pitch
linearly with the result of a less linear form of the power curve.

This is a complex system and you need to have control of several parameters in your control
systems, but it also gives you great flexibility.

3.4.4 Alternative thrust arrangement

We also have several other thruster types as water jets and VVoight Snider, these have not been
studied in this thesis. But both of them could to my understanding shift their thrust direction
rapidly. | have not studied their power curves as they are not frequently used for bigger
vessels.

Net Thrust

‘-‘;/"'."-‘- :;__—_:;—"
Changing Blade Pitch Motion

Figure 3-5, Cyclorotors (Voight Snider) illustration

3.5 Thruster dynamic effects, (Torque, Thrust and Power relationship)

Smogeli (2006) explains and take into considerations the dynamic effects for a thruster by
considering the propeller motor, shaft and also by flow dynamics.

3.5.1 Shaft Dynamics

Smogeli (2006) states that the torque balance for the propeller shaft is written:

Isw’ = Qw — Qa — Qr (W), Where Qu, is the motor torque inflicted on the propeller shaft, Is is the
moment of inertia for the shaft, propeller, and motor, w is the shaft angular velocity, and Q:
(w) is the shaft friction. The friction may for most applications be viewed as a sum of a static
friction or starting torque Qs and a linear component : Qr (w) = sign(w)qQs + Ko where Ko is a
linear friction coefficient.
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He also states that friction is assumed to be more significant on small thrusters typically used
on underwater vehicles and in experimental setups, than on large thrusters used on surface
vessels.

Smogeli ( 2006) further refer to Wereldsma (1965) and Parsons and Vorus (1981).

And states that propeller torque should in general also include an added mass term due to
hydrodynamic forces. The added mass will depend on propeller shaft speed, advance velocity,
and propeller submergence, and extensive model knowledge is required in order to include
such terms. Neglecting the added mass will give a reduced rotational inertia, and hence faster
dynamics. If the necessary model knowledge is available, the added mass could be included in
Is.

In the example below the inertia for the propeller is given by the thrust manufacturer as a
constant, and it is stated that this is the inertia in water. My understanding is that they are
giving a inertia of the propeller in water at max operation speed.

3.5.1 Accounting for gears

Many electrically driven propulsion units are equipped with one or two gearbox between the
motor and the propeller shaft. The motor torque and speed at the el motor relates to the
propeller torque and speed according to the gear ratio and the effect of internal friction in
addition for the el motor torque.

Propeller
gear P
Q,, box
Motor and A
motor controller ——;
.,
- _

Figure 3-6, Illustration of a thruster system, Smogeli (2006)

3.5.2 Motor/System Dynamics

3.5.2.1 Electric motor

Depending on your thruster catachrestic and type described above, the selected starter system
and control system the electric motor could behave differently.

Figure 3-7, Typical EL-Motor Torque/rpm curve with different propeller curves
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As explained above if you have a directly started motor, or a star delta or auto trafo starter
you will end up at a given point on your motor el motor curve based on the catachrestic of
your thruster and the torque is changed by changing the pitch resulting in a somewhat bigger
electric lag resulting in increased torque. A electric motor running these thrusters is not
controlled and have his fixed catachrestic and could normally for short periods deliver much
higher torque than nominal up to about 2,3-2,9 times ref. Garg and Tomar, J Electr (2015)

For thrusters where you use frequency converters both the motor speed and torque is
controlled by means of motor currents and motor fluxes with high accuracy and you might in
the control system set a commanded torque and speed limits.

Figure 3-8, Illustration of motor curve controlled by frequency converter

The capacity of the drive gives you the maximum torque, if the drive is adjusted to the max
power for the thruster at a given operation the torque limit for the drive is normally a little
above. But you could of cause have much “stronger” drives that could if not controlled
properly result in high acceleration torques if not limited.

The motor power Pm is given by: Pn = Qu21ns, Where na is the motor speed. The rated
(nominal) torque and power for continuous operation of the motor are denoted Qv and Px . The
corresponding rated motor shaft speed nv is given from: Px = Qv2tny .

Smogeli (2006) states that the maximum torque Qmaxand power Pmax for the motor are usually
set t0: Qmax= knQx, Pmax= knPy , Where kn typically is in the range of 1.1 — 1.2 and make refers to
(Sarensen et al., 1997).

3.5.2.2 Starting/breakaway torque demand

All mechanical equipment will normally also have a starting breakaway torque requirement,
and the control system need to take this in to consideration.

3.5.2.3 Diesel engine

As mentioned above a diesel engine could also directly drive the thrusters, or it could be the
drive motor for generators.

I will come back to the diesel motor later in this thesis but as it could be used directly I will
also mention it in this section.

It is in several theses it is stated that a diesel engine could be modelled in a similar way as the

electric motor. And (Blanke, 1994) states that the diesel engine power is proportional to the
fuel flow.
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Smogeli (2006) explains that according to Blanke (1981), the diesel engine dynamics may for
control design and propulsion performance evaluation be approximated by a time constant Tn
and a time delay 1 ». The diesel engine transfer function becomes: Qu(s) = e-smKy1 + sTuY (s)
where s is the Laplace operator, Ky is the motor torque constant, and v is the fuel index
(governor setting).

Smogeli (2006) further point out that Qc. in is given by Qen =Ky Y , where Y is the control signal
from the diesel controller. The diesel engine power is proportional to the fuel flow Blanke
(1994). From Blanke (1981), the time constant is empirically found to be: Tn =0. 9 21mn» and the
time delay can be approximated by half the period between consecutive cylinder firings. A
diesel engine with N cylinders rotating at speed na rps then has the time delay: T m =12nmN

The above dos not to my understanding take into consideration the challenges the engine
manufactures have related to rapid heat changes, and the challenges related to build up and
down turbo pressure etc. during dynamic operation of the engines.

And will come back to these challenges in Item 4.8

3.5.3 Bollard pull and Effective thrust relationship

When the vessel is stationary such that v. = 0, and the thruster motor is operated at its max
continuous rating, the thruster is said to be in the bollard pull condition.

Smogeli(2006) explain the bollard pull thrust, torque, power, and shaft speed relations and the
steady-state rotational dynamics and the power lost in static and linear friction as well as the
mechanical efficiency nu

This should ideally be accounted for by the control system but it is also explain that in
industrial applications, a constant mechanical efficiency is usually assumed, this could
possible underestimate the friction losses for lower propeller speeds

The DNVGL ST-0111 states that in ideal conditions i.e. propeller deeply submerged , no
wind, waves or current present a propeller produces thrust and torque according to:

"r1|'-'.'f,|‘r.'r.'r.‘1=..' = Trominal f?T 'J:-,I_.,..”_.,:” = i';||1'j',-:{'r-:I X P,:'J"I.:I

4
Where Teffective is the effective thrust, TNominal is the nominal thrust and St is the thrust loss
factor.

3.5.4 Dynamic Loss effects
As noted above the propeller could based on its running situation have several effects

depending on several factors. The maximum thrust is normally given for ideal conditions. The
control system will also have to interpret and control the thruster in these variable situations.
Thrust loss is defined as any deviation of the thrust and torque from the nominal values. The
effect of the thrust losses may be expressed by thrust and torque reduction coefficients as
given in the above equations.

Smogeli (2006) have divided these loss effect in two main groups

1. Losses that mainly affect the propeller loading,
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2. Losses that mainly affect the propeller wake.

He states that the hydrodynamics of a propeller affected by thrust losses is highly complex,
and each of the mentioned thrust loss effects deserves a detailed study. He describes how this
affects various types of propellers and configurations and how this must be accounted for by
their control systems.

The DNVGL ST-0111 is simpler, it states that losses are to be corrected for and are giving
simplified factors for Mechanical efficiency and efficiency factor for actuators, inlet and
outlet factors of tunnels, and states how Ventilation losses could be calculated.

As these loss effects will to my understanding will not affect all thrusters at the same time, |
have not taken this into consideration in my load pattern. But for a vessel operating in
extreme conditions this should be evaluated. How this is simulated and reflected in the
modern time domain simulation programs I am not sure of, and should be further investigated.

3.6 Torque/ Speed and power control system for the propeller

In order to avoid commanding excessive torque or power from the thruster motor, a torque
limiting function is proposed included in the control system. Smogeli(2006) explains that as
an alternative to the modified combined torque/power controller formulations it is possible to
specify three control regimes explicitly: speed control for low shaft speed, torque control for
medium shaft speed, and power control for high shaft speed.

He also discusses and proposes solutions for having inertia and friction compensation scheme
Is implemented in the control system for the thrusters

3.6.1 Control system handling of thrust loss, extreme conditions,
ventilation etc. and avoiding transients and oscillations

The control system must also ensure that mechanical wear and tear is kept to a minimum and
limits the power oscillations and peak values. This will of cause also have input to what how
fast it is possible to operate the thruster and build up effect ensuring robust performance.

3.6.1 Thrust control in general, resulting minimum response time
for a given system from a controller perspective

As described the thrust control system could consist of several controllers and could have

several regimes and inputs related to various effects end signals ref. below illustration.
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Figure 3-9, Relation block diagram from Smogeli (2006)
In addition to the local thrust controller with its limitations it will normally also communicate
with the higher level dynamic vessel controller DP system.
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Due to control speed and bandwidth Smogeli (2006) states that you could achieve
significantly better positioning and tracking performance with improved low-level thruster
controllers and makes reference to (Sgrensen et al., 1997; Strand, 1999).

He also point out that for the DP control system, it is the mean and slowly varying values of
thrust that are important: the oscillations in thrust induced by waves and wave-frequency
vessel motion do not normally affect the vessel motion significantly.

The control systems for thrust controls in various situations are quite complex and are not
covered in this part interesting readers should consult Smogeli (2006).

3.6.2 System dynamics in general

As understood from the above propeller and thruster system for a marine vessel is quite
complex. There are several effects to be aware of designing your control system for the vessel
in general and for the individual thrusters.

On a higher level design stage we need to account for the whole system, we possible don't
know what type of propeller that will be selected, we could rather easy find out the static
forces needed to keep the position in a given environment. But if we should take into
consideration the dynamic of the vessel with all it systems it starts to be complex.

As there are several different manufacturers normally delivering equipment to a vessel, it is in
a design phase not easy to know the various limitations in control systems and resulting
dynamic power demands etc.

You could typically have a control system for your thruster pitch system and one for the rpm
control, you could have several different types of thruster designs and response curves,
possible a thrust control or DP control system from a different manufacturer not fully
understanding the limitations of the thruster control system. A power management system
from a third manufacturer possible with some kind of built inn black out prevention system at
first level giving power limitation signals to the drives or tripping unessential loads (possible
the second level is built into the drives and is activated by reduced Hz) various amount of
running machinery with its inertia resulting in a damping effect and the generator and diesel
engines governor control system.

Ideally you should have a control system or a model encounter for all of these effects; this is
difficult especially in an early design phase.

I will in the next chapter with the above knowledge try to generalise and simplify to try have
some general understandings of typical limitations that are common for most systems.

3.6.1 Propeller speed, torque and Power summary
AS we have learned from the above chapter there are several effects governing the propeller
effect and torque. And we have several thruster types and operation modes.

In general we know that we have a propeller curve with increasing power requirements with
increased revolution and pitch. And based on the drive line for the motor we could have
several ways of controlling the speed, torque and ramping times.
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3.7 Maximum thrust response seen from a mechanical perspective

If we study the thruster, it is in most cases built up of one or two 90 degree gears with a
pinion and a crown wheel. Both the gear wheels and the thruster shafts will be affected by the
variation condition the thruster operate in and how the control system controls its pitch and
speed variations

We have learned above that the propeller in a dynamic environment experience effects that
will change the thrust and torque, and Smogeli (2006) states that it is normally to have a
torque limit for a frequency converter at approximately 1.1 to 1.2.

For a directly driven thruster we have noting limiting the torque except from the pitch system
and this could be a mechanically/hydraulic challenge to operate with sufficient speed to limit
the possible torque peaks.

Based on this it is important that we realise the mechanical limitations of the thruster with
regards to torque and load variations, my focus will be on the torque/power side and just
indicate the lower limits of ramping times.
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Figure 3-10, Torque limiting curve

The above figure is a torque curve logged during a steering gear test for a supply vessel where
the thruster experience variations of inflow angles and speed due to the rotation of the vessel
and the torque is increased to about 102% before the control system are reducing the torque
and rapidly drops it down to about 22% before start building thrust again.

A frequency converter are able to limit the torque much more rapid than the pitch system, we
should remember that this is measured torque from the electrical side and the electric motor
have a relative big inertia that could result in higher torques in the thruster shaft system than
the 102% indicated above.

The below illustrations indicates thrusters with different normal ramping times in a bollard
pull situation.
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Figure 3-12, Thruster example 2, ramping times

The above illustrations indicates thrusters with different ramping times, the reasoning for the
different curves could be several, control system settings, mechanical limitations,
maintenance related or as we will discuss later dynamic power available from the generator
side.

The frequent load variations due to changing inlet angles and velocity of water as well as the
revolving propeller in various velocity zones, ventilation and how the control system is tuned
will of cause have an effect of the mechanical and maintenance situation for the propeller.

As | am looking for the power variations in the bigger picture during manoeuvring operations
I will focus on the maximum load and the speed control related to inertia and maximum
moments.
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Figure 3-13. Illustration of a Propeller P/D curve giving the system curve for a
given system

3.7.1 Speed variations and drive motor Power/torque curves

The torque curves are varying for different electromotor, and are of cause also affected by the
start-up method for the electro motor. The moment curves are very steep at the operation
point, but is illustrated here a little more angular. This implies that the torque increase very
rapidly if there is a change between the system RPM (change of load) and the RPM tying to
be obtained by the electromotor.

According to ref. Garg and Tomar, J Electr (2015) It is not uncommon to have electromotor
and power system feeding the electromotor able to give 2.2 to 2.9 times the nominated Power
/ Torque in short periods (As indicated by the motor curve being much higher than the
crossing point of the system curve.)

1b

Figure 3-14, Indic'éting a EL motor Start-up Curve with two different propellers
indicated

When you start an electromotor by use of changing the frequency by use of a frequency
converter, you will change how fare in “front” of the system your field and resulting actually
torque curve is. From the above illustration we find that if you are not carful you might have
very high torques during start up and variation speeds. This is of cause dependent of the
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drives capacity, and as the drives are normally ordered according to the maximum capacity of
your system max moment plus possible 1.1- to 1.2 as Smogeli (2006) has indicated as the
torque limit this might not be a problem but if you have a bigger drive you will for sure need

to take care of this.

Figure 3-15, Indicating an EL motor Start-up Curve when the frequency is
altered by a Hz converter, the torque could be set to a upper limit to have

control.
The difference between the torque given from the electromotor and the propeller curve will

give us the acceleration moment and it is important that the there is a torque control built in to
the system ensuring that we have control of this during speed variations and rapid load

changes.

Figure 3-16, Typical conventional EL-Motor start up Torque curve and a torque
curve for a given system

After defining the maximum acceleration moments and the propeller curve for your system as
well as knowing the inertia of your system with the propeller in water you could calculate the
minimum acceleration times for your system.

As the thruster manufacturers don't give us much details related to added mass and variation
in the propeller inertia in water, we often have a fixed inertia for a submerged propeller and
we might use the below formula to calculate needed acceleration times.
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Figure 3-17, General formula for calculating starting times

JM and JL in the above formula is the inertia for the motor and system, we should also
remember that you will have to account for the gears and variation in revolutions for the
various parts this is not included in the above formula

&
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Figure 3-18, Depending on your system this could Illustrate the Torque power

relation
For more in depth knowledge of start-up calculations and electromotor start up time aspects

the reader is referred to Garg and Tomar, J Electr (2015) and the Technical note from ABB
“Starting methods for AC motors

But based on the above and variation and rapid spin up times the dynamic power demand for
the thrusters could be quite high and up to max power if the spin up times are rapid. i.e. the
power could be high from the start and not follow the figure above.

30



3.7.2 Example illustrating the Inertia, shaft speed and torque
relations

Elﬁll'icih!u!m'
P =600 -800 kW |
Inertia = about 7700 kg'r:nnzi

(ABB M2FA 355 Motor)

Total coupling and [
first shaft inertaia ol
about 1050 kgm”™2

Shaft Speed
1800 rpm

i
¥
]
i
1
i
i

.l
]
1
l
1
i
i
i
1
1
i
]
i
i
i
1
]
l
i
i
i

T

\ “ Crown wheel and lower pinion
A shaft inertaia about 7200kgm~2
) (Propeller speed 378 rpm)

Propeller in water simplifyed
Inertia about 92100 kgm*2 (at
propeller speed of 378 rpm)

Figure 3-19, Example of Typical side thruster with interties indicated

From the test carried out on board one of the test vessels found in the appendix, we find that
the thruster require about 100kW at zero pitch and 600kw at full pitch. Ref. results from tests
found in the appendix.

If we are using a simplified starting time calculation method found for instance in the research
article by Garg and Tomar, J Electr Electron Syst (2015) and calculate the minimum spin up
time with the assumption that you could not overload the thruster mechanically by more than
25%. (750 kW / 4005 Nm) You will end up with an acceleration time of about 1,5 seconds if
the pitch is at zero and 2,5 seconds if you have a fixed propeller.

If you will not allow for any overloading of the thruster and have a maximum moment/power
of 3204Nm/600kW, the resulting spin up time will be about 4-4,5 seconds for this thruster if
started with full pitch and about 2 seconds with zero pitch.

If the spin up times of a thruster of this size is above the above listed times it seems not to be
mechanically overloaded.
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The thruster on board the vessel found in Appendix was a thruster running with constant rpm
and was started by a star delta starter with unknown starting but about 2-3 spin up time seems
reasonable. It was further found to be able to change the pitch from 0% to 100% in about 5
seconds.

If this thruster was a fixed pitch thruster variation its thrust by change of speed and direction
the maximum acceleration time of cause depends on how high acceleration torque the thruster
could manage, but as the simple calculations indicate it could not be much faster than about 4
seconds. The example thruster is a reasonable small side thruster about 1,5 m diameter of the
propeller. More accurate calculations and for several thrust sizes is proposed to find normal
times. These lower ramping times should of cause be specified by the thruster manufacturer,
and properly considered in the thrusters control system.

The faster you spin up your thrower the higher dynamic power you will need, this is not
properly reflected in my load cases scenarios later in this assignment and more considerations
should be paid to this developing typical power curves.

3.8 Maximum thrust response seen from Main Power Generation
System perspective

Traditionally one main engine was selected according to the main propeller and it was directly
driving the main propeller, or it could be arranged with a main reduction gear and possible a
power take out shaft driving a shaft generator. The main engine load was controlled by
variation of speed and possible pitch of the propeller.

If you have a main reduction gear with a clutch in system, the time the clutch use to fully
engage was important to control to avoid to high torsional loads. The clutch in was perform at
near idling speed of the engine and then the engine speed and pitch was normally controlled
and set according to the dynamic capability of the engine taking into consideration
maintenance related issues and considerations for the engine and its system. Auxiliary
generators was normally supplying the Main Switch Board (MSB) for hotel and auxiliary
system loads.

This thesis will focus on vessels and arrangement with diesel/gas electric power system.

The same dynamic challenges applies also for these systems, but are not as closed linked and
easy understood as for the traditional directly driven propeller set up.

3.8.1 Diesel electric systems

A popularly called diesel electric system is a set up with normally several diesel generators
supplying power to your main switchboard (MSB) and the various consumers as thrusts are
supplied from the switch board.

The MSB is normally divided into at least two sections by a bus-tiebreakers, (There are
several configurations and philosophies related to sectioning of the MSB). The main reason
for this is to build in redundancy so that a fault in one section doesn’t have consequences for
the neighbour section.

For critical operations it has been normal to operate with open bus-tiebreakers i.e. having the
main switchboard spitted in sections. The sections have typically been arranged with one bow
thruster and one aft thruster at each side of the breaker as illustrated below.
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And the idea is that you in a DP operation should be able to maintain your position if you lose
one side or section of your MSB. i.e. you will have to run with machinery only partly loaded
at both side of the breaker to be able to take tackle the load change from building up of thrust
of the remaining thrusters to keep your position.

Typical set up for modern diesel electric vessel today could be something similar to the below

4&({
ﬁlit\:
e*ﬂi(l

@ LLCQ

o

@-ﬁtu

© W

A

ity

T NN

H—NHN—
NN

_E\HHM\Z
-E\HH||\2

Figure 3-20, Typical Diesel electric setup

There are also as described below now control system that enables you to run in DP and in
modes with a closed bus tie, The control are then design to be able to isolate a fault before the
fault causes a black out, normally by opening up of breakers.

3.8.1 New technology, opportunity and challenges

The traditional way the DP vessels have been operated is as mentioned with open bus tie bars
and engines running at part loads at each section this has resulted in a spinning reserve (inertia
+ high dynamic capabilities). But have also resulted in challenges related to maintenance,
high fuel consumption and environmental footprint.

The industry have therefore with the incentives as reduced fuel consumption and
environmental footprint as well as reduced running hours and maintenance of generator sets,
created systems with high degree of integration of various control systems.

The result is flexible and cost effective and more environmental friendly vessels, but it have
also its challenges related to higher degree of complexity and need for operational awareness
and understanding.

We must also ensure that the dynamic capabilities with less running machinery are
understood and handled. This will be one of the main topic for the remaining part of this
thesis.

3.8.2 Diesel electrical systems and different modes

From fig. 4.11 we find that this vessel have 6 generator sets that could supply the MSB, and
the vessel have 2 main propulsion propellers and a total of five manoeuvring thrusters.

33



The reasoning and considerations behind such a set up could be several. Redundancy and
reliability as well as flexibility, fuel and maintenance costs are of cause important.

From a design point of view, you normally break the operation of the vessel down into an
operation profile and analyse time spent in the various operation profile modes.

Operational Profile

B Open water transit
m Standby /DP operations
Anchor handling/BP
Qil recovery
W Manouvering in heavy ice
M Manouvering in lightice

M Cargo handling in harbour

M Cargo handling at sea

Figure 3-21, Operation profile example for a given vessel

Modes could typically be as listed in the above figure or simpler like: Harbour, Transit,
Manoeuvring, Standby, DP mode 1 (closed bus-tie) DP mode 2 (open bus-tie) and other
relevant operation modes.

3.8.2.1 Electric Load Calculation / Static Load Analyse

The next step is to analyse the static power needs for the various modes or operation profiles.
In this process you will normally set up an electric load calculation for the vessels different
operation modes and possible use load factors and diversity factors between the various
consumers.

Engine load

Figure 3-22, The various operation modes have various power need profiles
These static analyses are also require submitted to and approved by the vessels class society.
They are normally made in some kind of tabular form showing engines running in the various
modes and the power consumption by the various consumers.

3.8.2.2 Defining main generator set up and “running modes” for the various
operations.

The above are simple tools to help you define, analyse and select your static configuration.
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The Load analyse could be used to define minimum MSB running modes open closed bus tie
breakers as well as minimum numbers of generators running in the various sections of the
MSB.

For some modes automatic load dependant start of generator sets could be allowed and for
other modes minimum number of running generators might be defined.

To define the main generator configuration is essential and a complex exercise and will not be
the focus in this thesis, more guidance is found in other work. This thesis will focus on the
dynamic capabilities of the main machinery systems and combinations.

3.8.3 Power management systems

All diesel electric vessels is requested to have a power management system (PMS), in this
system you will normally set the operation mode as well as defining minimum numbers of
generators connected to the MSB as well as starting sequence of additional generators sets.

The PMS system will try to manage, reserve, and automatic start up additional power sources
based on increased power demand from various control systems by limit the power to various
consumers or avoids them from being started up until sufficient power is available.

If the power load is increased too fast for the generators to respond, or the load is higher than
the available power, the result is under-frequency on the power network. If the network
frequency becomes too low, the generators will be disconnected, with a blackout as result.
This is one of the worst scenarios on board a DP vessel.

In severe weather conditions and during manoeuvring, the dynamic loading of the thrusters
may result in unpredictable power variations. In order to meet dynamic power demand the
system should ensure to have more dynamic power available. This could be sorted by having
advanced flywheel or battery installations installed to take care of these dynamic
requirements. As far as | have found such systems is not incorporated in the PMS systems
used today.

Hence, predictable power consumption is of major concern for the power management system
in order to avoid blackouts, improve the performance and stability of the power generation
and distribution network, and minimize fuel consumption and wear and tear (Lauvdal and
Adnanes, 2000; May, 2003; Sgrensen and Adnanes, 2005; Radan et al., 2005).

There could be several level of black out prevention systems incorporated in the PMS. The
most common is that you have a power available measuring system the measures the static
power available at your MSB and compare this with the consumed power. This signal is used
to limit and block heavy consumers to use more power until more generators are started and
connected to the MSB.

The PMS is sending this signal to the thrust control system and by this controlling and
limiting the thrusters frequency drives and pitch system.

In case of tripping of generators this signal is also used to reduce the power used by thrusters.
Depending of your configuration this might not be sufficiently quick as there are several
controllers that should communicate. A secondary black out prevention system are therefore
normally incorporated it the thrusters drives. This is monitoring the frequency and if it detect
a drop of more than typically 3 Hz it will automatically reduce the drive power and prevent a
black out.

This could typically be needed if you are running with several generators in parallel close to
full load and one of the generators trips for some reason. The remaining generators dos not
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have the capacity to manage the running load and you will have a overloading and a black out
if not the load is rapidly reduced.

As described above the traditional way of running vessels in DP is to split the MSB and have
sufficient generators running at each section of the split to take the gradually build-up of
thrust needed if the other side trips. i.e. they are running at 50% or below and will be loaded
to 100% in the event of a failure.

The desire to operate the vessel with less fuel and maintenance cost and have as
environmental friendly footprint as possible, result in that the vessels are operated with as
little running generator capacity (highly loaded generators) connected to the MSB as possible.
In the event of partial tripping or increased power demand the control system need to handle
this by adjusting loads and automatic connect more generator power to the MSB.

The requirements for complete understanding of the power generation and consumption
systems is therefore essential and will have to be built into the control systems.

The interaction between the various control systems as (power management and energy
management systems) PMS/EMS and the Thruster/DP control system result in that you could
experience different power and thrust response for your system. And the thrust response is
dependant of the number of generators on line and the time to start up new generators.

To ensure that you have control of the dynamic power requirements when defining the
operation modes is therefore essential to understand the thrust response you could expect in
the various modes.

These relations and effects for thrust build up times seem not to always be taken into
considerations when performing dynamic simulations in various tools. As mention above the
relations are not as easy to understand and could vary for several modes, we might risk to
simplify our models and not understand the complete dynamics of the vessel if we don't
consider this in a proper way. In my view we therefore need to establish a simple early design
system that could make us aware of these relations and help us select better modes in early
design and possible help us control the soundness of modern models.

3.8.4 Stability of main switchboard, frequency, volt etc.
As described above there are several factors that will influence on your systems stability.

The class rules as for instance DNV GL rules Pt.4 Ch.2 Sec.5 have several requirements for
diesel electric propulsion systems and for their prime movers driving electrical generators.

In general they should be designed to handle two steps load 0-50% and 50-100% but the rules
opens up for mulita step loading with some given conditions in Pt.4 Ch.2 Sec.5 paragraph 1.6.
Pt.4 Ch.8 has in addition several requirements for transient load variations and times for
reaching steady state for VVoltage and frequency.

The rules are also opening up for more gradually loading of generators and the MSB if you
have a control system that ensures the stability of the system in case of rapid dynamic power
variations.

Several vessels are today built and tested with 3 steps of 33% of the max Load for the
generators. This implies that you for one generator have 3 instant steps and you should have a
steady state after 5 seconds with some allowance frequency/volt and Hz variations. For these
generator sets they are capable of increasing their load from 0-100% and have a stable system
in about 15-20 seconds.
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For several of the engine manufacturers this is stated to be an emergency mode test and they
don't recommend this to be the normal loading rate of their engines.

3.8.5 Power Generator and Electric consumers relationship
If we simplify the system we could link the consumer power requirements to the generator
power more or less directly with some kind of system damping factor.

A generator have approximately the same Torque curve as the electric motor previously
described and have a catachrestic depending on type, size and number of generators on line.

Torque / Speed Characteristics of an Induction Machine

Torque (%)
Stable (Produced on Motor Shaft)
Region
—100
SlipS % = N,- N, x 100
Motoring N,
””””””” ri— 20
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0 50 op 150 jo Rotor Speed N,

L0 | P = m o (% of Synchronous Speed)
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Synchronous,
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Rotor Speed N, (RPM) = 120 f
P
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T = Torque (Newton Metres) (Applied to Generator Rotor)

Figure 3-23, Illustration of EL motor "Motoring"” / "Generating"” relation

Depending of the size of the thruster and how many thrusters as well as other heavy
consumers that demands power at the same time, the generators and diesel engines driving
these will have to cope with power transients.

The engines driving the generators could have different capabilities when it comes to this, but
as mentioned above the class rules have some basic requirements when it comes to load steps
and stability of the system.

Transient Load Response

Lioad
Removed

Recovery
Time "|

Figure 3-24, Typical diagram for a system with a changed load

Typically a change of power demand will directly result in changed load/torque for the
generators and this will result in a speed variation until the engines control and governor
system adjust the fuel (& air) flow to compensate. As mentioned above the class rules
indicates limits for these variations and load changes.
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3.8.6 Diesel/Gas Engines:

Both Smogeli (2006) and Pivano (2008) touch upon the dynamics of diesel engines and point
out it is quite complex and, generally, it is slower than the dynamics of electric motors.
Pivano (2008) in their work refers to Makartchouk (2002) and Xiros(2002).

Itis in several theses it is stated that a diesel engine could be modelled in a similar way as the
electric motor. And (Blanke, 1994) states that the diesel engine power is proportional to the
fuel flow.

For control purposes, simple models are usually employed. For example, according to
Andersen (1974) and Blanke (1981), the motor dynamics can be approximated by a transfer
function that accounts for the gradual build up of cylinder pressure and the discrete nature of
cylinder firings. In their work they have made an engine transfer function Q,, given by:
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Ky is the motor torque constant, Y is the fuel index, T is the time constant and 1, is the time
delay, ny, is the rotating speed and N is the number of cylinders.

Qm,(t) = Kyy(t).

Giving us that the desired motor torque could be written like:

Pivano (2008) points out that there could be found other models.

The above dos not take into consideration the challenges the engine manufactures have related
to rapid heat changes, and the challenges related to build up and down turbo pressure etc.
during dynamic operation of the engines.

My argument is that these models possible are a little simplified and that you for a modern
highly turbocharged engine must control the loading rate and temperatures etc. more carefully
to avoid damages and problems.

Your power generation model need also to be modelled with is applicable modes, number of
generators on line and start-up/connection times etc.

3.8.6.1 Loading Capacity and loading rates

Different engine makers have different approaches to their loading rates; most of them have a
curve for “emergency” loading rate for generators to fulfil class rules with tree load steps of
33% and steady state within about 5 seconds, and a different loading rate for normal
operations.

Asking dealers and searching for documentations related to this seems too difficult for some
engine manufacturers, some data and test results are handed over indicating that their engines
could manage to be loaded from 0-100% in about 15 to 20 s for engines up to about 1800 kW

Wartsila for instance is for their Auxpac series stating loading rates for normal and
unexpected situations in their Product Guide and are quite open in their communications and
advice around this topic.

Quote from their product guide:
“The loading rate of a highly turbocharged diesel engine must be controlled, because the

turbocharger needs time to accelerate before it can deliver the required amount of air. Class
rules regarding load acceptance capability stipulate what the generating set must be capable of
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in an unexpected situation, but in normal operation the loading rate should be slower, about
60 seconds from zero to full load for W20 and W26 based auxpacs and 80 seconds for
W32based auxpacs. The generating set can be loaded immediately after start, provided that
the engine is pre-heated to a HT-water temperature of 60...70°C.”

In their product guide for their diesel generator pack Auxpac series they are also defining
maximum instant load steps and how their engines preferably should be loaded.

Quote:

“The automation system and the operation of the plant must prevent excessive load steps. The
fastest and smoothest loading from 0% to 100% is achieved with gradual load increase in
small increments. The maximum instant load application is 33% MCR. However, if the
engine is not equipped with Variable Inlet valve Closure (VIC), the maximum instant load
application is limited to 25% MCR for the following generating sets: 645W4L20 (900 rpm/60
Hz), 975W6L20 (900 rpm/60 Hz), 1000W6L20 (1000 rpm/50 Hz), 1350W8L20 (1000
rpm/50 Hz), 1550W9L20 (1000 rpm/50 Hz).”

As mentioned above the class rules as for instance DNV GL rules Pt.4 Ch.2 Sec.5 have
several requirements for diesel electric propulsion systems and for their prime movers driving
electrical generators.

In general they should be designed to handle two steps load 0-50% and 50-100% but the rules
opens up for mulita step loading with some given conditions in Pt.4 Ch.2 Sec.5 paragraph 1.6.

The rules have included a Guiding note indicating Typically limiting curves for diesel engines
and examples of maximum load acceptance of large bore gas engines with port injection
depending on base load.
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Figure 3-25, Example of limiting curves for loading 4-stroke diesel engines step

by step from no load to rated power as function of the brake mean effective

pressure given in the DNV GL rules.
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Figure 3-26, Example of maximum load acceptance of a large bore gas engine
with port injection depending on base load, Ref. DNV GL rules.

Pt.4 Ch.8 has in addition several requirements for transient load variations and times for
reaching steady state for VVoltage and frequency.

Normally the generator sets are accepted tested in 3 steps of 33% of the max Load implying
that you for one generator have 3 steps allowing for a steady state after 5 seconds and you
allow for some frequency variations. So for a normal diesel engine this result in a recovery
time for about 15-20 seconds.

For a GAS engine used as a gen set you will need to ensure that you have an electrical control
system that is designed accordingly possible for a dual fuel engine by switching to diesel for
such demanding load step operations.

If we once again look at Wartsild and their duel fuel engine 20DF, we wind that in their
product guide have the following information for Constant speed application.
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Figure 3-27, Increasing load successively from 0 to 100% MCR

REf. . http://cdn.wartsila.com/docs/default-source/product-files/engines/df-engine/product-guide-o-e-w20df.pdf?sfvrsn=4
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Wartsila is also pointing out that the propulsion control and the power management system
must not permit faster load reduction than 20 s from 100% to 0% without automatic transfer
to diesel first. This could be challenging with suddenly tripping of bus tie breakers sue to
safety functions and trips and should be investigated.

Wartsild is also station that in electric propulsion applications loading ramps are implemented
both in the propulsion control and in the power management system, or in the engine speed
control in case isochronous load sharing is applied. When the load sharing is based on speed
droop, it must be taken into account that the load increase rate of a recently connected
generator is the sum of the load transfer performed by the power management system and the
load increase performed by the propulsion control.

This is an important note when you have automatic load dependent connection of a new
generator it will be loaded with the shared load and possible with an increased load from
various consumers and the control system must cope with this as well.

In addition to the above the engine manufactures has a variable load step capability for
variable initial load level for their gas engines. And are stating that the electrical system must
be designed so that for instance tripping of breakers should not result in load steps above their
curve.

How sudden the load step could be performed is not clearly defined, but it is obvious that this
have implications for the control system. If we take an example of two generators in parallel
sharing the load for a propeller system and you lose one of these you will have a load step
from 50% to 100% for the remaining engine. Depending of your control systems ability to
reduce pitch, Torque/RPM or actually tripping the propeller you will to my understanding
exceed this load step in the event of a failure. Possible you could switch over to diesel and
have a stiffer system. | will later argue that you in normal operations with variable load for
thrusters also could end up in conflict with the below curve for max load steps.
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\When performing the electric load analysis for the vessel in various operating conditions,
evaluate possible scenarios that cause sudden load changes and check against the engine
capacity in gas mode as shown in the diagram.

Figure 3-28, Wartsila 20DF engine Maximum instant load steps in % of MCR in
GAS mode
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For GAS mode Wértsila state the following for their 20DF engine:
e Maximum step-wise load increases according to figure
e Steady-state frequency band < 1.5 %
e Maximum speed drop 10 %
® Recovery time < 10 s
e Time between load steps of maximum size > 15 s
e Maximum step-wise load reductions: 100-75-45-0%

For Diesel mode for the same engine Wartsila is stating the following:
e Maximum step-wise load increase 33% of MCR
e Steady-state frequency band < 1.0 %
e Maximum speed drop 10 %
® Recovery time <5 s
e Time between load steps of maximum size > 8 s

The quickest their engine could be loaded in Diesel mode is 3x33% with 8 seconds apart
resulting in 24 s from 0-100% possible a little quicker with gradually increased load ending
up according to their read line at 20 s for a load increase from 0-100% in “emergency” diesel
mode and 20 s for 0-50% in gas mode and 60-180s from 50-100% in gas mode.

My understanding of the above is that we for most generator sets used today are able to
change the load from 0-100% in about 15-20 seconds, for some of the smaller ones you could
manage even higher load rates down to 0-100% at about 10 seconds but it seems like this is
not recommended load change for normal manoeuvring of the vessel.

With today’s multi engine installations, automatic start up and load sharing and taking into
considerations the above referred to guidelines from the engine manufacturers indicating
limited ability to take instant load steps in “emergency’’/class requirement mode and giving
advice for less steep and smooth loading of their engines from 0-100% in 60-80s diesel (and
up to 200 seconds for Gas engines)

We could also have control systems that take into considerations the various modes and
number of engines that are connected to the MSB and have a variable thrust response
depending on a power change rate kW/s available in the different modes.

What kind of modes should be allowed to use the emergency/class capacity and what should
be the more normal modes ensuring good maintenance costs etc. This will end up in a
complex control system if we should take all of this into consideration.

The question is for our propeller system with quite rapid load changes in manoeuvring and
DP operations how will this play out. The Thruster response needs to be adjusted and tuned to
the main machinery system for the vessel.

Other engine manufactures have submitted test results showing that their engines could be
loaded faster, but i have not found a good guide related to their recommendations.

Below is indication of 0-33%-66%-100%-0% load steps for a Caterpillar C280-8 ECM
engine.
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Figure 3-29, Load step testing of diesel engine
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Figure 3-30, Sequent load steps in a row to try to illustrate engine capability



The engine have been load up in 3 steps showing volts and frequency changes, these are then
taken into a spreadsheet where the next load step is applied at more or less steady state of the
engine indicating that this engine could in extreme conditions have a steady state after
increasing the load from 0-100% in about 10 seconds, ref. below sketch. But the engines
manufacturers’ advice related to such rapid load increase is not clear to me. This is just
included as an example that diesel engines will in some cases is able to handle rapid load
changes but it might not be advisable to load the engines in this way in normal operation.

Similar data could also be found by other engine makers and as far as | have found the lower
loading ramping times advised for a diesel engine is 15-20 seconds. And this should possible
not be the normal ramping time, but more to be understood that they could be ramped up at
this time in emergency situations.

We know also that we have smaller emergency engines that could handle 0-100% load and
have steady state in about 5 seconds so it is of cause possible to make engines with higher
inertia etc. enabling them to handle this, but we should also understand the heat transfer and
maintenance challenges involved.

3.8.7 Stored energy source to handle short term load variations as
well as replacing running machinery

As indicated above your diesel or gas engines could have dynamic limitations related to rapid
power variations.

By use of some kind of accumulated energy source such as battery’s or a big fly wheels or
similar you could build system that have a much higher dynamic power capability.

With such systems you could manage faster response times with less running machinery.
This will be further discussed in Part 2.
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Figure 3-31, Main Switchboard illustration with accumulated energy source
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Engine 1 and 2 Running in Paralell

4000 =
i / Trust configuration

resulting load case

Engine 1 running alone

© 1 2 3 4 5 & 7 B 95 10 11 12 13 14 15 16 17 1B 19 20 21 22 23 24 25 26 27 28 29 30

Figure 3-32, Illustration of one side of the MSB above, two generators running
in parallel and a resulting dynamic load request above their recommended load
rates. This read area could be handled by a battery or flywheel installation.

The resulting dynamic load and change capacity will be described below.

Finstad 2016, might be consulted for peak-shaving control and dimensioning of energy
storage units

3.8.8 Resulting system dynamic load change capacity

Based on the above knowledge about the engines and generators we realise that we should
ensure that they are loaded according to the manufacturer’s recommendations in normal
operations.

We know that depending on the amount of generators we have running in parallel the static
load capability increases with the generator capacity.

If we also model the diesel engines dynamic load recommendations according to the makers
recommendations we could create the below graph, indicating that the engines could be fully
loaded in a given time and the number of engines in parallel gives us the resulting dynamic
capability as well.

The below figure indicates approximately the slowest response rate acceptable according to
class rules. (As earlier mentioned this is in many cases higher dynamic loading rates than
recommended for normal operations by some engine manufacturers) The figure shows that
depending on how many generators you are running in parallel you could find information of
how fast you might allocate power to thrusters and consumers in general etc.
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Systems Load change Capability
4 x 2033 kW (Number of Engines in Parallell)
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Figure 3-33, Example of diesel electric power/time capability, engines running
in parallel

As mentioned above the PMS system might also automatically start and stop generators
depending on system load settings.

The start signal could for some systems are the limits for the highest consumer that is not
running, or it could be at a certain % of load. i.e. if the load of the MSB is above 75% of the
generator capacity it will start and connect a new generator set.

The time from the start signal is given until the generator is connected to the MSB and
sharing the load could vary (Based on my experience this could typically be from down to
possible 10 and up to about 40 seconds.

The figure below indicate a extremely fast system with a connection time, but a load
dependant start of generators based on the above will have effect for the dynamic load
capability your system will be able to handle.
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Figure 3-34, Example of diesel electric power/time capability depending on load
dependent starts and numbers of generators connected in parallel

3.8.1 Maximum dynamic load from thrusters and heavy consumers

The request for thruster effect is given by the master by moving his control levers at the
bridge, or by giving an input to the DP system requesting a move (joystick operation or by
entering new coordinates) or it could be a request from the DP system for the vessel to keep
its position.

The signal is given to the thrust control system and depending on the tuned loading rate it will
start changing the thruster’s effect.

As we have studied above thrust changes for different thrusters types result in different load
curves (fixed rpm/variable rpm/variable pitch) this is due to several factors and depending on
how fast you change speed and pitch of your thruster etc.

If we also simplify this and state that the load curve is linear and changes from 0 to 100%
based on the request signal in a given time (the time need to be well above the torque inertia
spin up time discussed above, and we from above know that for thrusters running with
constant speed we have effect requirement also at 0%) This is possible not a correct
representative figure as the real load demand possible would be higher at the initial change
request, but this is considered partly taken care of by the systems damping effect.

47



Thruster power requirements based on some load case exsamples

Thruster configration:
Main Propulsion thrustes : 2 x 2000 kW with load rate 0-100% in 35 sec.
Side Thrusters: 2 x 800 kW + 1 x 1000 kW with loading rate 0-100% in 20s

/ —— Load Case 1= All propulsion power 0-100% (Extrerme)
Load Case 2 =2 x MP + side thrumers 0-67% [ Manouver Mode extreme)

—— Load Case 4 = 2 x MP 0-50% + 2 biggest Side thrusters 0-100 % (Manouver moda 2
/-

Figure 3-35, Typical Power demand from Thrusters
The above figure illustrate the power requirements for some load cases for a given thruster
configuration with rather slow response times.

If we take this power request curves and put into the main machinery power generation
capability curves. We will be able to see how this will relate to each other

Systems Load change Capability 4 Main Engines of 2033 kW compared to
Thruster power requirements for some load case exsamples

Thruster configration:
Main Propulsion thrustes: 2 x 2000 kW with load rate 0-100 % in 35 sec.
Side Thrusters: 2 x 800 kW + 1 x 1000 kW with loading rate 0-100% in 20s

0
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—— load Case 3 a 2 x MP 0-50% + Sda thrusters 3-100% [Mancuver mode 1)

Loadt G 2= 2w MP + sicka thrummar 0675 | Manouver Meda et ram)

-------- Load Case 4 = 2 x MP 3-508 + Jbiggest Side theusters 0-100 & (Mancuver made 1)
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Figure 3-36, Main Generators in parallel and Typical Power demand from
Thrusters
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If the power request to the thrusters is higher than the capability of the machinery
configuration you will end up with a dynamic loading of your engine that is higher than the
recommendations given. If this curves is the absolutely limits of your engines and you don't
have any black out prevention system incorporated a black out might be the result. This
illustrates the importance of setting up correct running modes and the importance of the
various control systems and their interaction with each other.

If the PMS system send a limiting signal to the DP or Thrust control system the control
systems are sometimes not able to priorities thrust to the “right” thrusters, the one with the
fastest load increase possible get the resources and other thrusters don't, this is sometime
reported by masters as faulting systems as he is be lacking response from other thrusters for
instance. This is a different problem, but should be taken into consideration during design of
the control system.

If generators are by the PMS system set to automatic Load dependent start they the time it
will take for the thrusters to go from 0 to full power will increase, how much the time increase
will be depend on the set point for start-up of new generator and the time for the generator to

be connected.

But the time to allocate full thrust at several thrusters could easily be 30 to 60 second in some
cases with load dependent start of generators.
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Figure 3-37, Actual resulting thrust response times variation from 15 to 30-40 s
depending on configuration and auto start times
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3.8.1 Dynamic load above recommendations from generators, and
use of accumulators for dynamic peak shaving

As indicated above you could build system with stored energy to be used for to take higher
dynamic loads.

Depending on your configuration and the size of these you could have full ramping times of
your thrusters as illustrated in Figure 4.32 above.

Or the dynamic addition is limited and controlled by the PMS based on static power available
signals as indicated in the figure below.

Your accumulator could also be sufficient to cover the complete dynamic effect difference.

—
o System Load change Capability
With Load dependant start of Generators
i el
Engine 1+2 Static level
0
zﬂnukw MP 0-100i Trudt Eﬂll‘lflgul'-.l'.lﬂl'l
2%800+1x1000kW TT 0-100 in 155 Resulting load case
Partly Loaded Thiz area could
o alzo be handled
by 8 battery
Poweglimiting signal from
e BS fo thrust control Emgine 1, Static level
Load dependant $tan
signal at 75% load
i ]

. Cymamic overload

af engiries

B X N & % & T OE W 30 L0 LD BN B4 ED B0 OEP BB LB DO JD D ED BL XN OZE NV DB DR MO

Resulting time to obtain same threst

level have changed from about 10s to

20 5 and you have a higher degree of
Start Signal Engine 2 connected averloading engine 1 compared to
toengine 2 to MSE [extremiy fast) running engine 1 and 2 in paratiell

Figure 3-38, Illustration showing one generator on line and automatic start-up
of generator 2 at 75% load. Dynamic load curve from thrusters above engine
recommendations. PMS power limiting signal to thrusters resulting in increased
ramping time.

Tor A. Johansen at al (2014) and Finstad (2016), consulted for peak-shaving control and
dimensioning of energy storage this has not been the focus in this thesis
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Resulting Thrust output due to power limiting
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Figure 3-39, Typically resulting thrust curve with power limitation signal from

PMS

From the above illustrations it is obvious that to determine the vessels thrust response times
you could not only study the thruster side. You need to understand the full picture. And
depending on the different modes the vessel has it could have various results on its dynamic
capabilities.

3.9 Maximum thrust response seen from the vessel's high level

Control System perspective.

As partly discussed above, a modern diesel electric vessel is designed with a high degree of
integration between complex software based control systems. These control systems are
normally from several different suppliers.

Modern vessels have at least the following control systems with various degrees of
interactions:

Propulsion control system — Controlling Individual or group of propellers pitch and
RPM — communicate with frequency converters (Drives) and pitch control modules as
well as the steering system for azimuth thrusters.

Azimuth steering system — input for forbidden angles and thrust reduction etc.

Dynamic position system — position and movement control of the vessel based on
input, sensors and reference systems. Give signals to the propulsion control system
and also communicate with the PMS system

Joystick systems — use sensors for heading and position control but you might control
the vessels thrust vector and movement.

Machinery Automation and alarm system — could also include PMS/EMS - this
system will give ready signals for various systems, could block start up and trip
generators based on alarms etc.

Power Management System — Load and frequency control, mode control, auto start
stop of generators. Communicate power available signals but has normally not
incorporated dynamic power available limitation signals. Black out prevention control.

Generator sets governor and speed control system — Controlling the engines response
to load changes

Power distribution and conversion control system — switchboards and motor control
centres, converters and drives could include black out prevention systems based on
several parameters. Directly tripping of breakers, drop of load in drives etc. due to Hz
reductions or short-circuit.
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It is not uncommon that you have different suppliers for each of the system mentioned above.

3.9.1 Thrust control in a total system view

As all of the above mention systems are interlinked with each other, and there are limitations
and control settings in several of them might affect the thrust response for a vessel.

An example, If you adjust jour manual thrust handle fast from 0 to 100% the actual response
of the thruster is given by a setting in the thrust controller. You could move this handle in 2
seconds but you don't get full thrust before after for instance 10 seconds.

The same situation could be that you in your DP systems adjust the “gain” setting (this control
how fast it will allocate thrust). But if your DP system is sending signals to the thrust control
system it will not be able to operate the thruster faster than what is the limits set in that
controller.

And of cause if the simultaneous thrust allocation power demand is higher than the control
system or the physical capability’s for the generators are capable for you will end up in a
overloading situation that depending on other built in systems in the worst case scenario could
end up in a black out.

3.9.2 System capability and stability and maintenance perspective

After the various systems are tuned and adjusted on board the vessels during sea trail, the
various mode configurations are tested. The class societies have requirements for testing the
manoeuvring control of the vessels and evaluate the stability for the various systems. These
tests have traditionally been crash stop tests and build up and reduction of thrust for the main
engines, or main thrusters. For more complex propulsion and thruster configurations these
tests need to be carefully evaluated to ensure that you test the worst case for the different
modes of operation.

The result of the tests could be that you will have to slow down the response time to avoid Hz
or Voltage drops of the MSB.

3.9.2.1 Transients and oscillations, mechanical wear and tear
The vessels control systems in total need to ensure that all transients are controlled in a way

that they are not causing oscillations of various systems. If the total control system is not
correctly tuned we could experience “hunting” between generators, and thrusters.

From a vessel position point of view you would like to have full control with how fast you
could build up thrust from the various propellers, by this you could tune your system in the
best way for the various weather and operation requirements.

For the various system providers, they have some absolute mechanical limitations as well as
maintenance and stability issues to consider the limits their individual systems dynamic
behaviour.

3.9.3 “Human” expectations of response, Thrust generation and
vessel movement

If a command is given from the master and he does not get the response from the system,
either it is giving commands in a given controls system for starting of pumps and thrusters, or
by operating the thrusters, we expect some kind of reply/response in a given time, this will of
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cause vary from system to system...pump signal change to running, vessel movements or
vibrations in fore ship etc.. This is not discussed but in the below questions to masters they
was asked for expected or desired response times for thrusters.

3.9.4 Various system providers, no clear lines of responsibility.
(Several possible solutions but different views and agendas)

As mentioned above the vessels overall control system is complex and for the shipyard and
ship owner it is important that all of the systems interact in the best possible way so that the
vessel fulfils its design criteria.

If you for some reason encounter problems, for instance that you total dynamic power
requests for a given mode and load case is above the limits that the main generators could
handle with the given control settings. This might be handled by reducing the response time
for the thrusters or increasing the response from the main generators if possible.

As of today | have not found it normal that dynamic system behaviour is clearly specified in
building contracts. Based on selection of equipment properties and the tuning on board the
owner / yards could end up with vessels with somewhat unpredictable dynamic response
capabilities for various modes but still within contract and class rules.

3.10Experimental results from measurement of thruster response
for actual vessels

To ensure that the data and times discussed in this thesis is as realistic as possible several
equipment and system designers as well as ship owners have been approached and asked to
provide actual measurements and data for actual vessels.

I have got several replies but only two replies from actual vessels where the owner have
replied to my complete enquiry forms.

As some of these data potentially could be business sensitive they are not included in my
thesis, but only referred to in general.

Below you find example of enquiry forms that have been made and sent ship-owners. In my
future work | propose that such enquiries and data collection is continued to have more
support data. | therefore include the forms | have developed for guidance. The results are fund
in appendix but not included in the electronically version of this thesis
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3.10.1 Typical enquiry forms with question made for individual

vessels:

Questions related to thrust response:

Vessel:

Signal Letters:

Vessel Type:

Loa: xx m

B: xxm

Draught: xx m

GT (ITC 69):

General Questions to Master and Chief Officer:
In the event of manoeuvring in challenging weather or in an emergency situation, what is
your expected and desired response rate for your thruster / propulsion system? (Time

from you give the bridge order until “full” propeller effect.)

(Try to answer this question before you do the below actual measurements, as we would
like to understand your perception of the vessel and possible input for future change)

Bridge Order:

Expected Propeller system
response time for this vessel

Desired response
time

Main 0-100% fwd | . seconds| = ... seconds
Propulsion | 100%fwd-0 | ... seconds | ... seconds
Variable 0- 100% aft | . seconds | ... seconds
RPM mode 100% afttoO | . seconds | .. seconds
Main 0-100% fwd | . seconds| = ... seconds
Propulsion | 100% fwd-0 | ... seconds | ... seconds
Fixed RPM 0- 100%aft | .. seconds | ... seconds
mode 100% afttoO | .. seconds| ... seconds
Comment:

Tunnel 0-100% | seconds | ... seconds
thruster 100%-0 | . seconds| ... seconds
Comment:

For diesel electric vessels the actual response you achieve might be related to the

number of generators on line, and available for start up (as well as different modes) and
how many thrusters that are simultaneously requesting power.
To what degree are you aware of this effect (power limitation)?

In a situation with reduced generators on line and automatic load dependent start-up of
generators, what are the maximum time you could allow to gain 0-100 % main

propulsion effect?...... Seconds, and 0-100% side thrust effect
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Questions related to thrust response:

Vessel: Signal Letters: Vessel Type:

Loa: B: Draught: GT (ITC 69):

Wind state: Sea State: Approximate actual draught: .......... m

Thruster Type: Propeller Effect: Fixed RPM: Thrust obtained by:
diameter: | | rpm

In the Following Test we would like to map the effect curve for the thruster and if

possible also time delay from the order to new pitch/effect is reached.

120

100

V

80

V

80

[

s Thirust signal

= Thrust output, rpm/pitch

40

V

20
D%mmmﬂmﬂmmﬂmﬂmﬂwm

0123 456 7 8 91011121314 151617 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49

Thrust towards Starboard:

Bridge Order 0 % 0-20% | 20-40% | 40 - 60% | 60 - 80% | 80 - 100%
Pitch response
NA | ... seC | ... seC | ... .S€C | .......... .S€C | ..., .sec

Thruster effect

....... Kw e KW L e KW KW KW
Thruster effect

......... V s V s V reeeeea V| v V|V
Thruster effect

....... A s A e i b A A A
Thruster rpm
Thrust towards Starboard:
Bridge Order 0% 0-20% | 20-40% | 40 - 60% | 60 - 80% | 80 - 100%
Pitch response

NA | ... seC | ......... S€C | ovvenns .SE€C | vveenns .S€C | vrrnnnns .sec

Thruster effect

....... Kw veeeeen . KW v KW e KW | KW KW
Thruster effect

......... V e V vevieens V s V| v V|
Thruster effect

....... A s A veeeeeitd A v b A A A
Thruster rpm
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In the following test we would like to find the response time for the thruster with a bridge
order from 0-100% and from 100-0%. If possible we would like you to observe both the
Pitch feedback and the effect measurements
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o 1 2 3 4 5 6 7 8 9§ 10 11 12 13 14 15 16 17 18 15 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

s Thrust signal

e Thrust output, rpm/ pitch

Thrust towards Starboard:

Bridge Order 0-100% 100-0%
Pitch response/

effect change | ... S€C | iverienns sec
Thrust towards Port:

Bridge Order 0-100% 100-0%
Pitch response/

effect change | ... seC | .. sec

If possible we would like to record the following In calm weather and the initially at stand

still (vessel not moving and if any wind, heading up against the wind)

Thrust towards Starboard:

Bridge Order 0-100 %
Vessel heading change 10 deg. | ............. sec
Vessel heading change 20deg | .............. sec
Vessel heading change 30 deg | .............. sec
Vessel heading change 40 deg | ............. sec
Thrust towards Port:

Bridge Order 0-100 %
Vessel heading change 10 deg. | ............. sec
Vessel heading change 20 deg | .............. sec
Vessel heading change 30 deg | ....ccooeenns sec
Vessel heading change 40 deg | ...cceeee. sec
Place: Date:
Master sign: Chief Sign:
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Main Propeller thruster response test Fixed RPM Mode
(if Applicable)
Vessel: Signal Letters: Vessel Type:
Loa: B: Draught: GT (ITC 69):
Wind state: Sea State: Approximate actual draught: .......... m
Propulsion reduction gear: Propeller @: Propeller RPM:
Min:..........
Max:..........
Generators on switchboard: kW/kVA available during test:

In the Following Test we would like to map the effect curve for the thruster and if

possible also time delay from the order to new pitch/effect is reached.
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Fwd Thrust:

Bridge Order 0 % 0-20% | 20-40% | 40 - 60% | 60 - 80% | 80 - 100%
Pitch response
NA | ... seC | ... SEC | vveerns .S€C | vverenns .SEC | evrrrnnns .sec

Thruster effect

....... Kw e v KW e KW | KW KW
Thruster effect

......... V . V s V vveeeeees V| v V|V
Thruster effect

....... A s A e i b A A A
Thruster rpm
Aft ward Thrust:
Bridge Order 0% 0-20% | 20 - 40% | 40 - 60%
Pitch response

NA | ... seC | ... seC | ... .sec

Thruster effect

....... Kw oo KW ceenen KW .
Thruster effect

......... V s V vevenen V vevieenns V
Thruster effect

....... A Y. e | A
Thruster rpm
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We will therefore ask you to perform the following test in fixed RPM mode. 0-100% rapid
bridge order, time to achieve “full” pitch (you don't have to wait for the vessel speed to
increase and build up full effect, and be careful so the vessel don't gain to much aft ward

sped)
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Bridge Order:

Pitch:
Measured response at
propeller:

Time for the vessel to
obtain 5 knots

Main 0-100% fwd | .. seconds | ... min....... seconds
Propulsion 100% fwd-0 | .. seconds NA
l
0-60%aaft | . seconds NA
60% afttoO | . seconds NA
Comment:
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Main Propeller thruster response test

Variable RPM Mode

Vessel: Signal Letters: Vessel Type:

Loa: B: Draught: m GT (ITC 69):

Wind state: Sea State: Approximate actual draught: .......... m

Propulsion reduction gear: Propeller @: Propeller RPM:
Min:...........
Max:.........

Generators on switchboard:

In the Following Test we would like to map the effect curve for the thruster and if

possible also time delay from the order to new pitch/effect is reached.
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s Thirust signal
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= Thrust output, rpm/pitch

40
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D%mmmﬂmﬂmmﬂmﬂmﬂwm

0123 456 7 8 91011121314 151617 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49

Fwd Thrust:

Bridge Order 0 % 0-20% | 20-40% | 40 - 60% | 60 - 80% | 80 - 100%
Pitch response
NA | ... seC | ... seC | ... .S€C | .......... .SEC | ..., .sec

Thruster effect

....... Kw e v KW v KW | KW KW
Thruster effect

......... V . V s V vveeeeees V| v V|V
Thruster effect

....... A s A e i b A A A
Thruster rpm
Aft ward Thrust:
Bridge Order 0% 0-20% | 20 -40% | 40 - 60%
Pitch response

NA | ... seC | ......... S€C | ovvenns .sec

Thruster effect

....... Kw oo KW ceenen KW .
Thruster effect

......... V e V s V verreenns V
Thruster effect

....... A Y. e | A
Thruster rpm
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We will therefore ask you to perform the following test in variable RPM mode. 0-100%
rapid bridge order, time to achieve “full” pitch and RPM (you don't have to wait for the
vessel speed to increase and build up full effect, and be careful so the vessel don't gain
to much aft ward sped)

120
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o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 18 20 21 27 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

60 I \
I / \ \ e Thrust output, rpm/ pitch
40 I

Bridge Order: Pitch: Time for the vessel to
Measured response at obtain 5 knots
propeller:
Main 0-100% fwd | .. seconds | ... min....... seconds
Propulsion 100% fwd-0 | ....... seconds NA
0-60%aft | .. seconds NA
60% afttoO | .. seconds NA

Comment:

3.10.2 Test Results

Typical enquiry forms to owners and equipment manufacturers might be found in Appendix
for the paper version.

As Actual data have been received from only a limited number of vessels, and some of these
data could be regarded as potential industry secrets they are not listed in this assignment.

It should also be mentioned that the tests on board have been conducted by the crew only, and
for some tests the crew have misunderstood the intention of the test and what should have
been logged.

Below you will find a general summary of these results. They are presented as indications and
are not vessels specific. The results for the vessels we have collected date from varies for
different vessels, modes and set ups.

The results for a typical Side thruster 600-1000 kW varies from about 4,5 seconds to 22
seconds from 0-100% load and 4,5 to 10 seconds from 100- 0% ramping down time. The
fastest thruster was a directly started thruster with fixed rpm and variable pitch.

For main propulsion system the test is performed on both traditional propulsion systems with
a main engine, gear and a main propeller with adjustable pitch and for diesel electric driven
thrusters and main propellers. The effect for the main propulsion drives and thrusters have
been around 2000 kW and for the main engine driving the main propulsion line around 4-
5000 kw.
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The test results varies from about 19 seconds to 38,5 seconds from 0% to 100% thrust build
up, and a ramping down time of about 8-11 seconds, quite similar for both traditional
propulsion and diesel electrical driven thrusters.

(The traditional single line propulsion system tested with 4000-5000kW main engine ended
up with 0-90% pitch/load time of about 20 seconds, and de rating time from 90% to 0% in
about 10 seconds.)

The data is collected from very few vessels and more research related to what is actually
normal thrust build up times should be performed.

3.10.3 Discussions of the results

For a conventional main engine that is selected according to the propeller (eventual with a
power take out shaft driving a shaft generator) the load up time should be adjusted to the main
engines capability. And the test results indicate results close to what are the engine
manufacturers guide for maximum capacity (around 20 seconds 0-100% for a diesel engine.)

For a diesel electric system the various thrusters need to be adjusted according to normal load
combinations seen in relation to the number of running machinery in the various modes. i.e. if
you are only running one main generator of about 2000 kW and you load up two main
propulsion thrusters of 2000 kw from 0-50% you could not do this faster than about 15-20
seconds not to dynamic overload your only engine connected to the MSB, this will end up
with response time of about 35-40 seconds from 0-100% similar to what is highest result from
the actual measurements.

So the measured differences in times for various modes are explainable and reasonable.

In short, the results indicate that if you have running generators with static effect according to
desired propulsion power, the diesel engine response curve might be followed. If you have
running generator power higher than the requested power you might increase the load faster
this seems to fit with my assumption given in section 4.8.

More research should be done, and results from an actual vessel at the new building stage
where we have control and might log all parameters for load variations in different modes
should be done to better understand the relationship and the damping effect in the systems etc.
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PART 2 — (PROPOSED METHODS)

4 USE THE MAIN PROPULSION MACHINERY AND
THRUST RESPONCE RELATIONS. TO EVALUATE THE
VESSELS DYNAMIC CAPABILITIES

As shown in Part 1 the selection of main machinery and operation modes for a vessel will
influence its dynamic behaviour. The designers and owners, are not always fully aware of the
consequences of their selection of various main machinery and equipment.

The above study and investigation have enabled me to better understand the various systems
that have consequences for the dynamic behaviour of the vessel, how these systems are
controlled, interlinked and dependent of each other.

In this part | will use my acquired system knowledge for main propulsion machinery and
thrust response relations to propose some merit categories for main machinery, and propose
two methods for ship designers to select equipment. | will focus on the consumers/thrusters
and the main generators/producers of power.

All other systems (in between) as control system, transformers, drives etc. will have to be
selected/designed, adjusted and tuned accordingly.

4.1 Method description

There are normally several system designers from various manufacturers involved, and the
responsibility is as discussed in Part 1 not always clear. If further work, prove that the
proposed merit factors covers the normal selection ranges, such a merit factor system is
believed to be helpful to categorise equipment and enables you to be refer to these in building
specifications and contracts etc.

Selecting main propulsion machinery and thrust response, and match their relations are
crucial in ship design. This will have consequences for the vessels behaviour.

Below you find two simple design procedure related to selecting the right thruster and main
machinery properties.

Method 1 is based on that you have a clear understanding of the requested operational
limits/window your vessel will have to operate within, and use modern dynamic simulation
tools to find out your needed thrust response and load cases.

Method 2 is based on traditional static tools, and an evaluation of your dynamic behaviour
needs as well as typical expected load cases and variations.

Both methods make reference to the systems merit factors described in this chapter.
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4.1.1 Method 1. Advanced method by use of dynamic simulation
tools:
1. Understand the vessels required dynamic behaviour in a given dynamic weather or
fault situation.

& T
. _l-[eadmglumt

Position limit

Figure 4-1, Position and heading limits illustration from DNVGL-ST-0111.

This could be done by running modern tools as DynCap and you could test out various
propeller effects and different ramping times as well as understand the actual load cases that

will apply for your vessel.
2. Select thrusts from the merit table that is able to give you the desired response.

Thrust output

120
Truster 1 Thruster 2 Thruster 3

80 / // /
80 / / /
20 / / /

/ M Resulting Thrust Energy

5 5] 7 8 5 10 11 12 13 14 15 16 17 18 19 20

Figure 4-2, Various thrust merits, ramp up times
3. Use the acquired knowledge about realistic load cases to establish your dynamic and
static power requirements.

4. Evaluate redundancy requirements and propose applicable modes for main machinery
and select main generators according to your dynamic and static load curves.

4.1.2 Method 2: Simplified method by use of standard load cases
and thrust response times.

1. Use traditional static tools as the free DP Level 1 software from DNV GL or ShipX to
establish the thruster requirements, evaluate the dynamic factor (reserve) and evaluate
the vessels dynamic requirements.
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Figure 4-3, Illustrations from Smogeli et. al The next level DP

2. Select thrusters from the merit table that you believe will give you the desired dynamic
behaviour.

3. Use the proposed load cases, or establish other realistic load combinations from the
various thrusters and consumers and establish the dynamic and static power needs.

4. Evaluate redundancy requirements and propose applicable modes for main machinery
and select main generators according to your dynamic and static load curves.

4.2 Dynamic merit factor for the vessel, “D-ERN”

Method 1 could possibly be further developed to make a dynamic merit factor for the vessel
or a Dynamic ERN number related to a set of fault criteria’s and a given weather something
like D(sm/sdeg,10m/10deg, 15m/15deg, 20m/20deg) ERN

DNV GL has done something similar to this in their new ST-0111 standard and DP level 3
and defined a scenario of +/- 3 degrees of heading and a circle of 5 meter.

This systematic could be further developed to create a better dynamic classification system
for the vessels and show their properties.

Method 2, could also be developed into a simplified reference numbering system for the
vessels dynamic machinery capability, but will of cause don't state anything related to the
vessels dynamic movements.

Thrust output
120
Thruster 1, load curve
100
80
&80
Truster 1, Truster Energy in 305
40
20
o
0 1 2 3 a 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 3
Thrust output
120
Truster 2 Load Curve
100 /-I
N / b
60
/ / Truster 2, with slower responce need more
40
/ time to produce the same energy
20 / |
o

0 1 2 3 4 5 & 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 I

Figure 4-4, Variable thrust ramp up times result in variable time to get the
equivalent energy applied.

This is further discussed under proposed work and in the summary
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4.3 Main machinery Dynamics and proposed Merit Factor
categorization

4.3.1 Evaluation of thrust requirements and Thrust build up times

As mentioned above you could use modern dynamic simulation tools to establish your needed
thruster configurations and by experimenting with the model find the optimum power needs
and dynamic behaviour for the thruster.

Or you could from your traditional static evaluation tools balance the forces and creating
static capability plots, evaluate the dynamic factor used and the compare the dynamic weather
or eventual fault modes and evaluate the needed time for building up needed thrust to
establish new balance.

The later method implies that you need to evaluate the changed criteria, the vessels inertia,
hydrodynamics, speed build up and time for building up sufficient thrust forces to stop the
movement and establish new balance. This is of cause not easy and you will have to base your
assumptions on experience or simply by selecting the available equipment based on the
vessels dominant operation criteria’s.

4.3.2 Proposed Thruster loading capacity classification index

The below table is a proposed categorization of thrusters power and thrust build up times. The
times are based on my understanding of the thruster’s actual capabilities, and partly based on
actual tests referred to in Appendix A and what various types of main engine configuration
and thruster configuration could expect .

Manoeuvring thrusters size in kW Thrust load ramping times in Seconds
> < B C
0 250 4 6 8
250 700 8 12 16
700 1200 10 15 30
1200 1800 15 20 40
1800 2400 20 30 60
2400 3000 30 40 80
Approximately Thrust ramping kW/s 150 100 75 35

Table 1, Proposed Thrust power build up time categorisation

A Category A thrusters will in most configurations need to have more running machinery
power than the actual max thruster power to be able to manage the high dynamic loads.
Alternatively a stored energy source as a battery or an advanced flywheel solution could be
installed to handle the dynamic variations

Thrusters in Category B/C follows more or less the curve as for a diesel engine for the same
size and Category D thrusters have slower response and could be operated with less or slower
running machinery.

The above explanation is only meant to illustrate the loading rates, the combination of
thrusters and the applicable load case should be checked to find the resulting load rate curve
and checked according to applicable modes as described later.

There could of cause be made thrusters that do not fit into this table, possible Voith Snider
thrusters and water jets are able to have even higher dynamic capabilities than A category.
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More research should be done to ensure that we find a table that does not exclude new and
novel designs.

4.3.3 Proposed Thrust Load Cases

The below load cases are meant as examples, actual load cases based on the actual vessel
operation profile and requirements should be established.

But as indicated in this study the resulting dynamic load from your thrusters depends on how
many thrusters you intend to operate simultaneously and not how high you actually load
them.

As explained in Part 1 the actual dynamic loads varies from the different types of thrusters
selected as well as the response rate selected. More study should be made related to this to
create better power curves for various thruster types linked to the above response time
categorization.

Also typical dynamic loads for manoeuvring to and from harbour should be further
investigated

Proposed examples for load cases to be evaluated:

Load Case Thruster configuration and load changes

1 All propulsion power 0-100% (Extreme)

2 MP + side thrusters 0-67% (Manoeuvre Mode extreme)

3 MP 0-50% + Side thrusters 0-100 % (Manoeuvre mode 1)

4 MP 0-50% + 2 biggest Side thrusters 0-100 % (Manoeuvre mode 2)

5 50% - 100% of 1 MP + Largest side thrusters group from 50-100% (DP Fault)
6

Table 2, Proposed Load Cases

Based on the load cases the actual dynamic power builds up curve for your thruster
configuration to be established. This curve should be used and compared to your power
generation dynamic capabilities in various modes.

4.3.1 Proposed main generator dynamic Load Capability
classification Index.

The below table is based on study of engine manufacturers guidance for loading rates as well
as class rules expectations and requirements. Not all engine manufacturers openly shear their
recommended loading rates, and when questioning some of the dealers they don't have any
clear answers or recommendations, but states that they fulfil the class requirements.

As discussed in Part 1, class have quite strict requirements for dynamic behaviour for diesel
generators, but are opening up for the possibility that your control system might handle the
load variations and thereby accept slower response rates.

Wartsila is openly sharing their response rates in their product guidance and is also stating
clear requirements to the vessels control system for handling both loading up and down times.
This study will focus on the loading up times but it is clearly stated that large load reductions
from high load should also be performed gradually.

Wartsila states that in normal operation the load should not be reduced from 100% to 0% in
less than 15 seconds for several of their engines. This is of cause difficult if not impossible in
fault scenarios with tripping of breakers, but should be considered for normal operations.
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Wartsila is also for several of their engines having 2-3 recommended loading curves, one that
typically states what the engine is capable of in an emergency situation and other for normal
operation.

The above need to be seen in relationship with the operation profiles of the vessel i.e. how
many dynamic loading variations of the main generators that are expected. This could have
effect on the maintenance requirement for the engines as well as the related systems.

The table below is therefore divided into Emergency mode with only occasional load changes
as crash stop scenarios etc. and Manoeuvring mode where it is more normal with several load
changes within a given time frame.

Engine loading rates or transient load capabilities index

Time to stable condition

Bl B2 B3 B4 C1 c2 C3 D1 D2 D3 D4

Load Steps Time [s] |[Time [s] |Time [s] [Time [s] |Time [s] |[Time [s] |[Time [s] [Time [s] |[Time [s] |Time [s] [Time [s]
0-100% 5.0 5.0 10,0 15,0 20,0 20,0 20,0 20,0 20,0 20,0 30 30 30
0-50% 3.0 3.0 5,0 75 10,0 10,0 10,0 10,0 10,0 10,0 15 15 15
50-100% 3.0 3.0 5.0 75 10,0 10,0 10,0 10,0 10,0 10,0 15 15 15
0-33-66-100% 3.0 3.0 5,0 5,0 7.5 7.5 7,5 7,5 7,5 75 10 10 10
0-100% 5.0 10,0 15,0 20,0 30,0 60,0 80,0 80,0 1200 160,0 180,0 270,0 360,0
0-50% 3.0 5.0 5,0 75 15,0 20,0 20,0 20,0 20,0 25,0 30,0 30,0 30,0
50-100% 3.0 5.0 75 10,0 20,0 40,0 60,0 60,0 100,0 140,0 150,0 250,0 330,0
0-33-66-100% 3.0 3.0 5,0 5,0 10,0 15,0 30,0 40,0 60,0 80,0 100,0 130,0 160,0

Typical generators for diesel electric propulsion
Diesel Engines
Dual Fuel Engines

GAS engines
B i . 500-2000 kW 5000-12000 kW
Typical Engine size
250-1500 kW 1500-6000 kW 2000 - 20000 kW
Typical kW/s 250 200 60 30

Generators that posible should be supportet
by accumulated energy source to cope with
system the dynamic requirements

Table 3, Proposed Generator Loading merit index
The table also indicate a very rough estimated expected power range for typical engines in the
different categories as well as what size that is my understanding of normal engines used for
generators today. It also indicates dual fuel (DF) engines that could automatically switch to
diesel in case of dynamically “overloaded” and gas engines.

It also indicated bigger engines and gas engines tend to have a slower response rate and
recommended load rate, and this should be taken into considerations selecting such
arrangements. Possibly such engine installations need some kind of stored energy as battery
or flywheel arrangements to handle dynamic load variations. This will also be beneficial in a
maintenance perspective. This will be better illustrated in the next section when you compare
actual operation modes.

4.3.2 Proposed early design stage mode evaluation system

When you have selected your thruster configuration and the applicable load cases as well as
understand the remaining vessels power demand in the various operation modes you might
draw up the dynamic power demand curves for the various modes of operation or faults
scenarios.

Depending on your requirements for separation and redundancy as well as the MSB and
system configuration the dynamic power demand curves could be made for individual
sections of the switchboard or if you operate with closed bus ties you could evaluate this for
your whole system.
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By evaluating this in an early design phase you might configure modes and main power
generating machinery configurations as well as defining the need for power accumulator
effects to be able to handle dynamic variations with as little running machinery as possible.

In the below you find an example where you have 4 generators of about 200kW effect
available, “B2” engines from the proposed table above and some given load cases for the
thrusters (simplified and not taking into consideration the hotel load of the vessel or actual
loading curves from the thrusters, considered linear).

Depending on your how high up you load your thrusters you find that you will need 3 or 4
engines running to be able to have sufficient power available, You also find that the dynamic
curve is below the resulting curve for 3 engines but above the curve for two engines. This
implies that to not “overload” the engines in the dynamic range you should have at least 3
generators running.

If you chose to allow for a mode with minimum two engines connected and a load dependent
start for number 3 and 4, you will slightly exceed the dynamic recommendations for your
engine, and you should evaluate how often you will operate the vessel in these modes, and
evaluate if you should install a power source that could supply the energy need found by the
difference of integrated area between these curves.

Systems Load change Capability (B2 Engines)
4 x 2000 kW (Number of Engines in Parallell)
2x2000kW MP 0-100in 25s
2x800+1x1000kW TT 0-100in 155

%000

2000

7000

6000

—mE1
—mE2
000 ME3

—ME4
—— Load Case 1=All propulsion power 0-1005% (Extreme]

w0 Load Casa 32 X MP 0-50% + Sidethrusters 0-100% (Manower mods 1)

Load Case 22 x MP+ side thrustars 06756 [Manouver Mods sxtrame)
Load Case 4 =2 x MP 0-50% + 2 bigzest Side thrusters0-100 % [Manouver mode 2)
Load Case 4 = 50% of MP + twao bigest side thrustars from 50-100% [DP Fault)

000

|£

o 1 2 3 & 5 6 7 & % 1 MW 12 13 1 15 % U 18 18 220 2 2 23 24 2% 2% ¥ 28 29 B

Figure 4-5, System Load change Capability and mode selection
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Systems Load change Capability (B2 Engines)
4 x 2000 kW (Number of Engines in Parallell)
2x2000kW MP 0-100 in 25s
2%800+1x1000kW TT 0-100 in 155

Main Engine 4

Main Engine 3

Main Engine 2

- Resulting Power demand
/ ’ g from thruster load case .~

> Dynamic power demand above recomendation
/' L = for two engines in paralell, could be covered by Main Engine 1

battery of ek

I
ry-affywheelarrangement

n 1 2 = e n = :7 = = = = z =

Figure 4-6, Indication of accumulated dynamic energy need if Mode with 2
generators is selected

I have made a simple Excel sheet to select and construct the various dynamic properties from.
A better tool should be developed to easier select engine types and construct modes with load
dependent starts and to find the area between the system curves to be able to more directly
give you your requirement for stored energy if this is your selected choice.

My simple approach still indicates the dynamic behaviours you will need to consider,
Development of better tools related to this is proposed for future work.

4.4 Bridging the gap of traditional static design tools and modern
dynamic design tools

My approach has been to try to make a systematic approach enabling the designer to
understand the relations and consequences of selecting different types of main machinery for
a modern diesel electric vessel.

I find that both the traditional design tools as static evaluations with factors based on
experience and the more modern dynamic simulations have their own clear advantages and
could be used for different types of vessels and operations.

At an early design stage we will have to make several assumptions and have several iterative
processes to develop a good machinery and control configuration.
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To use modern dynamic design and simulation tools, you will also have to understand various
configurations and their limitations. You will have to make assumptions and simplifications at
least at an early design stage.

| therefore believe that a similar approach as the one given above, where you make a
categorisation of various equipment, could be a helpful tool enable us to better predict the
vessel dynamic behaviour. And such a basic system will also be beneficial for early design
review with modern dynamic simulation tools.

5 CONCLUSIONS

This Thesis have been divided into two main parts: Establishment of, and understanding of
the theory and relation between main machinery and their control systems; Proposing an early
stage design configuration systematics enabling us to have a dynamic ship merit factor.

My initial idea and background for this thesis was my experience as class surveyor for several
new buildings, observing how different systems are tuned and tested on board, realising that
there could be conflict of interests among the various parties involved.

I have further realised that dynamic behaviour of equipment and vessel is seldom described in
building specifications etc. and are only to some extent described in class rules.

This could lead to vessels built with slow response configurations and fully be according to
their contracts.

This has resulted in that equipment is tuned and tested according to the various maker’s
collaboration and best intentions. This could result in that the vessels full potential is not
taken out. There have been cases where the owner, in the operation life of the vessel has asked
for better response times, from for instance thrusters manufacturers, and have had this
adjusted by the maker, without realising the implications this potential could have on the
vessels previous defined modes, dynamic engine overloading, black out prevention system
etc.

The initial idea for the thesis, was also to try to evaluate the actual dynamic effect variation in
thrust response rates will have on a vessel in a given weather. But my literature study have
made me realise that such dynamic simulation tools have already been developed and seems
to be much better than what | with my limited resources would have been able to develop.

My focus have therefore ben slightly adjusted , and | have tried to realise what assumption
you will need to take in such early phase time-domain simulations, as well as for traditional
static early design tools only studying static capability’s and dynamic allowance factors.

The background and theoretical part of thesis is partly based on the work done by Bgrhaug
(2012) comparing the traditional static DP capability analysis with the new Dynamic
Capability analysis described in proc. paper Pivano et al.(2012), the new DNV GL ST-0111
and my understanding of the assumptions and simplifications made in their work.

Barhaug (2012) link his work and development of the mathematical formulas to earlier work
done by Fossen (1994 to 2011) and several others.
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My understanding of the various relationship and challenges for control system of propellers
is partly based on the PHD Thesis by Smogeli (2006) and Pivano (2008). For main generators
I have highly valued the open approach in the product guides from Warsila and information
found at their web pages. Their work has been highly valued and should be consulted for the
interesting reader.

As Bredhaug (2012) confirms in his work, pointing out that the dynamic simulations gives a
better understanding of the behaviour of the vessel, and are able to give a better description of
the actual operation window, station keeping capability of the vessels, and by this enables the
various stake holders to base their decisions on more accurate data.

For a completed vessel where you have the actual response rates from thrusters in the various
modes, the new dynamic tools could to my understanding give you a very good representation
of the vessels movement in case of failures etc. | guess that the future DP systems on board
will indicate and predict movement in different fault scenarios and include this as part of their
consequence analysis. This implies that you for a given location and given vessel could
calculate sea states and operation limits for several demanding operations in a much better
way than before.

But to ensure that you actually operate the vessels according to the assumptions behind the
calculations, you will need to interlink several control systems, or to have clearly defined
modes linked to your consequence analyse. A fully integrated control system will possible be
beneficial, but this is demanding as you for modern vessels combine equipment from several
manufacturers.

From an early design perspective, you will have to understand and define the dynamic
relations between main machinery components. In such a design loop it could be beneficial to
have a dynamic categorisation system to select and specify equipment according to. This
could also be used as input for time-domain simulations predicting your resulting vessel
behaviour.

In this respect, | believe that my approach might be a contribution and could be further
developed to support the industry.

6 FURTHER WORK

As this assignment involve several traditional engineering disciplines as mechanical,
electrical, control systems and dynamic behaviour it have been difficult to get a full complete
understanding of all systems involved. And the work should be evaluated and checked by
qualified persons for all disciplines, but apart from that | propose the following further work.

Actual dynamic power curves for the various main types of propellers with their given
response rates should be further investigated and developed.

More investigations related to power/ thrust curves for typical thrust manufacturers to be
collected to ensure that the proposed merit factors covers the normal range.

Typical and realistic load case scenarios showing interactions between thrusters during station
keeping in demanding weather as well as in manoeuvring and fault situations to be
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established. This would enable us to better define the actual dynamic power requirements for
various vessel types and operations.

A tool should be developed where you could select the actual generator merits, minimum
number of generators on line, load dependent start at a given level, connection time, etc. This
to be able to draw up the dynamic/static load curves for the selected part of the MSB. In the
same tool you should be able to draw up the various typical load cases for the thrusters as well
as base “hotel” load to evaluate correct operation modes. This tool should also have the
possibility to add a limited stored energy power source, ref. below.

In cooperated in the above tool, a simple early stage method and calculating tool evaluating
the required stored power needs, to support main generators in the dynamic load range, to be
developed. This will enable us to better utilize GAS engines at their optimum load as
generator sets for vessels with high dynamic variations, such system could also be combined
with normal peak shaving approach.

The effect of various thrust build up times for typical weather and manoeuvring situations
should be established. The dynamic window and behaviour of the vessel and the result it has
on fuel consumptions, should be evaluated with and without a battery or flywheel source of
power arrangement.

The above effects should also be evaluated from a maintenance system, both from the
thruster’s point of view and from the main generator system point of view.

Establishment of better understanding of the main generators load curves, from various
manufacturers to evaluate if the proposed merit factors, cover the range of engines in normal
use.

(From a personal point of view, not directly linked to this thesis | believe that the industry still
have too many thruster related damages. The thruster environment forces and understanding
of its operation behaviour, its control systems as well as its mechanic interactions with its
individual inertias of shafts and electric motor, could be a separate study and dynamic model.)
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ABSTRACT

Design of main machinery systems and configurations have traditionally been performed by
evaluation of static situations. Static main machinery and electrical load balance and static vessels
capability plots/envelopes where the forces/power balances each other.

There are already today several providers of dynamic simulation tools where you could build
virtual models of your vessel and perform analysis also at early design.

As of today no commonly used standard way of building the various parts of the models exists,
and most models includes simplifications and assumptions. If we don't properly understand the
relations between main machinery components, we could end up trusting the early stage dynamic
models and the resulting vessel behaviour too much.

The below work tries to generalise and simplify the dynamic relations between main machinery
and their control systems, at an overall level with the intention to make a simple design tool for
selecting equipment, based on their dynamic behaviour and dependencies.

A simple main machinery category and dynamic merit factors specification is system is proposed.
This could be used to specify equipment according to and might be used as input in early design
evaluations.

The future for vessels with dynamic position/manoeuvring systems, is believed to have full vessel
specific dynamic calculating model incorporated in their control systems. These systems will
calculate probable resulting deviating positions in event of failures or changed weather.

This paper propose an simple early design approach to better understand the dynamics involved
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INTRODUCTION

One of the main challenges in ship design is to make sure that a vessel is able to perform its tasks in a
safe and efficient manner. The industry has therefore created vessels and systems with high degree of
integration between various systems and their control systems.

The result is flexible, cost effective and more environmental friendly vessels, but it have also its
challenges related to higher degree of complexity and need for operational awareness and
understanding.

It is therefore essential that the designer understand the interactions between the vessels different
system, to be able to determine the weather operational window where the vessel can maintain its
speed, heading and position within some limits.

To establish a weather window, a static analysis is normally performed by balancing the maximum
obtainable thruster force against a resultant mean environmental force due to wind, wave drift, current,
and possible other loads.

Important assumptions and simplifications must be done to facilitate the analysis and the dynamic
behaviour of the vessel and propulsion system is normally not considered, but allowed for by having a
“margin” or dynamic factor. Criteria’s for dynamic thruster response are often not clearly specified
building contracts, nor in specifications.

To operate environmentally friendly implies that you have as little running machinery as possible, and
that you try to run the machinery at or near the optimum design parameters. The push to operate
vessels in some DP operation with closed bus tie, and depend on automatic start-up of new generators
in event of failure is one example.

This could result in extended ramping times of thruster’s effect due to the main machinery dynamic
limitations and power limiting until you have sufficient available power.

It is important that these scenarios and relations are known, understood and incorporated in the
dynamic models of the vessel, this approach could help in this respect and possible be used as

reference or evaluation in early design studies as well a standard to by equipment with various
dynamic capabilities according to

DP AND MANOUVERING SITUATIONS

Vessel manoeuvring capability

The design of vessels result in a configuration of several thruster actuators to best solves the operation
profile and design parameters for a given operation.

Thrust output
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Figure 0-1, Typical configuration of thrust actuators with various properties




The various properties for the thruster will of cause have an effect on the vessels dynamic
behaviour, as these properties will influence on the time it take to build up sufficient thrust
force to maintain position or performing a manoeuvring operation.
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Figure 0-2, Thrust energy time variations

This could as described by Smogeli et al. (2012) be dynamically simulated, it is further
discussed by Bredhaug(2012) and could result in a dynamic footprint for the vessel that
possible exceeds the limits for a given operation.

20t RO - 20f

20 10 0 10] a. Intact cor Esst Poalion fmi l—
Figure 0-3, Illustrations from Smogeli et. Al, The next level DP

Resulting dynamic power request from thruster configuration
The manoeuvring or dynamic positioning as well as eventual fault scenarios for a given vessel
will result in a dynamic power requirement from the vessels main machinery and generators.

Relevant load cases for the thruster configuration should be established and the resulting
power demand should be plotted as indicated below.



Thruster power requirements based on some load case exsamples

Thruster configration:
Main Propulsion thrustes: 2 x 2000 kW with load rate 0-100 % in 35 sec .
Side Thrusters: 2 x 800 kW + 1 x 1000 kW with loading rate 0-100% in 20s

——Load Case 1 =All propulsion power 0-100% [Extreme)
Load Case 2 =2 x MP + side thrusters 0-67% | Manouver Mods extreme)

Load Case 4 =2 x MP 0-50% + 2 bigg est Side thrusters 0-100 % (Manouwer mode 2
|

Figure 0-4, Typical- F;c;V\;ér-d-eh-a-rl;l from Thrusters
MAIN GENERATOR / POWER CONFIGURATIONS

Generator and main switch board configuration

The vessels main generator configuration to be evaluated, the static electrical load balance is a
tool that is used to configure generator modes and main switch board configuration and
separation etc. But as described below the main generators dynamic capability should also be
evaluated.
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Figure 0-1, Typical Diesel electric setup

Several engine and generator manufacturers have various modes their engines could operate
in, these modes could for instance be emergency and normal operation. Dependant on the
operation mode the manufacturer could have different recommendations related to
dynamically loading of generator sets.
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Figure 0-2, Example of load change capability curves for a generator set
Ref.: http://cdn.wartsila.com/docs/default-source/product-files/engines/df-engine/product-guide-o-e-w20df.pdf?sfvrsn=4

Resulting power generators dynamic curves for your selected mode (number of generators on
line in a given section of the MSB) should be established and compared to the dynamic load
cases for the same section.

Systems Load change Capability 4 Main Engines of 2033 kW compared to
Thruster power requirements for some load case exsamples

Thruster configration:
Main Propulsion thrustes: 2 x 2000 kW with load rate 0-100 % in 35 sec.
Side Thrusters: 2 x 800 kW + 1 x 1000 kW with loading rate 0-100% in 20s
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Figure 0-3, Main Generators in parallel and typical power demand from
thrusters

In the example above we find that the dynamic power request for a given thruster
configuration and load case correspond to the dynamic properties of two generators running
in parallel.
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Figure 0-4, Illustration showing one generator on line and automatic start-up of
generator 2 at 75% load.

If we in the same section of the MSB only have one generator on line, we find that this
generator will be dynamically overloaded and the thrust output will be limited by the PMS
system until a new generator is automatically started and sharing the load and the thrust might
continue to build up.
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Figure 0-5, Typically resulting thrust curve (in yellow) with power limitation
signal from PMS

These are important effects to realise and ensure that are built into the time-domain
simulators.
Alternative configurations

As seen from above this illustrates that you might come in situations where your system
configurations with its various load cases exceed the dynamic properties of main power plant
configuration mode. This could typically be the case with gas motors driving generator sets.

A configuration set up with some kind of accumulators (batteries or flywheel) could be a
solution.
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Figure 0-6, Main Switchboard illustration with accumulated energy source

This solution could help with the dynamic power requests, and enable you to run with less

running machinery. This has several advantages, both related to maintenance and
fuel/environment considerations.
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Figure 0-7, Illustration of one side of the MSB above, two generators running in
parallel and a resulting dynamic load request above their recommended load
rates. This read area could be handled by a battery or flywheel installation.

This simple method where you illustrating dynamic behaviour could help the designer and the

programmer of time-domain simulation tools to take better decisions related to applicable
mode and make simplifications/assumptions.

But to establish such curves it would be beneficial to have standard parameter tables for main
machinery equipment.



MAIN MACHINERY DYNAMICS AND PROPOSED MERIT
INDEX CATEGORIZATION

Proposed thruster loading capacity classification index
The below table is a proposed categorization of thrusters power and thrust build up times

Manoeuvring thrusters size in kW Thrust load ramping times in Seconds
> < B C
0 250 4 6 8
250 700 8 12 16
700 1200 10 15 30
1200 1800 15 20 40
1800 2400 20 30 60
2400 3000 30 40 80
Approximately Thrust ramping kW/s 150 100 75 35

Table 4, Proposed Thrust power build up time categorisation

A Category A thrusters will in most configurations need to have more running machinery
power than the actual max thruster power to be able to manage the high dynamic loads.
Alternatively a stored energy source as a battery or an advanced flywheel solution could be
installed to handle the dynamic variations

Thrusters in Category B/C follows more or less the curve as for a diesel engine for the same
size and Category D thrusters have slower response and could be operated with less or slower
running machinery.

The above explanation is only meant to illustrate the loading rates, the combination of
thrusters and the applicable load case should be checked to find the resulting load rate curve
and checked according to applicable modes as described later.

Proposed Thrust Load Cases

The below load cases are meant as examples, actual load cases based on the actual vessel
operation profile and requirements should be established.

Load Case Thruster configuration and load changes

1 All propulsion power 0-100% (Extreme)

2 MP + side thrusters 0-67% (Manoeuvre Mode extreme)

3 MP 0-50% + Side thrusters 0-100 % (Manoeuvre mode 1)

4 MP 0-50% + 2 biggest Side thrusters 0-100 % (Manoeuvre mode 2)

5 50% - 100% of 1 MP + Largest side thrusters group from 50-100% (DP Fault)
6

Table 5, Proposed Load Cases

Based on the load cases the actual dynamic power builds up curve for your thruster
configuration to be established. This curve should be used and compared to your power
generation dynamic capabilities in various modes.



Proposed main generator dynamic load capability classification Index.

The below table is based on study of engine manufacturers guidance for loading rates as well
as class rules expectations and requirements, and is only a proposal.

The loading rates need to be seen in relationship with the operation profiles of the vessel i.e.
how many dynamic loading variations of the main generators that are expected. This could
have effect on the maintenance requirement for the engines as well as the related systems.

The table below is therefore divided into Emergency mode with only occasional load changes
as crash stop scenarios etc. and manoeuvring mode where it is more normal with several load
changes within a given time frame.

Engine loading rates or transient load capabilities index

Time to stable condition

Bl B2 B3 B4 1 c2 €3 D1 D2 D3 D4

Load Steps Time [s] [Time [s] |Time [s] |Time [s] [Time [s] [Time [s] [Time [s] [Time [s] |Time [s] |Time [s5] [Time [s]
0-100% 5.0 5.0 10,0 15,0 20,0 20,0 20,0 20,0 20,0 20,0 30 30 30
0-50% 3.0 3.0 5,0 75 10,0 10,0 10,0 10,0 10,0 10,0 15 15 15
50-100% 3,0 3.0 5,0 7.5 10,0 10,0 10,0 10,0 10,0 10,0 15 15 15
0-33-66-100% 3.0 3.0 5,0 50 7.5 7.5 7.5 7.5 75 75 10 10 10
0-100% 5.0 10,0 15,0 20,0 30,0 60,0 80,0 80,0 1200 160,0 180,0 270,0 360,0
0-50% 3.0 50 5,0 5 15,0 20,0 20,0 20,0 20,0 25,0 30,0 30,0 30,0
50-100% 3,0 5,0 75 10,0 20,0 40,0 60,0 60,0 100,0 140,0 150,0 250,0 330,0
0-33-66-100% 3.0 3.0 5,0 50 10,0 15,0 30,0 40,0 60,0 80,0 100,0 130,0 160,0

Typical generators for diesel electric prapulsion
Diesel Engines
Dual Fuel Engines

GAS engines
B i . 500-2000 kW 5000-12000 kW
Typical Engine size
250-1500 kW 1500-6000 kW 2000 - 20000 kW
Typical kW/s 250 200 &0 30

Generators that posible should be supportet
by accumulated energy source to cope with
system the dynamic requirements

Table 6, Proposed Generator Loading merit index

The table also indicate a very rough estimated expected power range for typical engines in the
different categories as well as what size that is my understanding of normal engines used for
generators today. It also indicates dual fuel (DF) engines that could automatically switch to
diesel in case of dynamically “overloaded” and gas engines.

PROPOSED EARLY DESIGN STAGE MODE EVALUATION
SYSTEM

When you have selected your thruster configuration and the applicable load cases as well as
understand the remaining vessels power demand in the various operation modes you might
draw up the dynamic power demand curves for the various modes of operation or faults
scenarios.

Depending on your requirements for separation and redundancy as well as the MSB and
system configuration the dynamic power demand curves could be made for individual
sections of the switchboard, or if you operate with closed bus ties you could evaluate this for
your whole system.

By evaluating this in an early design phase you might configure modes and main power
generating machinery configurations, as well as defining the need for power accumulator
effects to be able to handle dynamic variations with as little running machinery as possible.

This method is a simple early stage approach but it still indicates the dynamic behaviours and
relations to some extent.



CONCLUSIONS

Bridging the gap of traditional static design and modern time-domain
simulations

This method will not replace any of the already established methods, as the static approach
with a dynamic factor, or time-domain simulations. It is meant as a supplement to make the
designer aware of the dynamic relations.

To use modern dynamic design and simulation tools, you will also have to understand various
configurations and their limitations. You will have to make assumptions and simplifications at
least at an early design stage. And such a basic system will also be beneficial for at least early
design review with modern dynamic simulation tools.

| therefore believe that a similar approach as the one given above, where you make a
categorisation of various equipment, could be a helpful for the industry. It could possibly be
used as a basis for forming a future standard for categorisation standard for dynamic
behaviour for main machinery.
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