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Abstract

Norway’s geographical location and vast ocean areas contains both national and international
areas of interest. Continuous surveillance of these ocean areas both on and below the surface
can prove difficult with limited resources and personnel. The implementation of unmanned sur-
face vessels with intelligence, surveillance, and reconnaissance (ISR) capabilities could be a
promising possibility for greater coverage at a lesser cost. Such a concept would require high
standards for vessel performance, survivability, and redundancy. When addressing these, the

drivetrain, its performance, weight and efficiency becomes increasingly important.

The thesis conducts a study on the dynamic behavior of the drivetrain from A naval design study
on a small, unmanned surface vessel by Andressen & Mykland 2022. The drivetrain is investi-
gated based on the operational capabilities and requirements found by Andressen & Mykland.
The thesis provides an analysis of the components in the drivetrain, emphasizing the sizing,
weight and efficiency of each, and its correlations to the load and speed of the vessel. For some

components, empirical data was gathered to further analyze these dependencies.

The results emphasize how each part affects the overall weight, fuel capacity and performance
of the drivetrain. The results showcase the different characteristics of different types of electric
motors and how these are affected by varying loads and speeds. Further, it displays the com-
plexity when addressing dynamic behavior of multiple components working to fulfill opera-
tional requirements in a given operational area (AO). The answer is not straight forward, and

the decisive variables are many.

The results and discussion provide a recommendation of the best configuration for the overall
efficiency, weight and fuel capacity for the drivetrain. The configuration has lower efficiency,
higher fuel consumption and weight compared to the work of Andressen & Mykland but is
assumed to provide more reliable data for further work. The increase in weight will inflict hy-

drostatic data, factors such as sea keeping and stability, and the performance of the vessel.

Although the thesis presents a recommendation, further work should include physical testing
of reference model of drivetrain, as well as addressing subjects of the vessel and drivetrain, not

included in this work for further optimization.
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Nomenclature and symbols

Nomenclature:

AC Alternating current

AO Area of operation

D.G Diesel generator

DC Direct current

ETA Efficiency

FPP Fixed Pitch Propeller

IEP Integrated Electric Propulsion

M Induction machine

ISR Intelligence, Surveillance and Reconnaissance

PMSM Permanent magnet synchronous machine

RPM Rotation per minute

SM Synchronous machine

USVv Unmanned Surface Vessel

Symbols:
Symbol Description Unit
) Efficiency %
Pyt Exploitable power out w
Piy Power in W
D Diameter m
P Pitch m
BAR Blade area ratio m?
Ap Developed area m?
A, Disc area m?
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w Wake fraction coefficient

Co Block coefficient

t Thrust deduction fraction

Tshaft Thrust per shaft kN

Ry Towing resistance kN

Nshafts Number of shafts

Trax Maximum thrust kN/m?
propeller’s speed through

Vi m/s
water
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J Advance ratio

p Density kg/m3

n Rotational speed propeller | RPM

P.C Propulsion coefficient %

Mo Open water efficiency %
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Power required to propel-

P, kW
ler

Py Towing power kW

T Torque Nm

F Force N

a Arm m
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P Power W
Nsync Synchronous speed RPM
f Frequency Hz
Pp Number of pole pairs
Pre Iron losses W
Physterisis Hysteresis losses W
Peddy current Eddy current losses W
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O, Eddy current coefficient
B, Magnetic flux density T
P., Copper losses W
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I Current A
Pcu Resistivity copper Q/m
1 Length m
d Diameter m
" Constant depending on lo-
i1 ) o
ot cation of end windings
Number of conductors per
n
’ stator slot
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A, Electric loading A/mm”2
® Angular velocity Rad/s
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n, Rotor speed RPM
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Ngenerator tor %
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1 Introduction

The Norwegian coastline stretches far from the north, by the Barents Sea, to the North Sea in
the south. This makes for a long coastline and connecting ocean areas that are even bigger,
which together form the Norwegian ocean areas. These ocean areas contain both national and
international areas of interest. The Barents Sea is home to the Russian North fleet stationed on
the Kola Peninsula. The fleet is known to have nuclear capabilities, intercontinental missiles,
and an ice-free path to the Atlantic- and Polar Sea through the year (FFI, 2020, p.3). The South-
ern Ocean areas of Norway contain one of the world’s largest oil and gas productions. Oil and
gas are transported to Norway and other countries through pipes on the ocean floor. The war in
Ukraine and the corresponding attack on the Nord Stream pipelines in 2022 (Bryant, 2023),

emphasizes the importance of maintaining surveillance of these ocean areas.

The Norwegian Minister of Defense states in its long-term plan that the Norwegian Military
must obtain the ability to surveil activities on and below the surface in the Norwegian sea ter-
ritory, and if needed, different capacities should be able to work together for continuous sur-
veillance of a given area. The Norwegian Armed Forces main anti-submarine capabilities is
provided by the frigates, and the maritime patrol aircrafts (Forsvaret, 2023). With limited re-
sources, and accounting for periods of maintenance, it is challenging to establish continuous

presence and surveillance, both on and below the surface, in these vast ocean areas.

The development of unmanned surface vessels (USV) is rapidly increasing throughout the
world, also in military applications. From a military point of view, detection, tracking and clas-
sification of submarines is especially challenging. From the depths of the Norwegian Sea or
below the artic ice the Russian submarines have great coverage from planes, satellites, and
surface vessels. Given Norway’s geographical placement, they play a vital role in early detec-

tion and surveillance before they can reach these areas (Hattrem, 2021).

A USV utilizing towable sonar like shown in Figure 1 to detect submarines is a promising
possibility for greater coverage for a lesser cost, as well as providing a positive contribution to
risk management when considering human lives and material losses (Andressen & Mykland,

2022, p.14)
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Tow Cable (TC)

Active Source (Tx)

Geogp:c(rum.u

Figure 1: Illustration of towable sonar (GeoSpectrum, 2018)

The implementation of such a concept in larger numbers would demand a design specifically
suited for the given operations. Parameters such as survivability, redundance and autonomy all
play a vital role in the concept. Survivability and autonomy create high standards for the ves-
sels’ capability to survive on their own. Some central requirement is the vessel ability to power
itself and contain enough fuel or battery power to meet the criteria given by the operational
needs and conditions in the area of operation (AO). The power need and fuel consumption of
such a vessel would impact the sizing and weight of its components and therefore the overall
size and weight of the vessel, which again affects the hydrostatic data and performance. When
looking at the power need and fuel consumption, the efficiency of the drivetrain becomes in-
creasingly important when considering the larger number of vessels and long periods of con-
tinuous operations. Different kinds of drivetrain configurations provide different pros and cons.
These can vary depending on the need for redundance, complexity or simplicity next to other
operational restraints. Regardless of the configuration, overall efficiency is always something

that should be considered.

The power for the drivetrain origins from a power source, either in the form of a battery or a
fuel capacity. Through a series of components, this power is transmitted to the propeller which
propels the ship forward. Each of the components in the drivetrain has its own efficiency. All
these together form the overall efficiency of the drivetrain. Furthermore, the efficiency is dy-
namic and will vary depending on the load, and thus on the speed of the vessel, and the sea state

it operates in.
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To find the optimum drivetrain configuration for a given application in a certain environment
is challenging. Often in the early stages of development, rules of thumb are the only easily
accessible tools. However, the conduction of a more detailed analysis is important to emphasize
the dynamic behavior and changes happening withing the system. A detailed analysis depends
on the given needs withing the operation and other external conditions, but also on each com-
ponent of the drivetrain. One of the biggest research areas for electric drivetrains is how to
optimize the sizing and weight of the components while still being able to meet the operational
requirements. Both size and weight, in addition to the overall efficiency, are especially of con-

cern when developing small vessels like USVs.

1.1 Background

The configuration of the USV is dependent on the required operational capabilities, and nature
of operational area. Therefore, in order to conduct a deeper analysis of the drivetrain for a USV,

an initial concept is required.

Midshipmen Andressen & Mykland wrote in 2022 a bachelor thesis regarding: 4 naval design
study on a small, unmanned surface vessel. The thesis was a concept study regarding the use
of a passive USV stationed in large numbers around the Norwegian coastal waters. These
were to provide surface and sub-surface intelligence, surveillance, and reconnaissance (ISR)
capabilities. The concept included a drivetrain configuration (Figure 2) with associated esti-
mations based on rules of thumb. Although their thesis provides valid estimations, it lacks the
necessary depth within its part which is needed to address the dynamic behaviors of the

drivetrain.
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Main busbar

El
Battery

hd

Figure 2: Model of IEP drivetrain (Andressen & Mykland, 2022, p.72)

Their drivetrain consists of one M-SQ Pro 25 Maritime diesel generator connected to a recti-
fier which delivers the power to the main busbar. From the main busbar the power is distrib-
uted to two inverters, each supplying power to their own Drivemaster 15W, 10 kW electrical
motor. Each motor is connected to the propellers through a shaft. The drivetrain also contains
a battery package, estimated from the Tesla's 4680-Type battery, to enable a running mode
without the use of the generator, which could lower acoustic signature, and provide increased
redundancy. Further a 10-kW hotel load was estimated to supply sensors, navigation equip-
ment, de-icing, and other necessary equipment. The concept study also presented an estimated
operation profile for the USV shown in Table 1, and a weight breakdown of the vessel and
drivetrain which can be seen in Appendix A (Anderssen & Mykland, 2022). The estimated
operation profile considers a certain amount of transit to the operation area, deploying and
conducting of search operation with the towing sonar, before making the same transit to re-

turn, either its original or a different location.
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Table 1: Estimated operation profile for USV (Andressen & Mykland, 2022, p.81)

Operation |Speed [knots ] |Distance [Nm] [Hours [h]
Transit 7 350 50
Transit 3 10 3,33
Winching 3 1 0,33
Towing 5 1000 200
Winching 3 1 0,33
Transit 3 10 3,33
Transit 7 350 50

Some requirements were also set based on the identified capabilities given for the USV. The
necessary capability for the concept was defined by given operational needs, missions, tasks,
operation scenario, and survivability (Andressen & Mykland, p.34-37). Some of these include
the capability to handle ISR operations utilizing a passive towable sonar, and the capability to
tow the sonar at vessel speed of 5 knots. Further the vessel should obtain the capability to

conduct long term operations in rough sea (Andressen & Mykland, s.54-57).

The sea state in Norwegian oceans can be graded on a scale between 0-9 with respect to the
observed wave amplitude. 9 being the harshest, and 0 being dead calm. The sea states are de-

fined by height of waves and are shown in Table 2.
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Table 2: Sea States in Norwegian Ocean (Sivle, 2018).

Sea state | Description Wave height

0 Calm (glassy) 0m

1 Calm (rippled) 0-0.1m

2 Smooth (wavelets) | 0.1 —0.5m

3 Slight 0.5-125m

4 Moderate 1.25-25m

5 Rough 25-4m

6 Very rough 4—-6m

7 High 6-9m

8 Very high 9-14m

9 Phenomenal Over 14 m
1.2 Purpose

The need for continuous monitoring of the Norwegian and adjacent sea areas is of high im-
portance for both Norwegian and allied command and control. A concept was developed by
midshipmen Andressen & Mykland to meet these operational needs. Necessary capabilities
were composed to fulfill the operational needs, and from these capabilities a set of requirements
was made. The requirements specify the needs for survivability and endurance of the USV. The
endurance of the vessel depends on the drivetrain’s efficiency and its composition of compo-
nents. Further, the continuation of this concept would require a deeper understanding of the

dynamic behavior occurring within the drivetrain.

This thesis is to investigate further into the drivetrain concept chosen by Andressen & Mykland,
in order to investigate the overall efficiency of the drivetrain given the requirements to fulfill

the necessary operational capabilities and the estimated operation profile.

The following requirements found by Andressen & Mykland will have an impact on the

drivetrain’s performance, weight, or configuration.
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- Be able to transit in 7 knots in sea state 3.
- Be able to tow sonar in 5 knots in sea state 3.
- The vessel must have two drive trains and means of propulsion.

- 12 hours operating in 5 knots towing condition with battery in case of disrupted en-
ergy supply.
- 20 days operating in 5 knots towing condition in sea state 3, with 35% remaining fuel.

While considering these requirements, the thesis will conduct a deeper analysis of the compo-
nents in the drivetrain. The analysis aims to provide information on how each part of the
drivetrain is affected by the load and speed of the vessel. The dynamic behavior of propeller
efficiency will be investigated. Further the utilization of a gear, and its effect on the drivetrain
will be studied. The electrical motor is studied in detail with regards to different performance
characteristics for different types and sizes. In addition, the thesis aims to present updated
weight and fuel calculations for the drivetrain based on the results from the analysis. The the-

sis aims to confirm or find potential for improvement within the already existing drivetrain.

The thesis aims to provide further investigation on the drivetrain concept from “A
naval design study on a small, unmanned surface vessel” to find the configuration
of components that provide the optimum combination of efficiency and weight for

the drivetrain.

1.3 Limitations

Due to limited time, the following aspects will not be considered:

- Model construction and testing

- Comprehensive calculations of electrical components outside the drivetrain
- How stability is affected by potential changes in the drivetrain.

- Advanced battery calculations or accounting for battery management system
- Other fuel options

- Rudder configurations and its effect on drivetrain efficiency

- Comprehensive calculations regarding the sea states effect on the vessel
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1.4 Structure

The thesis will be initiated in chapter 1 by presenting the introduction and identified needs for
this thesis. Further the background, task description and limitations are displayed. Chapter 2
starts off with an introduction to the components in the drivetrain. Then, each component of the
drivetrain, starting from the propeller, is investigated as a part of a literature study. The study
emphasizes the relevant theory regarding each of the components, the available technologies
and the efficiency losses connected to each component. Chapter 3 describes how the relation-
ships found in the literature study are comparable with available empirical data or processed
based on correlations found. Further, chapter 4 displays the results obtained by the relevant
theory, data gathered and the conducted methods. In chapter 5, a discussion of the results found
in chapter 4 is conducted. Lastly, in chapter 6, a summary and conclusion of the thesis is pro-

vided with recommendations for further work.
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2 Theory

In this chapter the relevant theory regarding each component in the integrated electric propul-
sion (IEP) drivetrain (Figure 3) will be presented. It will be concentrated around theory of op-

eration, size, weight, and efficiency for each component.

Fuel storage

Main busbar

D.G ) Diesel Generator

Rectifier

’ ? Inverter

“ w

@ Electrical motor
G G | Gear

%:> %:D Fixed Pitch Propeller

Figure 3: Drivetrain concept investigated.

The efficiency, 1, is a measure of how efficient a machine or a process is, and is defined as the
relationship between exploitable power out and consumed power in. The efficiency for a pro-

cess is then given by (Grenn, 2022):

2.1)

For some machines, an Efficiency map (Figure 4), or iso-efficiency contours are provided by
the manufacturer. An efficiency map provides a way to visualize the machines operating area,
and how deviations from this will affect the efficiency. They can aid when selecting and opti-
mizing a machine as a part of a larger system, and for a given application. Efficiency maps are

used to analyze existing systems, and in design and modeling of machines (Haines, 2019,

5.232).
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Figure 4: Example of efficiency map for electrical motor (Appendix B)

2.1 Propeller

The function of a propeller is to convert rotational momentum to axial thrust. This thrust gen-
eration is quite similar to how an airplane wing generates lift. The rotational movement of the
propeller pushes the water along the blade faces backwards, resulting in an increase in pressure
acting on the propeller faces, pushing the propeller forward. At the same time the pressure at

the blade backs decreases, creating a vacuum pulling the propeller forward. (Whiteford, 2022)
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Figure 5: “Propeller anatomy”, 2018, unknown creator. (Pro-

peller Anatomy — Accutech (accutechmarine.com)).
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There are many factors affecting how much fluid is moved per time unit, and thereby how much
power is generated. Some of these factors are diameter, pitch and rotational speed. The diameter
of a propeller (D), illustrated in Figure 5, determines the amount of water moved by dictating
the area of water affected by the propeller. Pitch (P) is defined as the distance a propeller ad-
vances in the direction of the axis per revolution in an ideal situation (Rawson & Tupper, 2001,
p. 395 - 397), as illustrated in Figure 6. The pitch of a propeller is related to the angle of which
the propeller blades are mounted to the propeller hub. On a propeller with a larger diameter, the
increase in circumference will lead to a lesser angle between the propeller blades and the pro-

peller hub to achieve the same pitch. The angle of the propeller blades is therefore dependent

on the relation P/D.
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Figure 6: Definition of propeller pitch. (Czyz, Karpinski, Skiba & Wendeker, 2021, p. 2)

The rotational speed of the propeller affects how much water is dragged through the propeller

and how much thrust is generated by determining the speed of which the water are dragged into

and pushed out of the propeller.

Another factor affecting the power generated by the propeller, and power needed to propel the
vessel, is the propulsion coefficient (P.C), describing the efficiencies and losses of propeller
and hull. The formulas and coefficients in equation 2.2 — 2.10 are used to calculate the propul-
sion coefficient. Firstly, the wake fraction (w) must be calculated. An estimation of w can be
done using the block coefficient (Cy), as shown in equation 2.3 (Society of Naval Architecture
and Marine Engineers, 1970, p. 394-395). The block coefficient is defined as a ship’s displace-
ment volume divided by the volume of the cuboid with the same length, width and height as

the ship’s length, beam and draught. The block coefficient is extracted from hydrostatic data.
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The wake fraction is the relation between the ship speed and speed of which the water surround-

ing the ship flows along with the ship when it moves.
w=2xCp*(1—Cpy)+ 0,004 (2.2)
From the wake fraction coefficient, the thrust deduction fraction (t) is given by:
t=07xw+0,06 (2.3)

Thrust deduction fraction indicates the relation between the towing resistance of a ship and the
thrust needed to propel it (Eslamdoost et al., 2015, p. 1). Thrust is the name of the force gener-
ated by the propeller, propelling the ship. Equation (2.5) shows the formula used to calculate
the thrust needed per propeller shaft to propel the ship, Tspq¢,

Rys
nshafts(l - t)

Tshaft = (2.4)
where R is the towing resistance of the ship when towed through water depending on the
speed. The values for R are found in Appendix C. ngp, s 18 the number of propeller shafts
the thrust is distributed on. The developed area (Ap), which is the sum of the face areas of all
the blades on a propeller, is calculated from equation (2.6),

Tsha ft

Ap = 2.5)

Tm ax

where Trax 1s the maximal allowed force concentration set for the propeller.

Blade area ratio (BAR) is the relation between the developed blade area, Ap, and the disc area
(Ao) of the propeller, which is the area of a circle with the same diameter as the propeller. In
other words, the BAR describes how much of the propeller’s disc area is contributing to pushing
the water backwards. The BAR of a propeller is given by the propeller series and is mainly used
for finding the required disc area and diameter of the propeller. The formula for BAR is given
in formula 2.6: (Rawson & Tupper, 2001, p. 396).

Ap 44,

BAR=—"=

= 2.6
A, mD? (2:6)

From equation (2.6), the diameter of the propeller can be calculated.
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D= 4 x Ap
~ |m*BAR

Lastly the propeller’s speed through water when considering wake, V;, is calculated using the

wake fraction,

Vi =V:(1-w) 2.7)

where V; is the ship speed.

When Tgpqpe, D and V; are found, the ratio K7 /J% can be found. The thrust coefficient Ky de-
scribes how much thrust the propeller generates, and the advance ratio J describes how far the
ship advances per rotation of the propeller compared to the diameter of the propeller. The ratio
K;/J? is given by equation (2.8) with a following adaption to find K;(J) (Rawson & Tupper,
2001, p. 453).

KT _ Tshaft Tshaft

_r_ _ __‘shaft 2
]2 p*Dz*Vlz—)KT p*DZ*Vlz*] (2.8)

With the formula for Kr(J) a curve can be plotted for Ky in the propeller sheet shown in Figure
7. Propeller sheets is a tool made by the propeller manufacturer for finding the open water
efficiency (1,) and J for a propeller in any loading condition. Open water efficiency is the
efficiency of the propeller operating in open water without the hull affecting the flow of water

around the propeller. This is used in the calculation of the propulsion coefficient later.
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Figure 7: Propeller curve sheet for the Wageningen Ka 3-65 propeller series with nozzle

19A (Oosterveld, M. W. C., 1970, p. 33).

The x-axis shows values of the advance ratio, J, while the y-axis shows values of both the thrust
coefficient, K, and the open water efficiency, no. All the curves on the propeller sheet are
functions of J and related to different values of P/D. The arches going from the origin, up, and
then fanning out along the x-axis are plots of 1, for different values of P/D. The diagonal curves

going from the y-axis to the x-axis are curves showing the values of K for the same values of

P/D.

When the values for J, the relationship P/D and 7, have been extracted from the propeller

sheet, the calculations to find rotational speed of the propeller (n) is given by,
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V%60
=7

n (2.9)
where V] is the vessels speed through water, J is the advance ratio of the propeller and D is the

diameter of the propeller. At last, the propulsion coefficient (P. C) for the vessel is calculated.

P.C = ng * Ny * Mg * Nsnare (2.10)

Where 1, is the open water efficiency of the propeller extracted from the propeller curve, ny
is the hull efficiency, which is constant for the hull, iy is the relative efficiency which is de-
pendent on the propellers placement on the hull, and 75, represents the mechanical efficiency
in the system. The mechanical efficiency usually includes 7,t0r and 7geq, but these are left
out and processed individually. When the propulsion coefficient is found the power needed for

the propeller to propel the vessel (P,) is calculated,

Pg Rrsx Vs

be=pc="pc

(2.11)

where Pg is the towing power, dependent on the vessels towing resistance Rrs and speed V.
The propeller theory is complex and involves many parameters. Most of them are constant for
a given vessel and given propeller series. The important parameters to keep in mind when ad-
dressing the efficiency of the propeller is the vessels towing resistance, the diameter of the

propeller and the propellers rotational speed.

2.2 Shaft and bearings.

The shaft and bearings connect the rotating machine, either through a gear or directly to the
propeller. The shaft is usually held in place by support and thrust bearings, as well as the stern

tube bearing like shown in Figure 8.
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Figure 8: Example of direct driven fixed pitch propeller (DNV, 2007, p.34)

The shaft is a strict mechanical connection and transmits all the speed and torque from one end
to the other. The main source of losses in shafts and bearings occur due to friction. Even though
there are some efficiency losses, they are very small. The shaft and bearing provide a high
transmission efficiency for all load and speed conditions (Shi W et al, 2009, p.5), and will for
this thesis be set to a constant of 99%. The total weight of the shafts is set to be similar to what
found by Andressen & Mykland (Appendix A) for all configurations. When implementing a
gear, one part of the shaft would rotate faster and have a smaller diameter, but this will not be

considered when addressing the over all weight of the drivetrain.

2.3 Gears

Gears serve many purposes in mechanical appliances, especially in the use of changing the
rotational speed, and thus the torque, of a rotating system. A gear can also be utilized to change
the rotational axis of components driven by the same power source. The magnitude of the
changes is dependent on the gear ratio of the gear, which usually is a fixed value. For gear ratios

from 1:1 to 1:7 usually a spur gear (Figure 9) is utilized.
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Figure 9: Pinion and rack configuration of a spur gear (Davis, 2005, p.4)

For larger gear ratios, a planetary or worm gear should be used. A gear can allow for a wider
variety of prime movers with the same power, but different rotational speeds, to operate within
their ideal operating area. Gears operate on the fundamental formula for torque and power gen-

eration in a rotating system. The torque is defined by,
T=F=*a (2.12)

where F is the force acting on the system and a is the arm of the acting force to the point of

rotation. Further, the power of the rotating system is given by,
P=1*w (2.13)

where P represents the transmitted power, T the torque working on the system, and o is the

angular velocity of the rotation.

Power losses in gears are affected by the rotational speed and load of the gear, the size, number
of gears in series, and the manufacturing of each gear. Calculating losses is therefore difficult,
and the need for experiments and measurements are required. In 2009 Delft University of Tech-
nology and Netherlands Defence Academy published an article where the efficiency of a spur
gear was estimated, based on measurements conducted. The gears dependency on load and

speed is shown in Figure 10 5.
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Figure 10: Spur gear efficiency dependency on load and speed (Shi et al, 2009, p. 452)

As can be seen in the graph in Figure 10, the efficiency of one gear exchange is dependent on
speed and load, but usually very high. Some variations occur for low speed and low load con-

ditions. However, for high loads it is more or less constant.

Due to difficulties retrieving data for gearboxes developed for maritime use in the required
power range for our drivetrain, the gearbox from a Renault Twizy, which has a similar power

range, is used. The weight of this gear box is 10,85 kg.

2.4 Electrical machines

Electrical machines are devices used to transform power from an electrical to a mechanical
form or the other way around. These electrical machines, or power converters, exist in different
forms. The ones transforming electrical energy to mechanical energy are called electrical mo-
tors, whereas the ones that transform from mechanical to electrical are called generators. There
are also power converters that transform from one sort of electrical energy to another, like from
direct to alternating current. The use of electrical machines is widely spread across a broad

specter of applications and power ranges (Slobodan N, 2013, p 1).

The operation principle of electromechanical energy transformation in these kinds of machines
is based on utilizing the interaction between the conductors carrying electrical current, the wind-

ings, and the magnetic coupling field. Magnetic flux passes through a magnetic circuit made of
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ferromagnetic materials. The magnetic circuit is created by stacking thin iron sheets together,

which are separated by layers of insulation like shown in Figure 11 (Slobodan, 2013, p.3).

Figure 11: Stator magnetic circuit of rotating electrical machine (Slobodan, 2013, 5.367)

Common for all rotating electrical machines is that they consist of a stator and a rotor. The
stator is the electrical machine’s non-moving part, whereas the rotor is the machine’s moving
part which rotates around the machine axis. Both the stator and the can be equipped with mag-
netic and electrical circuits. In addition to the above-mentioned characteristics of the electrical
machine, it also contains parts such as a shaft for mechanical connection, bearings, terminal for

current connections, as well as a housing (Slobodan, 2013, p.4)

The three most established electrical machines are the DC current machine, the asynchronous,
or induction machine, and the synchronous machine (Slobodan N, 2013, p 3-4). The DC ma-
chine is the oldest electrical machine and has been preferred over the AC machines for a long
period of time. This changed after the implementation of power electronics, which facilitates
for controlled drives using AC machines. Further, the DC machine is more sensitive to changes
in the load, has increased maintenance cost and is less reliable than the AC machine (Melke-
beek, 2018, s.49). For these reasons this thesis will only look at the alternating current electrical
machines (asynchronous and synchronous). The similarities between these are displayed, be-

fore moving on to the difference between them.

The stator windings and the magnetic circuit are similar for both the induction machine (IM)
and the synchronous machine (SM). The stator consists of a core made out of ferromagnetic

material (thin irons sheets stacked together with insulation between them) and slots in which
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the conductors (windings) will go, see Figure 11. In the stator there are usually three sets of
windings which each correspond to a phase. The magnetic axes of the three phases are shifted
120 degrees for each phase. When currents are running through the shifted windings the rotating
magnetic field is created. The magnetic field rotates at synchronous speed given by,
f *60
Nsync = (2.14)
Pp
where fis the supply frequency of the three-phase voltage source in Hz and p,, is the number of

pole-pairs. This field is what exerts a force on the rotor and makes it turn (Slobodan N, 2013, p
59-60).

Power losses in the stator consist of iron losses in the core, and copper losses in the windings.
The iron losses Py, consist of hysteresis losses and eddy current losses. The magnetic field in
the stator oscillates according to the operating frequency. The variation of the magnetic field
implies moving magnetic diploes and changing their orientation. This operation demands a cer-
tain amount of energy due to internal friction between neighboring dipoles and is what is refer
to as hysteresis losses. Eddy currents are currents induced within the iron core when the chang-
ing magnetic field runs through it. These currents oppose the flux changes and create heat which

leads to energy losses.

The total power loss in the magnetic circuit is therefore the sum of hysteresis losses and eddy

current losses,

Pfe = Physterisis + Peddy current = Op * [ * Bm2 + 0, * fz * Bm2 (2.15)

where oy, is hysteresis coefficient dependent on the nature and mass of the ferromagnetic ma-
terial, g, is the eddy current coefficient dependent on the conductivity and mass of the material,
f is the operating frequency and B,, is the peak value of flux density in the core (Slobodan N,
2013, p 71-74).

The copper losses of the windings in the stator are referred to as P,,; . The copper losses depend
on the resistivity of the material, the winding configuration of the machine as well as the phys-

ical parameters of the machine,

P, =3 %Ry *I? (2.16)
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where I is the current running in the stator winding, and R, is the resistance of the winding

given by,

=(pcu*l+d*g*kcoil)*ns*q

Rcu
Acond

(2.17)

where p,, is the resistivity of copper, | is the length of the windings and d is the inner diameter
of the stator. k.,;;, ny and q are variables depending on winding configuration and A.,,,4 1s the
cross-sectional area of the conductor (Anisimov et al, 2021, p.2). The physical parameters also

affect the electric properties of the machine.

The correlation between the physical parameters and nominal power Py of an electrical machine

can be given by the formula,

21 "
Py = ?*dz*l*Bm*Ap*w (2.18)

where d is the inner diameter of the stator, | is the length of the rotor, By, is the magnetic flux
density, and Ap is the electric loading (Anisimov et al, 2021, p.2). The physical parameters of
a machine are also affected by the number of poles for the machine. From equation (2.13), it
can be seen that to choose a machine with a high number of poles would lower rotational speed
and could be beneficial to minimize or remove the need for a gear. However, the increase of
pole pairs increases the mass of the rotor (Pyrhonen. 2008, p.286-287). The majority of availa-
ble electrical machines for ship propulsion exist within the 1500-3000 rpm range (i.e., with 4

or 2 poles).

Common for both types of AC machines are the construction of the stator, and therefore also
the losses connected to this. Also, the correlation between physical parameters and nominal
power show similarities, and for both machines the number of poles affects the characteristics
of the machine. These are all factors that must be considered when conducting a deeper analysis
of the electrical machine in the drivetrain. The differences between the IM and SM will be

displayed in the next sub chapters.

2.4.1 Induction machine

The induction machine, also known as asynchronous machine, is a commonly used electrical

machine that exists in a variety of power ranges. The machine is robust, has favorable operating
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characteristics, simple starting conditions, good overload capabilities as well as being relatively
simple and cheap to manufacture (Sivertsen, 2019, p.87). These are factors that make it attrac-

tive for shipboard propulsion applications.

The magnetic circuit of the rotor is constructed the same way as the magnetic circuit for the
stator. The rotor of an IM, similar to the stator, contains slots for the rotor windings as illustrated

in Figure 12.

Figure 12: Magnetic circuit of rotor IM (Slobodan, 2013, p. 367)

There are primarily two different configurations for rotors windings in asynchronous machines.
The short-circuited and the wound rotor configuration. The wound rotor uses copper windings,
similar to the stator, on the rotor as well. Wound motors are rarely met nowadays. The copper
windings on the rotor make for more complex manufacturing, as well as being larger in size
(Slobodan, 2013, p. 369). This makes the wound rotor less attractive for the USV, and therefore
will not be further investigated. For the short-circuited rotor, or squirrel cage configuration, the
slots in the rotor are filled with cast aluminum bars, which then are short-circuited on each end

with aluminum rings (Slobodan N, 2013, p. 365-369). See Figure 13.
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Figure 13: Squirrel cage of IM (Slobodan, 2013, 5.368)

When the stator-field rotates, according to equation (2.14) relative to the rotor, it induces cur-
rents and voltages in the rotor cage. It is this electromagnetic interaction between the rotating
stator-field and the induced rotor currents that creates a torque on the rotor and makes it turn

(Sivertsen. L, 2019, p. 88-90).

The induction machine is thus dependent on a difference in the rotational speed of the rotating
field, and the revolutions of the rotor. If they move at the same speed, there is no relative dis-
placement between them. Then there would be no change in the flux in the rotor windings, and
therefore no current in the windings. This difference is called relative slip. The relative slip is
given by,

nslip nsync —n,

s = = (2.119)
Nsync Nsync

where n, is the rotors rotating speed in rpm. The slip affects the copper losses occurring in the

rotor according to,
Ropp =T* wxs (2.20)

Where 7 is the produced torque and w is the synchronous angular velocity of the magnetic field.
The iron losses in the rotor have the same relations presented in equation (2.15), but due to its
dependence on the slip frequency, which is much lower than the supply frequency, it is normally
neglected (Sivertsen, 2019, p.95). Other power losses that often are neglecter are friction and

ventilation power losses Prgr,y.

The overall efficiency of an IM is then given by (Sivertsen. L, 2019, p. 94):
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Pout = Pin = Pey1 — Prg — Peya (2.21)

2.4.2 Synchronous machines:

Contrary to the IM, the rotor of a synchronous machine rotates at the synchronous speed given
by equation (2.14). The construction of the rotor is also somewhat different. The magnetic cir-
cuit is similar, but rotor of a synchronous machine may contain excitation windings which are
supplied by a DC current or built in permanent magnets. In the cases of permanent magnets,
the rotor does not contain any windings. The permanent magnet excitation for the SM has nu-
merous advantages over the DC excitation. Firstly, the copper losses in the rotor are eliminated.
This is especially beneficial for lower power ratings where efficiency tends to be lower. Sec-
ondly, it can make for more compact machines (higher power-density) at low power ranges.
Thirdly, the use of slip rings or brushes for DC excitation reduces time between maintenance
(Melkebeek, 2018, p.489). For these reasons, only the permanent magnet synchronous machine

(PMSM) is investigated further.

The PMSM has been around for over 100 years, but it is during the last 20-30 years that the
technology regarding these machines and the associated converters have been good enough to
compete with the induction machines. The use of PMSM as electrical motors for electrical ve-
hicles has grown largely during these years. Large number of poles, low rpm, high efficiency,
high torque and low operation and maintenance costs are the main benefits for this kind of
machine. The stator is in most cases formed as a typical alternating current machine. It contains
a slotted ferromagnetic part with a three-phase winding. The rotor has mounted permanent mag-

nets, either internal or surface mounted. See Figure 14.
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Figure 14: a) internally mounted magnets PMSM, b) surface mounted magnets PMSM
(Slobodan, 2013, p. 546)

Since the rotor of a synchronous machine revolves in synchronism with the stators magnetic
field, there is no variation in the magnetic induction in the rotor core, and therefore no iron
losses. Further, by utilizing a PMSM, the rotor windings are removed. This removes the gener-
ation of heat from the windings, and the cooling can be adjusted more efficiently towards the
stator (Slobodan N, 2013, p.536-537). The total power loss of the PMSM is therefore similar to

the IM, but without rotor losses.
Pout = Pin — Pey1 — Prg (2.22)

The analysis of the drivetrain will thus focus on the squirrel cage IM and the PMSM, and
what each of these could contribute to the drivetrain. The PMSM is presented as more effi-
cient, and the IM is considered more reliable and robust. The performance characteristics for
both machines are dependent on physical parameters, operation speed and load. Although the

variation in efficiency behaves differently for the two machines.

2.5 Inverter & rectifier

In order to utilize the benefits of electric drivetrains with AC machines, power electronics such

as inverters and rectifiers are needed.

The IEP configuration has its main power supply coming from fuel and a diesel generator. The
diesel generator generates an AC voltage. To convert this to the DC voltage utilized in the main
busbar, a rectifier is needed. The rectifier consists of a diode-bridge, Figure 15 a), to smooth

out the sinusoidal AC voltage and turn it into DC voltage. It does so by only letting the AC
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voltage exit at its maximum point and enter at its lowest point as shown in Figure 15 b). Utiliz-

ing a capacitor in the rectifier further smoothens the DC voltage (Melkebeek, 2018, p.233).

(a) (b)

Figure 15: a) three-phase rectifier bridge. b) line-to-line voltages of the voltage AC volt-
age (Melkebeek, 2019, p.237)

The efficiency of the rectifier does vary in some degree based % of full load. However, it is
seen that efficiency is more or less constant above 10% of full load and is therefore considered
constant (Mikhaylov, 2012, p. 410). The value of efficiency is set to 92% and weight estimated
to 153 kg based on commercially available rectifiers for marine application within our power

range (Appendix D).

In most uses of electrical motors, it is desirable to have the opportunity of a variation of rotor
speeds. The energy efficient way to obtain variable speed operations for AC machines is by
feeding them with a variable frequency. Inverters are used when converting DC to AC with
variable frequencies (Melkebeek, 2018, p.307). Figure 16 a) displays how the three-phase in-
verter consists of 6 power transistors operating in 3 pairs, as switches between the + and — side
of the DC source. Switching the upper transistor will result in a positive, and the lower in a
negative potential of the DC source. Figure 16 b) further shows how switching sequences are

used to form new AC voltages.
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Figure 16: a) Three-phase DC-AC inverter b) Typical waveform of line-to-line voltages
(Slobodan, 2013, p.495)
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Power electronics such inverters are very efficient. They do have some losses due to heat gen-
eration during power conversion, but still have efficiencies of approximately 97% for a power
area between 8-12 kW with a weight of approximately 20kg (California Energy Commission,
2023).

2.6 Battery

When addressing batteries for electric vessels, the energy density of the battery (i.e., energy per
weight), is of high importance, due to limited available space within the vessel. The energy
density depends on the type and construction of the battery. This thesis will only assess the
lithium-ion type battery, as chosen by Andressen & Mykland, due to its superior energy density

compared to other batteries (Figure 17).
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Figure 17: Battery comparison of volumetric and specific energy density (Dragonfly En-

ergy, 2022)
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Knowing the energy density [Wh/kg] and the necessary capacity [kWh], the weight of the bat-
tery can be calculated by the formula (Andrea, 2020, p.28):

Necessary capacity

Weight = (2.23)

Energy denisty

The necessary capacity is dependent on the efficiency and configurations of the drivetrain and

will naturally be a part of further investigation.

2.7 Diesel generator

A diesel generator is, simply explained, a diesel combustion engine driving an electrical gener-
ator to produce an AC voltage (Figure 18). The engine part operates under the principle of diesel
engine combustion. The synchronous generator works under the same operating principles de-

scribed for the synchronous machine (Jones, 2007, p.13-18).

Command
box
p
Diesel Engine/ Electric
. —
rime mover
p generator Pyt
p
Pin Fuel tank

Figure 18: Simplified block diagram of diesel generator set (Jones, 2007, p.14)

An estimation of the overall efficiency of the diesel generator can then be derived from the

power output compared to the power input.

P t Pin * 1Jengine * I.‘Lqenerator
Dpe = It))'u = P. = Yengine * Dgenerator (2.24)
i

l
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The efficiency of the generator ngyeperqtor is based on the same theory presented for the syn-
chronous machine, in section 2.4 and 2.4.2, because the operating principle and losses are sim-

ilar for synchronous motors and generators.

The electromagnetic torque working on the shaft connecting the diesel engine to the generator

is determined by the angular velocity and power output of the generator.

P
= ot (2.25)

Tem
w

Angular velocity is determined by the synchronous speed of the generator, which is determined
by the frequency of the voltage produced. For the generator to rotate at a given speed, the diesel
engine must do the same. For the diesel engine to rotate at the same speed the torque generated

by the engine must be equal to the electromagnetic torque induced in the generator.
Tenigne = Tem (2.26)

From the required torque the power delivered to the shaft can be calculated:

Pe = Tenigne * @ (2.27)

From this the efficiency of the diesel engine can be calculated.,

F,
Dengine = 3 (2.28)

mp * hy,
where mpgis fuel consumption in kg/s and h,, is the lower heating value of the fuel in MJ/kg.
This accounts for the thermodynamic losses when transforming energy in fuel to mechanical
energy. Other losses in the diesel generator include mechanical losses due to friction, and en-
ergy consumed by auxiliary systems such as cooling, lubrication, and fuel oil pumps (Lund A

& Strand G, 2013, p.38), but these will not be accounted for in this thesis.

Marine gas oil (MGO) has a density of 855 kg/m> and a lower heating value of 42,7 MJ/kg
(Andressen & Mykland, 2022, p.80)

It is here demonstrated how the efficiency of the diesel generator will be affected by required
power output, which again corresponds to the speed or loading of the vessel. Further, efficiency
will also determine the fuel consumption for the diesel generator. This must be addressed to

complete the analysis of the drivetrain configuration.
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3 Method

So far, relevant theory regarding each component of the IEP drivetrain has been presented. The
theory presents general relationships between factors such as weight or efficiency of each com-
ponent. In this chapter the methods used to process the previous theory, as well as how the
collection and processing of data was performed are described. The method aims to provide
information regarding the dynamic behaviors of efficiency within the drivetrain. The dynamic

behaviors will further affect aspects such sizing of component and amount of fuel needed.

In order to conduct the main goal of the thesis, a literature study to acquire the necessary theory
regarding the drivetrain and all its components, was conducted. The theoretical background
from this literature study is presented in the theory part. Further, for correlations not described
by theoretical formulas, own models based on collected data are made. The general process for

every part is outlined in the following sections.

3.1 Propellers

The propeller theory presented is used to calculate efficiency for all loading conditions pre-
sented in the estimated operation profile shown in Table 1. The efficiencies are extracted from
the relevant propeller sheet by first plotting the K(J) curve into the diagram. From the inter-
sections between the K (J) curve and the Ky, P/D(J) curve, a vertical line is drawn up to the
1,, P/D(J) curve with the same ratio of P/D. The y-value of the intersection point between the
vertical line and the n,, P/D(J) curve tells the efficiency for this ratio of P/D. A visual expla-
nation of this process is shown in Figure 19: Illustration of the different curves in the propeller
diagram, where the Ky (J) curve is shown in green, a Ky, P/D(J) Curve is shown in blue, the
vertical line from the intersection point is shown in pink and the corresponding 7n,, P/D(J) is

shown in red.
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Figure 19: Illustration of the different curves in the propeller diagram

When this process is done for all ratios of P/D, the no(J) curve can be plotted between the
intersection points on the 7n,, P/D(J) curves. From the no(J) curve the highest efficiency for
the propeller in the loading condition can be determined. The point on the no(J) curve with the
highest value on the y-axis, also has the optimal value of J as its value on the x-axis. A hypo-

thetical example of this extraction is presented in Figure 20.
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Mo

Figure 20: Example of extraction from Wageningen KA 3-65 screw series propeller dia-

gram.

To determine changes in overall efficiency dependent on the propeller, a new propeller design
is investigated. The same calculations are conducted for both designs to see if a propeller opti-

mized for a different load and speed will result in better overall efficiency 1,,.

3.2 Gear

Based on the theory presented, a recreation of the curve found in the paper published by Delft
University of Technology and the Netherlands Defence Academy in Figure 10 is made. An
interpolation of the curve’s datapoints are done in MATLAB (see Appendix E) to find effi-
ciency values not defined by the published data. The rotation speed and torque working on the
gear from the propeller is calculated. The resulting speed and torques are inserted into the script

and the resulting efficiency is extracted.
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3.3 Electrical machines

When investigating relevant relationships between the factor’s efficiency, nominal power and
weight of electrical machines, a combination of a qualitative and quantitative approach was
used. Quantitatively, different manufacturers for both industrial machines and machines de-
signed for ship propulsion were contacted. Data regarding the size, weight and efficiency have
been collected in a broad range of machine sizes and rated powers, for both IM and PMSM
(Appendix F & G). However, the majority of which is concentrated around the 10-kW nominal
power range. The data collected was utilized to show the correlation between both the ma-
chines’ power output and size, as well as the efficiency’s dependencies on the size. The data
retrieved are plotted using MATLAB (see Appendix H) and fitted curves are found utilizing
the MATLAB’s fitting tool. The correlation found by the data is then further used to calculate

weight, nominal power and efficiency further used in the analysis.

Qualitatively, the efficiency maps of machines with the desired power outputs were studied as
a way to present updated efficiency values at different speed- and loading conditions. The effi-
ciency maps were evaluated utilizing MATLAB (see Appendix I) to obtain speed, torque, and
efficiency values for each given power requirement. The code reads the values from the effi-
ciency map and matches them with the corresponding colormap. The efficiency map scale is
adjusted to fit previous calculations on the electrical machine. Further, the load curve for a
given power output is plotted into the efficiency map, as well as a new curve representing the

correlation between speed and efficiency for that given power.

3.4 Battery

The battery choice was investigated further with respect to marine application and operations
in cold weather environments. The data is retrieved from a manufacturer specifically designing
battery packages for marine application (Appendix J). The updated values are used in combi-

nation with the updated necessary battery capacity to recalculate estimated battery weight.

3.5 Diesel generator

The diesel generator is studied further based on the knowledge gained by the literature study
done on electrical machines and diesel engines, in section 2.4 and 2.7. The efficiency of the

generator is determined by the correlations found from the data collected of the PMSM.
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The efficiency of the diesel generator for different loading conditions is calculated. The diesel
generators fuel consumption relative to load is given by data Andressen & Mykland retrieved
from manufacturer. Given the fuel consumption of the diesel generator and updated values for
power requirement for each operating mode and configuration, fuel capacity for the vessel is

calculated.
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4 Results

The theory regarding each component has been presented, and the methods utilized to connect
them to the drivetrains’ weight or efficiency has been described. The following chapter will
display the results from the conducted methods, in order to create the groundwork for the dis-

cussion in chapter 5.

4.1 Propeller optimization

To determine the overall efficiency for the propeller from Andressen & Mykland’s thesis, the
propeller calculations shown in their thesis were replicated for all loading conditions and the

curves for 1n,(J) of all conditions are plotted into the propeller sheet in Figure 21.
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Figure 21: Efficiency curves for the propeller chosen by Andressen & Mykland

The colored curves in Figure 21 show how the efficiency of the propeller changes for each
loading condition as J increases along the x-axis. Andressen & Mykland propeller design was
optimized for the 5 knots towing condition. The figure shows that the efficiency for this loading

condition tops out in the point of intersection with the curve for P/D = 1,2. Therefore, P/D is
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set to 1,2 for all the loading conditions. From these points, 1, and J values are extracted, which

is used for finding optimum rotational speed for the propeller in each loading condition.
A new propeller design has been developed by dividing Tgp, 5 for 7 knots transit by Tp,q, as
shown in equation (2.5) to find the resulting Ap. This results in a diameter of 0,343 m for the

new propeller design. Figure 22 shows the efficiency curves for a new propeller design.
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Figure 22: Efficiency curves for the new propeller.

For the propeller optimized for 7 knots transit the optimal P/D ratio has changed to 1,3 and one
can see that the efficiency curves of the loading conditions are shifted to the left. This shift
results in a change in the optimal efficiencies for all loading conditions. Table 3 shows the
optimal efficiencies, J-values and rotational speeds for all loading conditions for each propeller

designs. In addition, the propulsion coefficient is calculated for the vessel.
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Table 3: Collection of data extracted and calculated from propeller curves, plus the rest of

the propulsion coefficient.

Old propeller design New propeller design

Loading condition |ne. P/D |J P.C RPM No: P/D |J P.C RPM

3 knots transit 0,48| 1,2| 0,88 0,4498| 195,00f 0,597| 1,3| 0,805| 0,55938| 308,87
3 knots winching 0,57| 1,2| 0,535 0,5341| 320,74| 0,475 1,3| 0,43| 0,44507| 578,23
5 knots tow 0,62| 1,2 0,7 0,5809| 408,57 0,57 1,3] 0,58 0,53408| 714,49
7 knots transit 0,45| 1,2| 0,895 0,4216| 447,37| 0,58 1,3|] 0,845| 0,54345| 686,58
Nk 0,995

Ny 0,961

Nm 0,98

By combining the propulsion coefficients found for the loading conditions with the needed
power for propulsion, Pg (equation 2.11), the required power to the propellers can be calculated.

The calculations are shown in Table 4.

Table 4: Required power to the propeller shafts, based on the propulsion coefficient.

Comparison of delivered power need to propeller

P.old P. new P. old design, both]P, new design, both

Loading condition |Pg [kW] propeller [kW] Jpropeller [kW] |propellers [kW] propellers [kW]
3 knots transit 0,206 0,229 0,184 0,459 0,369
3 knots winching 1,750 1,638 1,966 3,276 3,931
5 knots tow 3,448 2,968 3,228 5,935 6,456
7 knots transit 2,296 2,723 2,113 5,446 4,226
Sum: 7,558 7,491 15,116 14,982

4.2 Gears - speed, torque and efficiency

A three-dimensional recreation of the data retrieved from Delft University of Technology and
the Netherlands Defence Academy was made with MATLAB shown in Figure 23. (Appendix
)
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Figure 23: Recreation of the estimation of gear efficiency in three dimensions

This plot was later interpolated in MATLAB to increase the accuracy for efficiency results for

all values of speed and torque. The original data determines 4x10 datapoints, while the interpo-

lated plot estimates 200x200 datapoints. The enhanced plot is shown in Figure 24.
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Figure 24: Interpolated gear efficiency plot

The dashed lines in Figure 23 and Figure 24 show the inserted values for torque and speed,

while the circles show the datapoint on the plot closest to the inserted values.

The torque of the propeller is calculated for all loading conditions for both propeller designs.
The speed of the propeller is collected from Table 3. The maximum torque and speed for the
gear is set to the highest calculated value for the given propeller design with a 20% addition.

The results are shown in Table 5 and Table 6.
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Table 5: Speed and torque calculations for the propeller optimized for 5 knots.

Torque and speed percentages
Old design Gear speed Gear torque
Loading condition |Speed [RPM]|Speed [%)] Torque [Nm] |Torque [%]
RPM*100 P: * 60 * 1000 Torque * 100

Formula/ source (RPM max / 0,80) [(2 * m * RPM) |(torque max / 0,80)
3 knots transit 195 34,90 11,23 12,97
3 knots winching 321 57,45 48,73 56,26
5 knots tow 409 73,20 69,29 80,00
7 knots transit 447 80,00 58,18 67,17

Table 6: Speed and torque calculations for the propeller optimized for 7 knots.

Torque and speed percentages
New design Gear speed Gear torque
Loading condition |Speed [RPM]|Speed [%] Torque [Nm] |Torque [%)]
RPM*100 P: * 60 * 1000 Torque * 100

Formula/ source (RPM max / 0,80) |(2 * m * RPM) |(torque max / 0,80)
3 knots transit 309 34,62 5,70 10,56
3 knots winching 578 64,76 32,47 60,18
5 knots tow 714 80,00 43,17 80,00
7 knots transit 687 76,97 29,37 54,42

The speed and torque percentages are then inserted into the script in appendix C to plot the
values into data from the 3D curve shown in Figure 24 and find the efficiency.The resulting

efficiencies are listed in Table 7.
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Table 7: Gear efficiencies for both propeller designs.

Loading conditions | Old propeller design New propeller design
3 knots transit 98,02% 98,14%
3 knots winching 99,23% 99,18%
5 knots towing 99,38% 99,37%
7 knots transit 99,09% 99,17%

4.3 Electrical motor — weight, power and efficiency

Due to difficulties retrieving a satisfactory amount of valid data from electrical machines spe-

cifically designed for ship propulsion, industrial machines were considered. This will be taken

into account when discussing the results.

The collected data (Appendix F & G) regarding the sizing of the machine relative to the power

output and efficiency are plotted into separate curves both for an IM and for a PMSM. The data

gathered is concentrated around the design area of weight and power requirement. Some data-

points are collected well beyond and below our desired area, in order to get a broader under-

standing of the tendencies.

The correlation between efficiency and weight (Figure 25) and between nominal power and

weight (Figure 26) for induction machines is plotted from the retrieved data. (Appendix F). A

fitted curve is obtained to further utilize these correlations.
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By utilizing the curve fitting tools in MATLAB, the given fits are obtained.

For efficiency and weight for induction machine (Figure 25),
f(x) = a+cxel@® 4.1)

where a =93.5590, ¢ =-12.4390, d =-0.0127 and x = weight [kg].

For power output and weight for induction machine (Figure 26),

f(x) =pl*xx?+p2+*x+p3 4.2)

where p1 =0.0001, p2 = 0.0755, p3 = 1.6823 and x = weight [kg].

The same correlations are plotted for PMSM. Efficiency and weight shown in Figure 27 and
nominal power and weight in Figure 28 (Appendix G).
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Figure 27: Efficiency [%] and weight [kg] of a PMSM.
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Figure 28: Power output [KW] and weight [kg] of a PMSM.

By utilizing the curve fitting tools in MATLAB, the given fits are obtained.

For efficiency and weight PMSM (Figure 27):
fX)=axx"+c¢ 4.3)
Where a = -48.5894, b =-0.5165, ¢ = 95.9315 and x = weight [kg].
For power output and weight PMSM (Figure 28):
f(x) =pl*x+p2 (4.4)

Where pl =0.1707, p2 = -0.3003 and x = weight [kg].

Given the equations (4.1-4.4) retrieved from curve fittings, the calculations for power, weight
and efficiency for each machine are conducted. The calculations are based on previous weight

estimations of 75 kg per electrical machine (Appendix A) as a maximum limit, and the mini-
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mum power needed to still fulfill the operational requirements, as a minimum. Since the re-

quirement demands two drivetrains and means of propulsion, the minimum power need is cal-

culated based on all power being delivered from 1 propeller for the most demanding condition

with a 20% service addition. The calculations are done for all configurations of new and old

propeller design, gear and no gear and IM or PMSM.

Table 8: Weight and efficiency of IM & PMSM at maximum weight and minimum power need.

Decisive factors Electrical machine type Power [kW] |Weight [kg] |Efficency [%]
weight limit . . . 7,907 75 88,76
—2 induction machine
no gear minimum power need 7,048 65,4 88,14
8 weight limit . 12,502 75 90,71
— permanent magnet synchronous machine
old desien minimum power need 7,048 43 88,97
& weight limit . . 7,907 75 88,76
—2 induction machine
car minimum power need 7,416 69,5 88,41
g weight limit . 12,502 75 90,71
— permanent magnet synchronous machine
minimum power need 7,416 45,2 89,14
Decisive factors Electrical machine type Power [kW] |Weight [kg] |Efficency [%]
weight limit . . . 7,907 75 88,76
— induction machine
no gear minimum power need 7,531 70,8 88,50
§ weight limit . 12,502 75 90,71
— permanent magnet synchronous machine
. minimum power need 7,531 45,9 89,20
new design - —
weight limit . . . 7,907 75 88,76
—=2 induction machine
car minimum power need 7,927 75,2 88,77
g weight limit . 12,502 75 90,71
— permanent magnet synchronous machine
minimum power need 7,927 48,2 89,37

The highest efficiency and lowest weight are highlighted in green, whereas the lowest effi-

ciency and highest weight is red.

The relationship between the number of poles, weight and efficiency of the machine is also

visualized by the retrieved data (Appendix F & G) for both types of machines in vicinity of our

power area.
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Figure 29: Weight and efficiency correlation to number of poles IM & PMSM

4.4 Electrical motor — speed vs efficiency

The efficiency’s dependency on load and speed condition is displayed utilizing data retrieved

from the efficiency maps. The efficiency maps retrieved origins from a 10 kW and 8 kW PMSM
and an 8 kW IM (see Appendix B).

The power required by the electrical machine at any given mode is calculated by multiplying

the required power to the propeller with the efficiency of the shaft and the gear. The results are

shown in Table 9.

Table 9: Power requirements of electrical motor for different operation modes and configura-

tions

Power requiremetns for different operations modes and configurations [kW]

Desicive factors 7 knots 5 knots towing 3 knots 3 knots winching
. no gear 2,696 2,937 0,227 1,619

old design
gear 2,713 2,955 0,228 1,629
. no gear 2,102 3,138 0,183 1,922

new design
gear 2,117 3,161 0,184 1,936
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Further the speed-torque curve for the given power output is plotted into the existing efficiency
map using MATLAB (Appendix I). When calculating the torque when a gear is considered, the
speed is multiplied by the gear ratio,

P % 60
2w xrpm * kq_,

where k; is the gear ratio for the old propeller design, and k,for the new design. This process
is done for all configurations. Some examples are shown below for the 5 knot towing condition
(which gives a power requirement of 2,937 kW) with a PMSM (Figure 30), and with an IM
(Figure 31). In both figures the upper markings represent when no gear is utilized, and the lower

filled marking when a gear is used.
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Figure 30: Efficiency map with load curve 10 kW PMSM, 5 knots towing.
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Figure 31: Efficiency map with load curve, 8 kW IM, 5 knots towing.

The MATLAB script reads out how the efficiency changes with speed variations for the given
power output and plots it in a separate curve. An example of the 5 knot towing condition, old
propeller is shown for both PMSM (Figure 32) and IM (Figure 33), with curves for with and

without a gear.
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Figure 32: RPM vs Efficiency curve for 12.5 kW PMSM, 5 knots towing.
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Figure 33: RPM vs Efficiency curve for 8 kW IM at 5 knots towing.
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Further, an example of the curve fitting for Figure 32 and Figure 33 is displayed in respec-

tively Figure 34 and Figure 35.
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Figure 34: Curve fit for 5 knot towing, old propeller design, no gear, PMSM.
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Figure 35: Curve fit for 5 knots towing, old propeller design, no gear, IM.
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By using MATLABS’ curve fitting and interpolation tools, efficiency data for each given speed

and given power is extracted. This process is repeated for each loading condition, each opera-

tion mode and for the different types of machines. The results are shown in Table 10.

Table 10: Extracted efficiency values for all configurations.

old propeller design with new efficiencys - with and without gear
. efficiency @ rpm - efficiency @
operation mode |rpm - no gear rpm - gear
no gear rpm - gear
7 knots 453 0,872 1663 0,884
5 knots towing 409 0,865 1500 0,886
3 knots 185 0,873 714 0,873
3 knots winching 320 0,868 1175 0,886
12.5 kW PMSM — — : ;
new design with new efficiencys - with and without gear
. efficiency @ rpm - efficiency @
operation mode |rpm - no gear rpm - gear
no gear rpm - gear
7 knots 668 0,892 1413 0,884
5 knots towing 708 0,891 1500 0,884
3 knots 298 0,872 630 0,874
3 knots winching 606 0,889 1283 0,884
old propeller design with new efficiencys - with and without gear
. efficiency @ rpm - efficiency @
operation mode |rpm - no gear rpm - gear
no gear rpm - gear
7 knots 453 0,793 1663 0,887
5 knots towing 409 0,765 1500 0,875
3 knots 185 0,805 714 0,867
8 kW PMSM 3 knots winching 320 0,772 1175 0,877
new design with new efficiencys - with and without gear
i efficiency @ rpm - efficiency @
operation mode |rpm - no gear rpm - gear
no gear rpm - gear
7 knots 668 0,863 1413 0,886
5 knots towing 708 0,855 1500 0,889
3 knots 298 0,850 630 0,868
3 knots winching 606 0,858 1283 0,890
old propeller design with new efficiencys - with and without gear
i efficiency @ rpm - efficiency @
operation mode |rpm - no gear rpm - gear
no gear rpm - gear
7 knots 453 0,659 1663 0,654
5 knots towing 409 0,611 1500 0,681
3 knots 1985 0,687 714 0,279
8 kW IM 3 knots winching 320 0,678 1175 0,609
new design with new efficiencys - with and without gear
i efficiency @ rpm - efficiency @
operation mode |rpm - no gear rpm - gear
no gear rpm - gear
7 knots 668 0,818 1413 0,730
5 knots towing 708 0,792 1500 0,811
3 knots 298 0,676 630 0,380
3 knots winching 606 0,800 1283 0,743

These updated values for the efficiency of the electrical machine is further used to analyse how

the speed and oparating condition of the vessel affects the efficiency of the drivetrain.
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4.5 Battery

Updated values for energy density are obtained from the KBP63 Kreisel high voltage battery
system (Appendix J).

Wh
Energy Density = 163 E

Necessary capacity is calculated based on the requirement to operate 12 hours on battery in the
5 knots towing condition in case of power failure. The weight is calculated based on equation
(2.23) and the power needed from the battery to maintain 5 knots towing and the estimated hotel

load of 10 kW for 12 hours.

Table 11: Power requirements and necessary capacity of battery for different configurations

FEISTHEEE ) Necessary capacity for
descisive factors battery at 5 knots el weight battery [kg]
. 12 hours [kWh]
towing [kW]
old desien no gear 17,6 211,3 1296
1.5 kW PMSMA 8" [gear 17,4 209,1 1283
’ new desien  IR0.883T 17,9 214,7 1317
WAeSIEN o car 18,0 2155 1322
old desien no gear 18,6 223,2 1370
& W PMSM 8" lgear 17,6 210,8 1293
new desien no gear 18,2 218,7 1342
8" [gear 18,0 2155 1322
old desien no gear 20,8 249,3 1529
& W I 8" [gear 19,7 236,7 1452
new desien no gear 18,9 226,6 1390
8" [gear 18,7 224,7 1379

The highest and lowest weight are highlighted respectively in red and green. These calculated

weights will be used when accessing the overall weight of the drivetrain.

4.6 Diesel generator

Based on the updated values for each component of the drivetrain, the new power requirements
for the generator are calculated for different loading conditions and configurations. the calcu-

lations are given 20% addition in order to maintain power equilibrium in the battery.
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Table 12: Power requirements from diesel generator for different configurations

power requirement from diesel generator at different loads and configurations [kW]

descisive factors 7 knots 5 knots towing |3 knots 3 knots winching
old design no gear 18,3 19,1 10,7 15,0
12,5 kW PMSM gear 18,2 18,9 10,7 14,9
new design no gear 16,3 19,5 10,6 15,8
gear 16,4 19,5 10,6 15,8
old design no gear 19,1 20,3 10,8 15,6
8 KW PMSM gear 18,2 19,1 10,7 15,0
new design no gear 16,5 19,9 10,6 16,0
gear 16,4 19,6 10,6 15,9
old design no gear 21,0 22,9 10,9 16,4
8 KW IM gear 21,2 21,7 12,2 17,2
new design no gear 16,9 20,7 10,7 16,5
gear 17,8 20,5 11,3 17,0

For the M-SQ Pro 25 Maritime Generator the fuel consumption is 1-6 liters/h. The fuel con-
sumption compared to load is given from the work of Andressen & Mykland, and from this a

linear correlation for fuel consumption per power output is created (Figure 36).

Fuel consumption generator

Fuel consumption [I/h]

1 y =0,2267x +0,9245
0 5 10 15 20 25

output [kW]

Figure 36: Linear correlation for fuel consumption of M-SQ Pro Maritime Generator
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The linear correlation is used to calculate fuel consumption for other power values. The effi-
ciency of the diesel engine is calculated with equation (2.28), the values in Table 12, and the
linear relation for fuel consumption. The efficiency of the electrical generator is calculated
based on the equation (4.3 & 4.4) retrieved from the curve fit of the correlation between the

weight, power output and efficiency for a PMSM.
22,5 kW — 133,5kg = Dgenerator = 92%

The efficiency of the generator is assumed to be constant since always running at 1500/1800
rpm, and load variation has little impact on efficiency in designed speed areas (ref efficiency

map for PMSM, Appendix B).

The efficiency of the diesel engine is calculated from equation (2.28), with the power require-
ments from each condition and configuration, and the linear correlation in Figure 36 to find the

corresponding fuel consumptions. The result is shown in Table 13.

Table 13: Efficiency of diesel engine for different operation modes and configurations.

total efficiency of diesel engine at different loads and configuratiosn [2%]
descisive factors 7 knots |5 knots towing |3 knots 3 knots
i no gear 30,4 30,7 26,9 29,2
Sid design 30,4 30,6 26,9 29,2
12,5 kW PMSM gear ' ' ' ‘
) no gear 29,8 30,7 26,8 28,6
new design
gear 29,8 30,8 26,8 29,6
) no gear 30,7 310 27,0 295
o design 30,4 30,6 26,9 29,2
r
8 kW PMSM 83 : : : :
; no gear 29,8 30,9 26,8 29,6
new design
gear 29,8 30,8 26,8 28,6
) no gear 31,1 316 27,1 29,8
old design 31,2 313 27.9 30,1
8 kW IM gear : : ’ '
) no gear 30,0 31,1 26,9 298
new design
gear 30,3 310 27,3 30,0

The generator efficiency is multiplied with the efficiency of the diesel engine to calculate the
overall efficiency of the diesel generator for each loading condition and configuration (Table

14.)
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Table 14: Efficiency of diesel generator for different operation modes and configurations

total efficiency of diesel generator at different loads and configuratiosn [%]
descisive factors 7 knots 5 knots towing |3 knots 3 knots winching
. no gear 28,0 28,2 24,8 26,9
old design 28,0 28,1 24,8 26,9
12,5 kW PMSM gear ’ J ’ '
. no gear 27,4 28,3 24,7 27,2
new design
gear 27,4 28,3 24,7 27,2
. no gear 28,2 28,5 24,8 27,1
old design 28,0 28,2 24,8 26,9
8 kW PMSM gear ' ’ ' '
. no gear 27,5 284 24,7 27,3
new design
gear 27,4 28,3 24,7 27,2
. 28,7 29,0 24,9 27,4
old design o 28/7 28,8 25,7 27'7
8 kW IM gear 2 ’ 2 '
. no gear 27,6 28,6 24,8 27,4
new design
gear 27,8 28,5 25,2 27,6

The highest efficiency for each operating mode is highlighted in green. The efficiencies are

added to the calculations for the overall efficiency of the drivetrain.

4.7 Efficiency, fuel requirement and weight of drivetrain

Further, the results from the study of the drivetrain are used to calculate the overall efficiency,

fuel amount, and weight with regards to the operation profile and the operational requirements.

The total efficiency of the drivetrain is determined by adding all the efficiencies for the com-

ponents together,

Dtotal = I]propeller * I]shatft * I]gear * Dmotor * 1Jrectifier * Dinverter * OD.G (4-5)

where 1) ¢qr €quals 1 when no gear is used.

The total efficiency and fuel consumption for the drivetrain at different operating modes and

different configurations is calculated (Table 15).
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Table 15: Drivetrain efficiency for different operating modes and configurations

total efficiency of drivetrain @ different operation modes .
.. total fuel consumtion for
desicive factors ) o
i L operation profile [liters]
7 knots 5 knots towing |3 knots 3 knots winching
old propeller |no gear 0,093 0,128 0,088 0,112 1590,2
12.5 KW PMSM design gear 0,093 0,130 0,086 0,114 1577,6
new propeller [no gear 0,119 0,123 0,108 0,098 1560,7
design gear 0,117 0,122 0,106 0,097 1565,4
old propeller [no gear 0,085 0,114 0,081 0,101 1663,6
3 kW PMSM design gear 0,093 0,128 0,086 0,113 1586,4
new propeller [no gear 0,115 0,119 0,105 0,095 1583,7
design gear 0,117 0,122 0,107 0,097 1566,6
old propeller [no gear 0,072 0,093 0,069 0,089 1824,7
8 KW IM design gear 0,071 0,102 0,029 0,080 1773,6
new propeller [no gear 0,110 0,111 0,084 0,089 1628,0
design gear 0,098 0,112 0,048 0,082 1641,0

The highest total efficiency is highlighted in green, and the lowest in red for each operating

mode. The lowest and highest fuel consumption for the estimated operation profile is also

highlighted, with the lowest being green and highest red.

Although the fuel consumption for the specific operation profile is calculated above, the deci-

sive factor when determining amount of fuel is the requirement to go 20 days in 5 knots towing

in sea state 3, and still have 35% remaining fuel. The fuel amount for 5 knots towing in 20 days

is given a 20% addition to account for sea state 3 (Magnussen, 2017, p. VI) and is displayed in

the weight breakdown below. The fuel is multiplied by the fuel density of 0.885 kg/liter to find

the mass. Due to limited time, changes in weight of the diesel generator were not studied, and

will therefore be set to the 650kg of the M-SQ25 pro.

Table 16: Weight breakdown of drivetrain for different configurations.

weight of components in drivetrain [kg]
decisive factors electrical
fuel generator [rectifier |battery |inverter |motor gear shaft |propeller total active weight [kg]
old design no gear 4000 650 153 1296 40 150 0 200 200 6689,2
12.5 kW PMSM gear 3962 650 153 1283 40 150| 10,85 200 200 6648,7
new design no gear 4059 650 153 1317 40 150 0 200 100 6669,1
gear 4072 650 153 1322 40 150 10,85 200 100 6697,5
old design no gear 4206 650 153 1370 40 86 0 200 200 6904,3
8 kW PMSM gear 3991 650 153 1293 40 80,4 10,85 200 200 6628,5
new design no gear 4127 650 153 1342 40 91,8 0 200 100 6704,1
gear 4073 650 153 1322 40 96,4 10,85 200 100 66454
old design no gear 4654 650 153 1529 40 130,8 0 200 200 7557,5
8 kW IM gear 4437 650 153 1452 40 139| 10,85 200 200 72819
new design no gear 4263 650 153 1390 40 1416 0 200 100 6937,5
gear 4231 650 153 1379 40 150,4( 10,85 200 100 69142
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5 Discussion

Chapter 4 display numerus calculations, figures and tables, all with their different results. The
next chapter will analyze these results in order to display their correlation to the overall effi-

ciency, weight and configuration of the drivetrain.

5.1 Propeller optimization

When choosing a fixed pitch propeller, the optimization must be done for one certain point.
Usually this is done for the most demanding conditions. However, since the USV should be
able to conduct different types of operation, it might be beneficial with an overall better open
water efficiency for variety of speeds and loads. The purpose of designing a new propeller was
to identify how the physical parameters of the propeller affect its open water efficiency, and

thus the P.C. The changes in the open water efficiencies between the propellers can be seen in

Figure 37.
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Figure 37: Comparison of propeller sheet for old and new propeller design.

Since the old propeller design is optimized for 5 knots towing, it has its highest open water
efficiency at this point. However, the efficiency for the less demanding operations, such as

transit in 1-7 knots, is significantly lower. Here, the decrease in efficiency of about 15%. The

70



Propulsion and energy analysis of a naval unmanned surface vessel by Sernes & Ostensen 2023

new propeller design, which is optimized for transit, obtains its highest open water efficiency
at the points of 1-7 knots. The increase for these is about 12-13% compared to the old design.
However, this leads to a decrease in efficiency for the more demanding operations, such as 5
knots towing, and 3 knots winching. The efficiency drop for the demanding conditions is about
5% for 5 knots towing and towards 10% for 3 knots winching. The 3 knots winching conditions
is little used compared to the other conditions and will have little impact on the overall energy

consumption of the drivetrain.

The result emphasizes how choosing a smaller propeller increases its rotational speed and
pushes the efficiency curves left in the propeller diagram. In the same way, choosing a larger
propeller would result in a lower rotational speed, and curves occurring further right in the
diagram. The old propeller design gives an inferior open water efficiency for the 5 knots towing
condition, which is beneficial when considering fuel requirements, and longer periods of oper-
ation in this mode. On the other hand, the new propeller design presents a high efficiency for a
spectra of operation modes. The new propeller design also requires a higher rotational speed,
which is beneficial for the electric motor. The old propeller design has a developed area of
0.126m?, compared to the new design with 0.060m?2. The reduction in size will also make a
positive contribution to the weight of the vessel. The weight of the new propeller is therefore

estimated to be half the weight of the old propeller (Appendix A).

Since the developed area Ap for the propeller is halved, the maximum load T,,,, will doble.
Andressen & Mykland stated concluded that a lower T,,,, would give a higher open water
efficiency (Andresseen & Mykland, 2022, p. 66). This is true to a certain extent. The decrease
in Tp,q, Will give a flatter K (J) curve, which will push the optimum open water efficiency
points further right on the n,(P/D) curves. When the peak of the n,(P/D) curves are reached,

a further decrease in Ty, Will give a decrease in open water efficiency.

5.2 Gear

As mentioned, a gear may allow for the electrical engine to operate closer to its ideal operating
range, and at the same time maintaining the optimum speed of the propeller, but it comes with

some additional power losses. So how does the implementation of a gear affect the drivetrain?

Figure 24 shows that a single gear exchange can introduce losses up to 4%. However, this is

only for high speeds and small load conditions, which can be the case for airplane propellers,
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but never for ship propellers given the resistance in the water. This gives the results displayed

in Table 7, a minimum of efficiency of 98%.

Another question about the gear that arises is “Is it necessary to find the individual gear effi-
ciencies when they are so similar for all loading conditions?”. In Table 3, the gear efficiencies
for all loading conditions on both propellers are shown to lay between 98,02% and 99,38%. For
the most demanding loading condition, 5 knots towing with the propeller optimized for 7 knots
transit, the difference between the best and the worst gear efficiency would amount to a differ-
ence in power need of 76 watts per motor. With such small variations, would it not be both
easier and more time efficient to assume constant gear efficiency? From Table 3 it can be seen
that for all the loading conditions except 3 knots transit, the efficiency is greater than 99%.
Since both 3 knots loading conditions are limited in time compared to 5 knots towing and 7
knots transit, it is reasonable to set the constant value of efficiency to represent to the two latter
loading conditions. If a quick estimation of gear efficiency is wanted, 99% seems like a reason-
able value, although this will most likely lead to the calculated power need and energy con-

sumption being slightly higher than the real values for this application.

5.3 Electrical motor

5.3.1 Weight, power and efficiency

The data collected for different electrical machines was meant to provide a greater understand-
ing of the relationship between weight, power, and efficiency for the two selected machine
types. The choice of electrical motor is a complex task. It will now be discussed how the choice

of electrical motor affects the drivetrain’s efficiency and weight.

The results show an almost linear relationship between the power output and the weight for
both types of machines (Figure 36). The bigger the machine, the greater the power output. This
relationship is validated through the equation (2.18). The magnetic flux density B, and elec-

trical loading Ap vary within certain ranges. The magnetic flux density is dependent on the

magnet’s material properties and the size of the airgap. The electric loading depends on the
winding configurations within the machine (i.e., the number of coils and the current flowing
through). Assuming these parameters vary to a little degree, the physical characteristics of the

machine will indeed impact its nominal power (Pyrhonen, 2008, p.282-284).
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Though the linear representation gives an indication of how the size will affect the power out-
put, it is not perfect. The results show deviations. Figure 39 and Figure 38 display the same

curves represented in Figure 26 and Figure 28, but zoomed to desired nominal power area.

Both figures contain validation data required from electric motors specifically designed for ship
propulsion. For the IM, the validation data comes from the Waterworld 10.0i and Vetus e-line
7.5- & 10-kW motors (see Appendix F), and for PMSM the validation data comes from the
Drivemaster 15W and Epropulsion I-10 & 1-20 motors (see Appendix G).
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Figure 38: Figure 26 — IM - zoomed.
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Figure 39: Figure 28 — PMSM - zoomed.

Deviations will occur due to different manufactures utilizing different technologies and tech-
niques when designing the electrical machine. Some of the deviations which occur on the same
power level, but a variety of weights (marked with a red line in both figures), is due to the
difference in number of poles. To choose a machine with a high number of poles to lower the
rotational speed would be beneficial to minimize or remove the need for a gear. However, the
increase of pole pairs comes with an increase in weight and size (Pyrhdnen. 2008, p.286-287),
and the weight limit of 75kg is quickly exceeded when trying to keep a power output around 8-
12 kW.

Further with an increase in weight, at the same power, efficiency tends to drop (Figure 29).
When accessing commercially available electrical motors for ship propulsion, the majority of
the machines exist within the 1500-3000 rpm range (i.e., with 4 or 2 poles). In order to keep the
weight down and keep the efficiency drop to a minimum, the choice to look at machines with

4 poles and a nominal speed of 1500 rpm was made.

The relationship between efficiency and weight shows other tendencies. Figure 40 and Figure
41 display the same curves as in Figure 25 and Figure 27, but zoomed for the desired weight

arca.
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Figure 40: Figure 25 — IM — zoomed.
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Efficiency seems to drop rapidly for smaller machines, and in the other converge towards a
maximum efficiency. These tendencies are represented in the equation (4.1 and 4.3) for the
curve fit, where large number of x (weight) makes the equations converge towards respectively
93.5590% for IM and 95.9315% for PMSM. So why does the larger machine have better effi-

ciency?

The power losses in the machines mainly consist of copper losses. These losses increase de-
pending on the resistance of the copper, and the current’s square (equation 2.16). Further, the
resistance of the copper is dependent on the machine’s physical parameters as shown in equa-

tion (2.17).

The other power losses involve iron losses. Equation (2.15) shows how the iron losses (i.e., the
hysteresis and eddy current losses) are dependent on mainly the frequency and not so much the
size. Although it might have some variations dependent on size, it is assumed to be minimal

compared to copper loss variations (Slobodan N, 2013, p.74).

This emphasizes how the size (and therefore also the weight) affects the losses. When studying
equations (2.18) and (2.17), it can be seen that the size (i.e., the length | and the diameter d)
have a greater impact on the rated power of the machine. Since the power is dependent on the
square of the diameter times the length, whereas the copper resistance is dependent on the length
and diameter, but it is also divided by the cross-sectional area, which will also increase with the
size. Therefore, the increase in power will be greater than the increase in power loss, which can

explain why efficiency tends to increase with the weight of the machine.

These results show how both machines are capable of great efficiencies, if made large enough.
On the other hand, it also emphasizes that the efficiency of a PMSM increases more rapidly
with increasing the weight compared to an IM for the lower areas of the curve. The PMSM also
has an overall greater efficiency, which is expected given the fact that there are no rotor losses

connected to its operation (equation 2.22)

From equation (2.18), it can also be derived that an increase in angular velocity of the electric
machine, with constant power, will lead to a decrease in the size. The reduction in size will then
also reduce the copper losses, but the higher frequency will increase the iron losses. The article
by Anisimov presents an analysis of the effects of rotor speed on the sizing and losses of an

electric motor. The results also emphasize how this would affect the efficiency of the machine.
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The use of high-speed rotating machines to reduce size is an interesting topic to further inves-
tigate. Since most of the commercially available electrical machines for our purpose do not fall
within these categories, and these machines usually require special manufacturing, the choice
to exclude them from this thesis was made. It is, however, recommended to look into this as a

part of further optimization of the electrical machine.

As mentioned before, most of the collected data is gathered from industrial machines. Electrical
motors for ship propulsion or electric traction drives are often designed to keep the weight to a
minimum while still being able to fulfill the given requirements. This can be seen in Figure 38
and Figure 39, where the red dots represent the validation data from machines specifically de-
signed for ship propulsion. As can be seen, these machines also have deviations from each
other. Even though the possibility to obtain machines with a high power-density [kW/kg] and
a high efficiency, the results also emphasize how these machines might correspond with the

curve. But how viable is the curve?

From the calculations for the maximum weight or the minimum power need (Table 8), an effi-
ciency for the 12,5 kW PMSM around 91%, and around 89% for the 8 kW PMSM was obtained.
Since the IM is heavier by default, the maximum rated power given by the weight limit of 75kg
is almost the same as the minimum rated power needed to still meet the requirements of the

operation profile. The efficiency obtained when considering an 8 kW IM is around 88.5%

The European commission regulation of October 2019 states that as of 1 July 2023 the energy
efficiency for motors with a rated power equal to or above 0.12 kW and equal to or below 1000
kW, with 2,4,6 or 8 poles, shall correspond to at least [E2 efficiency level. The IE2 efficiency
table is shown in Table 17.
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Table 17: Minimum efficiencies for IE2 efficiency level (commission regulation (EU), 2019.

ANNEX 1)
Rated output power Py Number of poles
(kW] 2 4 6 8

0,12 53,6 59,1 50,6 39,8
0,18 60,4 64,7 56,6 45,9
0,20 61,9 65,9 58,2 47,4
0,25 64.8 68,5 61,6 50,6
0,37 69,5 72,7 67,6 56,1
0,40 70,4 73,5 68.8 57,2
0,55 74,1 77,1 73,1 61,7
0,75 77,4 79,6 75,9 66,2
1,1 79,6 81,4 78,1 70,8
1.5 81,3 82,8 79.8 74,1
2,2 83,2 843 81,8 77,6
3 84,6 85,5 833 80,0
4 85,8 86,6 84,6 81,9
5.5 87,0 87,7 86,0 83,8
7.5 88,1 88,7 87,2 85,3
11 89,4 89.8 88,7 86,9
15 90,3 90,6 89,7 88,0
18,5 90,9 91,2 90,4 88,6
22 91,3 91,6 90,9 89,1
30 92,0 923 91,7 89.8

According to the table, the calculated values seem to be in line with the minimum requirements.
Although some of the values barely make the minimum requirements, the fact that they show
correspondence is a good sign for the validity of the curve. The fitted curves are therefore de-
cided valid for further use, keeping in mind that it will be in the lower region compared to
machines specifically designed for ship propulsion (commission regulation (EU), 2019. AN-
NEX 1).

5.3.2 Speed, load, and efficiency

The efficiency maps provide valuable information when accessing the dynamic behavior of the
electrical machine’s performances. especially when considering how speed affects efficiency.
The efficiency maps do, however, change with different machine types, and do have some var-
iation when considering machines of the same type as well. So, how much does the change of

speed affect efficiency, and how viable is the data.
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From the plotted load curve, the curve for the efficiency’s dependence of speed is extracted.
The validation of this extraction is put to questioning. The data retrieved from this extraction is
lacking in terms of accuracy. Since the extraction bases itself on a thorough read of the effi-
ciency map, utilizing code, the data tells nothing about the behavior outside the limits of the
efficiency map. Further, the data retrieved comes in varying quality dependent on the nature of
the efficiency map. Black lines, numbers, and other impurities create disturbances in the read.

An example of how this would inflict the read is shown in Figure 42
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Figure 42: Example of disturbances in read

On the other hand, the read provides a greater number of what seems to be accurate reads,
especially for the rpm range of interest (0-1500). Utilizing filter functions in the MATLAB

gives a positive contribution to decreasing the impurities.

Due to difficulties obtaining efficiency maps for a large variety of power ranges, the few col-
lected close to the desired power range are used as reference. This will result in some errors for
the 12.5 kW read. An efficiency map is, as mentioned, individual for each machine. However,

the behavior of efficiency within the efficiency map seems to be similar when comparing same
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type of machines, for different nominal powers. This can be seen when comparing the 8 kW
and 10 kW efficiency maps for the PMSM (Appendix B). For the IM the efficiency map for the
8 kW IM is used.

The first observation made when carrying out these extractions is how the implementation of a
gear pushes the loading curve down, due to the reduced torque applied to the electrical machine

(Figure 30):
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Figure 30: Efficiency map with load curve 10 kW PMSM, 5 knots towing.

This is one of the great benefits of utilizing a gear. The reduced torque allows the machine to
maintain efficiency over a greater area of speed variation. When the torque becomes too high,
the currents in the conductors increase accordingly. Since the copper losses are dependent on
the current squared 2, equation (2.16), the efficiency will, for increasing values of torque, de-

crease rapidly.

The second thing noticed is how none of the curves lay within the optimum operating area.
Given the requirement for two drivetrains and means of propulsion, the choice to be able to

propel the ship from one electrical motor was made. This is why Andressen & Mykland decided
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on two 10 kW machines, one for each propeller. This choice of redundancy has led to the elec-
trical machine being oversized. Most electric motors are designed to run at 50-100% of rated
power. The maximum efficiency is usually somewhere near 75%. Outside these loading limits,
efficiency tends to drop. However, this range can vary from different designs. This range also
seems to increase for larger motors (U.S Department of energy, n.d, p.1). According to the
calculations when the ship is propelling on both propellers, each machine has to produce a
maximum of about 3 kW, which then corresponds to 30% of rated power. This value is even
lower when operating in less demanding operating conditions. The vessel should also be able
to drive on one propeller, which in theory would double the power requirement. However, these
calculations would be dependent on the rudder configuration and, it is assumed that the operat-
ing on one propeller is for redundancy if failure, and not for conducting missions in this mode.
This results in all the plotted loading curves being well below the optimum operating area.
Further, the implementation of a gear pushes the curve only further away from the optimum
point and thus ends up with a lower efficiency. The effects of this vary in degree based on type
of machine. The PMSM has a high and relative steady efficiency for large areas of the efficiency
map. Whereas the IM is more sensitive to these changes, especially for the less demanding

operations.

On the other hand, by utilizing a gear, the torque and thus the current in the conductors, are kept
lower for a larger variation of speed. This keeps the power losses smaller and allows it to operate
at a larger variable of speeds without great changes in efficiency. It is possible to obtain a high
efficiency for a lower rpm the closer the curve is to the bottom left corner. This area of variable
speed is much larger at the PMSM compared to the IM. This is a side effect of the machine
being oversized. For a smaller sized machine, and thus a loading curve far higher in the effi-
ciency map the machine would be more sensitive towards speed variations, which can be seen

in the calculations for the 8 kW machines in Table 10.

5.4 Battery

The previous thesis estimated values for energy density and necessary capacity. A rough esti-
mate for the initial necessary capacity was made and set to 250 kWh. The energy density was
based on an average energy density for the Tesla 4680-type battery, with a 40% reduction to

consider cold environment.
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The new calculations regarding the battery seem to provide more accuracy than the previous
estimation. The power density of the KBP63 is 163 Wh/kg, which is close to the estimated
value of Andressen & Mykland of 170Wh/kg. The battery retrieved from Kreisel electric is a
lithium-ion battery designed for marine applications, which is certified by DNV, has a degree
of protection of [P67 and has protective measures taken regarding salt misting. Further the am-
bient temperature range is from -40 to 70 degrees, which will be sufficient for the given AO.
Kreisel electric has not manufactured a battery large enough for our use. Therefore, the weight
is estimated only on power density and necessary capacity. However, this gives an indication
of what the state-of-the-art technology is capable of when it comes to batteries for marine ap-
plications and might not require such a substantial development phase as expected when utiliz-
ing the Tesla 4680-type battery. Although the investigation of the battery choice might provide
more accurate data, it lacks in presenting data regarding charging, discharging, self-discharging

and any form of battery management system. This should be investigated in further work.

5.5 Diesel generator efficiency

The results for the diesel generator indicate a much lower efficiency value than previously es-
timated. Further the newly calculated values give a picture of how efficiency is dependent on

loading of the diesel generator.

For the 22.5 kW synchronous generator the calculated efficiency value of 92% seems to be in
accordance with the IE2 efficiency level presented in Table 17. When the operating speed re-
mains constant at synchronous speed, the only thing affecting efficiency will be the torque,
which is dependent on the load. The efficiency map for the PMSM emphasizes how, when
operating at higher rpm’s, the machine is more capable of handling variations in load, without

larger variations in efficiency.

For the diesel engine, efficiency is determined by the amount of power consumed, in the form
of fuel, compared to the power delivered shaft connecting to the generator. Given the linear
relation for fuel consumption in Figure 36, and equation (2.28) it can be derived that the effi-

ciency of the diesel engine will be greater for higher power outputs.

The results displayed that the highest efficiencies for the diesel generator are retrieved for the
8 kW IM with the old propeller design at around 25-29%. Which is expected given that this is

the configuration that requires the most power (Table 12). It can also be seen that the efficiency
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of the diesel generator is dominated by the efficiency of the diesel engine given its low effi-
ciency value compared to the generator part. Although these results emphasize the how effi-
ciency varies for the load, they do not account for power losses due to friction or the powering
of auxiliary systems connected to the diesel generator. Furthermore, only the M-SQ Pro 25
diesel generator is accessed. However, the linear relationship for fuel consumption seems to be
in accordance with fuel consumption charts given by manufacturers of diesel generators (Table

18).

Table 18: Diesel Generator Fuel Consumption chart in liters (FW Power, n.d)

Generator Size Approximate Diesel Fuel Consumption

s Load 2 Load % Load Full Load

(litres/hr) (litres/hr) (litres/hr) | (litres/hr)
8kW / 10kVA 1 1 2 3
10kW / 12kVA 1 2 3 4
12kW / 15kVA 1 2 3 4
16kW / 20kVA 1 3 4 5
20kW / 25kVA 2 3 5 6
24kW / 30kVA 2 4 5 7
32kW / 40kVA 3 5 8 10
40kW / 50kVA 3 6 9 12

So, can the higher diesel generator efficiency make up for a lower efficiency in other parts of

the drivetrain?

5.6 Efficiency, Fuel requirement and weight of drivetrain

To lower the weight of the drivetrain it is important to find the optimum combinations of com-
ponents, without compromising too much of the efficiency. It is no use considering a lighter
machine if this results in lower efficiency, and one end up having to carry more fuel. When
calculating the weight and fuel consumption for the drivetrain, all the previous calculations are
considered. The calculations are done for all configurations. Old vs new propeller design, gear
vs no gear, 12.5 kW or 8 kW and PMSM vs IM. So, witch configurations can provide the lowest

weight, highest efficiency and lowest fuel consumption.

The first observation is that the new propeller design with a 12.5 kW PMSM without a gear

retrieves some of the highest drivetrain efficiencies and the lowest fuel consumption for the
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given operational profile (Table 15). Further, it shows how most of the PMSM configurations
and some of the IM configurations do not stray too far away from the best result. When sizing
down from a 12.5 kW PMSM to a 8 kW PMSM, new design, with a gear, one only end up with
an increase in fuel of 5.9 liters per operation profile, but since sizing down to an 8 kW machine,
the weight of the machine drops about 25 kg per machine (Table 8). If sizing down to an 8 kW
IM, new design, no gear, one only gets an increase of 67.3 liters per operation profile, which
corresponds to about 57.5 kg. However, the weight benefits of downsizing are reduced due to
the heavier nature of the IM. Even though the 8 kW IM is higher in weight and lower in effi-
ciency, and thus has an increased fuel consumption, it could be justified by some of the benefits
of choosing an IM. The IM is simple and relatively cheap to produce compared to the PMSM.
Further it is considered a robust and reliable machine which will contribute to the vessel’s over-

all reliability and survivability.

Secondly, the result emphasizes how the change in propeller design affects the overall fuel
consumption for this operation profile. This occurs due to the new propeller design requiring a
higher rotational speed for the propeller, which leads to less speed variations for the electrical
machine, and thus smaller efficiency changes. In the extreme cases for the 8 kW IM, old pro-
peller design, the fuel consumption is reduced by 196.7 liters, which corresponds to about
168kg. However, it is important to keep in mind that this is for the given operation profile. The
reduction occurs because the new propeller design creates steadier efficiency, which is benefi-
cial when the USV is to operate in a broader spectrum of speeds and loads. Nevertheless, the
decisive requirement regarding fuel revolves around the 5 knots towing condition in sea state 3
with a 35% remaining fuel. Therefore, the configuration with the best efficiency for this condi-
tion (the old design) will end up with the lowest total required amount of fuel storage. This will
of course be a positive contribution to the overall weight as shown in Table 16. On the other
hand, when considering the possible diversity occurring in an operational profile, the new pro-
peller design might be able to fulfill the same operation profile with lesser amount of fuel con-
sumed. As a test the old operation profile was updated to 400 hours of 5 knots towing, compared

to the previous 200 (Table 19Error! Reference source not found.)
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Table 19: Fuel consumption for operation profile updated to 400 hours 5 knots towing.

. total fuel consumtion for
desicive factors ) X )
operation profile [liters]
old propeller |no gear 26459
125 kW PMSM design gear 26233
new propeller [no gear 26320
design gear 2640,1
old propeller [no gear 2773,6
8 kW PMSM design gear 2639,8
new propeller |no gear 26732
design gear 26416
old propeller |no gear 3053,1
i 447
8 kW IM design gear 2944,
new propeller |no gear 2753,1
design gear 2757,8

At this point the old propeller design just surpasses the new design due to the increase in the 5
knots towing condition. The same can be seen when reducing the 7 knots transit time to 50

compared to the previous 100 (Table 20).

Table 20: Fuel consumption for operation profile updated to 50 hours 7 knots transit.

. total fuel consumtion for
desicive factors X ) i
operation profile [liters]
old propeller |no gear 1335,6
i <
12.5 KW PMSM design gear 13243
new propeller [no gear 13286
design gear 13326
old propeller |no gear 1399,5
8 kW PMSM design gear 13325
new propeller [no gear 13492
design gear 13334
old propeller |no gear 15394
i 4
8 kW IM design gear 1486,3
new propeller |no gear 1389,3
design gear 13922

It seems the difference in these two designs is minimal when the transit to towing ratio is
about 1:4. For more transit hours, the new design becomes more beneficial, and for more tow-

ing hours the old design is preferred.

Thirdly, the result for the overall weight of the drivetrain shows that the lowest weight is ob-
tained by the 8 kW PMSM, with the old propeller design and a gear. The old propeller design
gives it one of the lowest fuel requirements for the 5 knots towing condition (Table 16). A high

overall efficiency (Table 15) gives it one of the lowest necessary capacities’, and thus one of

85



Propulsion and energy analysis of a naval unmanned surface vessel by Sernes & Ostensen 2023

the lightest batteries (Table 11). Further, with the reduction in weight from 12.5 kW to 8 kW
(Table 8) it obtains the lowest weight. Although this configuration gives the lowest weight,
other configurations do not deviate much from the best result. For all the PMSM configurations
the largest deviation is 275.8kg and the smallest being 16.9 kg. The IM, however, shows a
considerable weight gain, with the lowest being 285.7 kg, and the highest being 929 kg. This is
not only due to its lower power density compared to the PMSM, but also due to the lower
efficiency, which leads to higher fuel consumption, a higher necessary capacity for the battery,

and thus a heavier battery.

Lastly, given the updated efficiency values for most of the components in the drivetrain, the
fuel consumption has increased for all configurations, compared to Andressen & Mykland’s
thesis. However, the updated values for necessary capacity have lowered the battery weight,
from the previous 1500kg, for all but one configuration. The weight breakdown for their thesis
gives their drivetrain an overall weight of 6205kg (ref Appendix A). The updated weight break-

down shows a minimum increase in weight of 423.5kg, and a maximum of 1129kg.
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6 Conclusion and recommendation for further work

6.1 Conclusion

This thesis has aimed to provide a deeper analysis of the dynamic behavior of the drivetrain
configuration of a naval design study of a small, unmanned surface vessel. The thesis has stud-
ied each of the components within the drivetrain, emphasizing factors such as weight, perfor-
mance, and efficiency. Through relevant theory, and collection of empirical data, the thesis has
described the dynamic behavior for each component and its effect on the drivetrain. The change
in the drivetrain is also assessed against the requirements to fulfill the operational capabilities.
Further, new values are presented for previous estimations, and updated values for fuel con-

sumption, fuel storage and weight of the drivetrain are obtained.

From the result found from this analysis, our recommendation is the configuration involving an
8 kW PMSM, the new propeller design utilizing a gear. The choice of PMSM instead of an IM
was made due to its ability to maintain high efficiency over large variation of speeds and tor-
ques, as well as it being lighter compared to the IM. Further, the 8 kW PMSM gives a reduction
in weight and, also assumed, price compared to the 12.5 kW PMSM. The new propeller design
makes for an overall steadier efficiency, which makes it more versatile for the given, and other,
operation profiles. Furthermore, it also requires higher speeds for the propeller, which also is
beneficial for the electric motor. The implementation of a gear further enhances the rotational
operating area for the motor, with a very low loss of efficiency. This configuration with its high
overall efficiency gives it a low battery weight, low fuel consumption for the operation profile,

and one of the lowest necessary fuel capacities.

However, the configuration of a drivetrain is complex and not always straight forward. Some
of the complexities when addressing a drivetrain configuration are showcased in this thesis. It
can be seen that many factors regarding capabilities, operating area, choice and sizing of com-
ponents and probably many more must be accounted for. Optimization would require use of
heavy optimization tools which can account for the many variables. Due to this complexity, our

choice may not be the optimum solution, and further work will be necessary.
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6.2 Recommendation for further work

Before moving forward with the design of the drivetrain and the USV, the following aspects is

recommended for further work, based on the findings in this study:

- Physical testing of a reference model of the drivetrain.

- Investigate the extent to which the different sea states affect the USV.

- Investigate rudder configurations and its effect on the drivetrain.

- Further optimization of the drivetrain.

- Adress the power requirements of components outside the drivetrain.

- Investigate the use of high-speed or low-speed electrical motors, as a way to optimize
weight and efficiency of electric motor.

- Investigate battery management system.

- Investigate diesel generator size, weight and efficiency.

- Investigate newer propeller designs.

- Addressing shaft size and material.
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Appendixes

Appendix K will come as a separate file due to its format.

- Appendix A - Weight breakdown of vessel from Andressen & Mykland

- Appendix B — Efficiency maps

- Appendix C — Resistance curve of USV

- Appendix D — rectifier

- Appendix E - MATLAB scrip for adaption of gear efficiency curves

- Appendix F — Motor data IM

- Appendix G — Motor data PMSM

- Appendix H-MATLAB script for plotting of nominal power, weight, and efficiency of
collected motor data.

- Appendix I - MATLAB script for extracting data from efficiency maps

- Appendix ] — KBP63 Battery

- Appendix K — Drivetrain calculations weight, fuel consumption & efficiency
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