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This study compares different electric propulssgatems. Results of the analysis of all
the advantages and disadvantages of the differeptfsion systems are given. This
thesis estimates possibilities to apply differeesdl-electric propulsion concepts for
different vessel types. Small and medium size Vagsewer ranges are studied. The
optimal delivery system is chosen. This choice &lenon the base of detailed study of
the concepts, electrical equipment market and casgaof mass, volume and
efficiency parameters. In this thesis three magererators are designed. They are:
salient pole synchronous generator and two perntanagnet synchronous generators.
Their electrical, dimensional, cost and efficiepayameters are compared. To
understand all the benefits diagrams with thesarpaters are prepared. Possible
benefits and money savings are estimated.

As the result the advantages, disadvantages amlapuconditions for the permanent
magnet synchronous generator application in maleetric-power systems are found

out.
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List of symbols and abbreviations

Abbreviations:

EP

electric propulsion

DE diesel electric

FPP fixed pitch propeller

CPP controlled pitch propeller

FPC full power converter

HFO heavy fuel oll

MDF  marine diesel fuel

€] induction generator

SG synchronous generator

PMSG permanent magnet synchronous generator
AVR  automatic voltage regulator
CRP counter rotating propeller

VSR voltage source rectifier

LLC low loss concept

FPC full power converter

ROV  remotely operated underwater vehicle
Symbols:

P rated output power , W

Uph phase voltage , V

U, line voltage , V

n efficiency

m number of phases

n revolution speed , rpm

f rated frequency , Hz

p number of poles

a number of the parallel branches
OFtan tangential tension , Pa

A linear current density , A/m

J current density , A/fm

Oload load angle , rad



rated torque , Nm

maximal torque , Nm

phase resistance , Ohm

direct-axis inductance , H
magnetizing inductance, in d-axis , H
quadrature-axis inductance , H
magnetizing inductance, in g-axis , H
stator leakage inductance , H

stator inner diameter, mm

stator outer diameter , mm

work of fuel combustion , J

specific heat of combustion , J/kg

fuel mass , kg
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1 Introduction
1.1 Objectives

This Master’s thesis introduces a study which igessary for designing marine
generators as part of whole vessel electric powstem in different diesel-electric

applications.

The task of designing an electrical generatorHerwessel power system is not only
computational, but also global task of systems regying. It is a wide and difficult
task which requires deep background knowledge.fgutihe designing process it is
important to look up both to the required paranstsuch as: output power, frequency,
rotational speed as well as limitations from thevposystem and compatibility of the
characteristics and working modes of the generatal other electrical equipment.
These limitations are required for making possiperation: in wide speed range and
smooth, without vibration and big losses. Withinstiwork some different types of
electrical equipment configurations will be analyZer finding out the most reliable,
flexible and energy efficient type. For the chosmmangement the electric power

generator will be designed.

1.2 Historical overview

From the historical point of view the idea of etéctrive for propulsion propeller
isn’'t new. In the end of the T&entury in some countries such as Russia and Ggrma
took place experiments which were directed for glaeg vessels with electric

propulsion (EP) drives (electric power transmiskion

The first workable specimen of an electric ship wasver tanker and built in 1903
in Russia and was called “Vandal’. The power systemtains DC generators (3x87
kW at 500 V) which were driven by prime movers édieengines 89.5 kW at 250 rpm
each) and a DC motor connected to the propelldt. dhawer delivering was arranged
by cables. Also magnetic clutches were located éetwthe diesel engines and DC
generators. The control was arranged by excitasidjuistment. This ship had good

maneuverability. Operation time from full aheadul reverse took 8—10 seconds.



In spite of all advantages this system had quigeldsses. From the 290 kW of
diesel output only 216 kW was found on the screwsich corresponds to 20 %
transmission losses, without taking diesel-engmesés into account. Also the first
power system was very heavy. The electric systempatent mass was almost the
same as the diesel system mass. The other vedséie same time had similar
arrangements. In those days the only reason fatriglgpower system usage was the
fact that diesel engines were not reversible anglag a big disadvantage because of
significantly decreased maneuvering ability. Somakeshift arrangements for the
ahead and reverse modes combination were invemiddpartly applied but they
weren’t reliably and adaptable to streamlined potida. When in 1906 two- and four-
stroke directly reversible diesel engines were imee and become into production, all
attractiveness of the bulky electric propulsionteys seemed to be lost. Due to new
engine generation designer’s attentions were seat¢b the direct drive, as it allowed
getting higher efficiency not wasting energy foeaticity generation, distribution and
utilization of electric energy in propulsion. Thinee, the propulsion efficiency fully
depended on the engine efficiency. But from theOl9fhere was new interest arising
to the diesel-electric configuration. It was agaery popular to assemble electric
propulsion, especially, in icebreakers (due to réguirements for high torque on the
shaft of propeller, especially in cases when tlupeiter was surrounded by ice) and in
research vessels. The first icebreaker with elegower system onboard was Finish
built by SISU in 1930. “The speed of the drivingtorocould be altered by switching a
relatively low inducing current in the generatot]’[

Since 1930’s Stréomberg began all range works dicetd design and building ships
with electric propulsion systems and in 1939 thst fdiesel electric icebreaker was
built. By the moment the amount of the icebreakposyered by ABB, reaches 80. The
other vessels with EP were built even more. Theestatrevival and new interest in
electric propulsion systems appeared since 1980enwpower electronics and
information technology began to develop intensiveljodern power electronics
controlled drives have been widely used becauseassibilities to control the
propulsion motors’ speeds in a wide range, and usscaf the high reliability, good

cost-competitiveness and high space-saving equipif&n
1.3 Contemporary propulsion systems

By the moment in the world the most widespread pigipn systems are:



- Diesel-mechanical (Diesels engines through a gaeamected to a shaft and
consequently to a propeller), Fig.1

- Conventional diesel-electric arrangement (Diesajirees (sometimes as
prime mover may be used a steam turbine in a nuplaered ships) —
electric generators — distribution and energy @eihg system — electric
motor-gear-shaft-propeller), Fig. 2

- Pod propulsion- so called azimuth thrusters (Primevers — electric
generators — distribution, delivering and energyversion system — podded

motors with on shaft propellers), Fig. 3
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Figurel Typical diesel mechanical propulsion configuratio
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Figure2 Conventional diesel-electric arrangement [2]



Figure 3 Podded propulsion- so called Azimuth thruster8zpod, made by ABB [2]

Nowadays, the electric propulsion is used in mard eore application areas and
replaces the classical mechanical configurationmivst cases azimuth thrusters or
combined assemblies are used. Electrical propulsoapplied in a wide range of
vessels such as: icebreakers, drilling vesselsseenessels, shuttle tankers, cable and
pipe layers, war ships. Such a wide spread goaléydecause of advantages inherent
EP:
- Reduced consumption of the fuel, especially, in @&ering operation
modes
- Reduced maintenance cost due to flexible and smooéhating, avoiding
jerky torque and speed change, decreasing tearamode
- Optimized load of prime mover (prime mover operaesated parameters
and life cycle is prolonged)
- Decreased vibrations (absence long shaft) and roiggortant on cruise
vessels)
- Higher level reliability directed for preventingalokouts
- Opportunity to locate power equipment properly blase load in different
vessel's parts
- Mounting places of thrusters are not restrictecabee of delivering energy

via cables

1.4 Efficiency

One of the most important question and challengeBR system applications is the
system efficiency. Having low efficiency all systemoose their economical

attractiveness. That is why designers must pay ef lattention on this aspect.



The efficiency of an EP system is a product of éffeciencies of typical independent

parts of system in series such as:

Electrical generator
Switchboard
Transformer
Frequency converter

Electric motor

The power system can be simplified and reflectetthénnext figure.

1 _O: POLII

Siicvies Switchboard 1 Irans-  Frequency Electric
! former  converter Motor
1
Figure4 Simplified power system presentation

Electrical efficiency of the system:

/7:

P

= out

P, P,+PR

n out losses

(1.1)

Typical efficiency of each component of the powgstem in the power level of ship

components:

generator:
switchboard:
transformer
frequency converter

electric motor

95-97%
99.99 %

99.1 -99.7 %
95-99 %

93-97%

The total electric power system efficiency (primewver is not taken into account) at

full load reaches 88 — 92 % and of course the iefiity depends on the load. Total

losses in the EP system on average reach 10 %eQuaastly fuel savings are achieved

by other solutions, such as thruster’s locationdésigning classical diesel-mechanical

systems there are limitations which do not allowacpig the propeller deep enough.

That is why the propeller gets to the area wheeeitifiluence of the vessel’'s hull is

significant. Podded propulsion can be placed onojtamal depth and optimal area.

Also for speed control diesel-mechanical powereystan be applied in 2 ways: by

changing the prime engine speed and by controthegpropeller pitch (if controllable

pitch propeller (CPP) is employed). Anyway, in titing mode when mechanical



control is used losses (from prime mover and hyginadchic) are big vs. almost zero
losses in EP system.

In an EP system, usually, a fixed pitch propeegmployed. It allows reducing
money investments and simplifying the constructatmout any drops in efficiency.
As the example can be taken field support vessél B propulsion (diagram of
operation see Fig. 5), total fuel savings are upd@ tons/year of diesel fuel. If the fuel
price is 0.5 euro/liter, total money savings ar@ 880 €/year, this rapid calculation, of

course, strongly depends on vessel operational sn¢ge

|
| At quay, 6 % |_| By platform 11 %

RS —

- Transit, 11-12 knots
40 %

| Anchor handling, 6 % |

Figure5 Operational modes for a field support vessel [3]
1.5 Electric power system

Vessel's power system differs a lot in comparisatin\and power systems.
The main differences are:
- Line long;
- Compact placement (generation equipment near byatibn equipment);
- One control system and one power system (no subragy,
- Much less amount of energy transformation.
It means that much power is concentrated in a san@dl. That is why it gives
engineering challenge, and requires high accuradydaep analyses in safety and
reliability fields.
Fig. 6 shows presently the most spread electricgp@ystem configuration, which can
be divided into the following parts:
- power generation;
- power distribution;
- variable speed drives;

- propulsions ;
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Figure 6 Power system configuration diagram

1.5.1 Power generation

The power generation unit consists of a prime mdasra rule diesel engine) and an
electric generator driven by the prime mover. Famreasing efficiency, reliability, for
better distribution of power there are more thae power generation unit (in most
cases the amount is even). Usually, this powerinsiallation is placed in the centre of
the ship at both boards symmetrically with respcthe middle longitudinal axis to

dispense weight uniformly and proportionally.

Prime mover

The prime mover is usually a diesel engine but $ongeother types such as:
gas engines, gas turbines, steam turbines or a@stined cycle turbines, can be
employed instead of traditional diesel engines. $barce of energy for traditional
engine is diesel oil or heavy fuel oil, sometimessd| oil and natural gas are employed

in parallel.

Diesel-Electric (DE) power systems apply dieselieag which are medium to
high-speed engines. Such an arrangement allowsgddienefits in engine’s weight
and cost. In whole mechanical systems low speethes@re required. Also DE power
system does not limit the number of power units wdecreases the power per unit,
increases reliability, redundancy, increases cordmal diagnostic requirements and

decreases maintenance time and consequently sletigs tesults.

Modern primary engines are equipped by a wide easfgmonitoring systems
and gauges for being able to control the rotatipged, avoiding speed droops, and

preventing failures connected with overheating,siog lubrication pressure, over



speeding or turbocharger over speeding. Such amgement is an electronic speed
control system which is built in and is suppliedhwengine. This system works directly
with an actuator which is adjusting fuel injectiddeside the speed regulation speed
control unit compensates droops which occurs wbad Is increasing. The droop ratio
depends on the engine, for example for Wartsilap&oexgensets speed control unit is
adjusted at the factory and droop is 4 % at thedridad. Speed droop compensating is
important to keep rotation speed constant and cpmesdly generated voltage
frequency and brings proper sharing of the loadveenh generators connected in
parallel.

Diesel engine can be fed either by diesel fuelcakbed Marine Diesel Fuel
(MDF), or heavy fuel oil (HFO). Since HFO has athignsity a pre-heater is required.
Also for both types of fuel separators (based ontrifage) are compulsory for
preventing water penetration in the engine fuetesysand engine and damage diesel.

Another important point is exhaust fumes and gaseission. Nowadays, there
are requirements for marine diesel engines. Thegairements direct to decreasing
Nitrogen oxides (N¢), Sulphur Oxides (S{, soot and Particulate Matter (PM). For
regulating this aspect International maritime orgation (IMO) was created. IMO
made and published the first set of emission reéguls, the Annex VI of MARPOL
73/78.

According to this regulation there are 3 limitseffil, Tier 2 and Tier 3. Tier 1 was
entered into force in January 1, 2000, Tier 2- dayd, 2011, Tier 3- January 1, 2016.
The illustration of emission limits on the exampfenitrogen oxides (NQ is shown in
Fig. 7 [4]
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Figure?7 Annex VI of MARPOL 73/78 NOx emission limitatiod][



Generators

To save space and make the construction more ¢hser’t in DE power
systems the generator could be directly connecidiaet flywheel of the engine or could
even be supplied by factory as integrated gensets Yartsila Auxpac gensets). In
conventional DE schemes, as electric generatorllyssimchronous machine is used.
Synchronous marine generators have some differaeepared with classical ones.
Typical marine generator has:

- number of poles: from 4 to 10 (rated rotationalespé&om 1800 rpm (60

Hz) to 600 rpm (50 Hz) respectively, marine ger@stpower range
distribution see in Fig. 8);

- excitation: brushless by auxiliary outer pole syocious generator (DC on
the stator, AC induced the rotor windings and trestifying) placed on the
same shaft;

- specific mounting standards (usually designedHherdhosen diesel engine);

- cooling systems: (open air (standard with protecti® 23), closed circuit

with water cooler (with protection 1P44))

Power range

g00 720 a0 a0 1000 1200 1500 1800
Speed [rpm]

Figure 8 Generators’ power range Figure 9 Brushless excitation

distribution [6] arrangement [3]

Excitation, in its turn, is controlled by automaticltage regulator (AVR). The
AVR unit is built-in the generator. The duty of tA&R is comparing voltage at the
generator terminals with reference value and keppimitage at generator terminals
constant. If voltage gets drifting AVR affects tlexcitation. For keeping active-
reactive power balance and equal reactive powerilmision in generators, connected

in parallel the AVR uses voltage droop which isseteat the factory and is about 3.5%



at the rated load. Another challenge for AVR- limiitage hops in the range of — 15 to

+20% of the nominal voltage when the largest tiemtsi occur.

In designing process engineers may choose eithép eqvessel by a primary
engine and a generator separately or by an ineEy@bduct — a genset. Genset is the
end products and has range of benefits inhereiit ithese advantages are: working
parameters of both machines are adjusted, conformneddesigned for each other,
primary engine and generator mount on one platesante equipment are designed for
dissipation of vibration, noise and impact stressctv may spread on the vessel's hull.

Consequently implementation of integrated gensetsdst reasonable and studied step.

As examples, Wartsila gensets can be shown. Thadmys available range of Auxpac
gensets is the following:

Tablel Wartsila gensets power range
Frequency
50 Hz (1000
power (weight) rpm) 60Hz (900 rpm)
Puin, KW, (M, ton) 520 (14) 520 (14)
Prax. KW, (M, ton) 2850 (45.7) 2700 (46.9)

1.5.2 Power distribution

Power distribution components form a group of e most important parts
of a DE propulsion system. Power distribution ilela switchboards and transformers

for supplying either local consumer (deck, hotédi)gor propeller drives.

Switchboards

In its turn switchboards strongly affect the reliigp and if switchboards were
connected without respect to redundancy it mighiseaa black out in case of short
circuit, fire or flooding. That is why in main oo £alled generator switchboards usually
2, 3 or even four independent sections are useste@yredundancy in general is made
for avoiding consequence after short circuits, fontstrictest requirements anti flood
and fire protection is employed. Such arrangemsninade for ability to continue

movement in congested waters when stopping mayecausccident. For example, in



case of switchboard split in to 2 sections andhglsifailure (short circuit), vessel can
continue movement at 50 % power.

Since with fixed voltage and increasing power raragjed and especially short circuit
currents flowing through the switchboards increalas current raise is limited by
physics (mechanical forces), temperature mode apaaity of the switchgears, and
hence, after some current level it is necessarynfdement higher generating and
distribution voltage. There are some recommendationmatching required energy for

generating and voltage of distribution system. Ohthe prescriptions is NORSOK [5]

- 11 kV. Medium level of generating and distrilmgfi voltage. Used when total
installed generation power exceeds 20 MW and whetors have power from 400 kW
and above.

- 6.6 kV. Medium level of generating and distrilmgfi voltage. Used when total
installed generation power exceeds 4-20 MW and whetor powers vary from 300
kW onwards.

- 690 V. Low level of generating and distributingltage. Used when total installed
generation power is below 4 MW and single consurbelsw 400 kW.

- For utility distribution lower voltage is usedge400/230V [5]

As the example can be shown modern switchboard igaiNey Wartsila:
- low voltage: voltage is up to 690 V, current ista220 kA
- medium voltage: voltage is 7.2, 12, 17,5 V, curientp to 106 kA

Transformers

In EP vessels’ transformers are used for convertiveg input voltage (e.g.
generator or line) to required voltage in order femd propulsion drives, local
consumers (deck- hotel- grid) and for phase sigftiRhase shifting transformers
sometimes are used when variable speed drivesdiegynis implemented for feeding
frequency converters. It is made for cancelatiosarhe (the biggest and little number)
harmonics for preventing high output signal distort

Also transformers have some damping reaction ahdvelike filters for high
frequency noise, which is produced by frequencyeders. It helps avoiding electro

magnetic interference and emissions.



Figure 10 ABB dry transformer for marine applicatiofi®]

The most common transformer types which find ajppilons are:

- dry (air insulated, the typical dry transformer forarine application is

shown in Fig.10);

- resin insulated,

- oil insulated.
In common, transformer is a three-phase one ainih@ and 3-phase at the output. It
contains three-phase primary and secondary coiishwdwre wound on the magnetic
core. Magnetic core is made of electrical-sheetl sted constitutes close circuit for
providing close path for magnetic flux. There dreee steel legs where windings are
placed and two yokes which connect legs. Therasges of windings, one mount
inside another. Inner (secondary) is low voltageteo (primary)- high voltage. The
ratio of numbers turns is a transformer coefficiamd equal to the primary and
secondary voltages ratio. The connection of primaryd secondary terminals
(windings) may be either star, zigzag or deltaislinot necessary to connect both
terminals in the same way, but if connections aifeergnt then a phase shift is

obtained.

When designing a marine application transformerntehdl losses and consequently
temperature should be taken into account becausevate range of higher harmonics.



1.6 Propulsion units

1.6.1 Propulsion thruster

By the moment it is worth to highlight some of tiypical and some very challenging
propulsion realizations.

Shaft propulsion

Shaft propulsion is a conventional propulsion systad is known from the end
of wheel type vessels’ era. Get wide spread widseliengine as a driver, but in spite
of long life, this technology is implemented nowgslaDisadvantages of the direct
diesel drive are length of the shaft, difficulties balancing and as the result high
vibration and noise level. By implementing EP it possible to avoid these
disadvantages because of much shorter shaft. Tasoms for such propulsion

arrangement are the following:

- required power for propulsion is higher than aud#éapodded units or
azimuth thrusters;

- lack of reasons for podded propulsion (e.g. manguyer position keeping
are not required) ;

- price of realization is much lower.

For maneuverability in case of shaft propulsionderd are used; one rudder per
propeller.

Also for this aim use tunnel thrusters, sometintes cheaper than azimuth thruster
technology.

The propeller suitable for this application is HfiRed pitch propeller) which is
used with variable speed drives. Much rarely withriable speed drives CPP
(controllable pitch propeller) is used. It allowstting higher efficiency in a wider
range of operation, but does not normally justifie textra investment cost of the
equipment.

The propeller drive either in diesel or electric taroapplications might be
connected to the shaft in two ways: directly orotlyh a gear. Direct connection
requires low speed and high torque from the dnwvieen in case of a gear high speed
and lower torque drive can be accepted. Also tlerpossibility for coupling two

electric motors with gear and shaft. Implementiegrgn EP allows getting benefits in



dimensions and as result in weight of the drivet 8ich a system is more complex,

requires maintenance, has lower efficiency anaidity.

2

T @
o o
Single motor drive Two-winding motor with Tandem motor with Geared, dual shatt

redundant converters redundant converters propulsion

Figurel1l Shaft propulsion configuration [3]

The typical applications for shaft propulsion are:
- tankers;
- large anchor handler vessels;

- research vessels.

Azimuth thruster

In order to develop improved maneuverability tha@magh thruster was
introduced. There are L type and Z type gears withopeller on the one end and shaft
on the other. Z type applies when the motor iszZuootially mounted (when the height
of room is limited). In L type the motor is instdl vertically. Such kinds of thrusters
are used with variable speed drives and FPP (mnghler construction and decreased
low-thrust losses) or constant speed drives and CPP

Azimuth thrusters have some limitations. The powfea thruster is up to 6-7
MW. Also counter rotating is limited because theag designed and optimized for
unidirectional rotation. [3]

The azimuth thruster contains: 2 gears, sealingfanprevention water leaking,
at least 6 shaft bearings. Such construction ispbexn needs good maintenance and
gears make noise. In spite of disadvantages azithutisters find application as units
for station keeping and maneuvering and nowadays eas main thruster in DE

propulsion systems.
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2nd gear

Nozzle

Figure12 Z-type azimuth thruster. [Rolls-Royce propulsion]

Podded propulsion

Next step toward improving construction, increasielgability and efficiency is
making direct drive for propeller which placed adésof vessel hull. The motor is
placed in sealed pod and have the same ability3&@r degree rotation as azimuth
thrusters. The direct drive implementing helps void gears and make construction
simpler, also absence of the system for pitch cbntake podded propulsion efficiency
higher. Electric energy supply to the motor viaxitde cable or slipping rings.
Typically, podded propulsion is designed for pliconfiguration, but pushing is also
possible. Employing pulling type is due to the lp@imamic science and optimization
for increasing efficiency. So, in addition it heljpsavoid cavitations phenomena and as
the result noise, vibration and fast propeller wegput.

Firstly podded propulsion was design for ice-bezakdue to requirements of
high shaft and propeller torque, but then was imgleted for wide range vessel types
because of high efficiency and maneuvering abili&yso one more advantage
comparing with azimuth thruster, it is availableygo range from 1 MW and up to 25
MW. The biggest ones have access for maintena8ke. [
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Figure 13 Podded propulsion [7]

Combined thruster

Sometimes, hybrid systems based on the previoymifgion systems appear. It
happens because of development simulation apglicatind opportunity for modeling
and optimization. The result of optimization is atien some technical arrangement
such as:

- counter rotation propellers CRP (Fig. 14)

- combination of the different propulsion types (shpfopulsion, podded

propulsion, azimuth thrusters) (Fig. 15)

Figure 14 CRP concept [3]
CRP propulsion type significantly improves effictgndue to recovering losses caused

by the water rotation created by the primary prgpeand because of operation



secondary propeller in wake field area. Also CRMprove redundancy because of
avoiding cavitations [8]

The second combined scheme contains all previasujsion types.
Shaft propulsion- main propulsion unit, podded pitefon units is utilized for pulling
and for steering and maneuvering and the lastarigruth thrusters for maneuvering.
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LV thruster
motors
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Podded propulsion

Figure 15 Combined propulsion arrangement

1.6.2 Propulsion drive

The biggest part of generated electric energy entspor propulsion and the
bigger vessel speed is required the bigger eneagyigused for feeding the propulsion
electric motors. As an example the following eliecenergy distribution diagram can

be shown.
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Figure 16 Electric power distribution for a 125000 gt ceughip with service
speed of 21 knots, 47 MW summary propulsion po®gr [



The electrical machine types used in propulsion are
- induction motors;
- synchronous motors;

- permanent magnet synchronous motors.

Induction motor is the most wide spread type of mra& which in used in the
propulsion drive and moreover for almost all rggplecations (air conditioners, fans,
water pumps, winches). Such prevalence is due dosiinple construction, high
reliability and rare need for maintenance, alsaeis lower compared to other motor
types. Induction motor drive suits for applicationall propulsion types which were
discussed above, but only limitation: in the bigveo range the price of synchronous
motors is more cost-competitive. Synchronous magctsgrutilized for both drive types:

constant speed- direct-on-line and variable speegled with frequency converter.

Synchronous machine as a propulsion drive in thetrases not in use. The
exception is high power range- more than 5 MW (ighaft propulsion) and more
than 8-10 for motor coupled with gear also is agplior podded propulsion. In the less
power range induction motors are most attractivgacBronous motors find their
implementation in the high power and torque demabésign principles hardly differ
from typical synchronous machine design, but tla@eesome especial arrangements for
adapting motor for marine application. Marine opierafeatures require choosing and
keeping necessary speed and as the result altielewchine is equipped by variable

frequency converter.

Permanent magnet synchronous motors apply becatise loenefits:

- high efficiency;

- high reliability (on the induction motor level);

- more compact size (important for podded propulsion)
It is used for propulsion in the power range fronfeav kilowatts up to several
Megawatts. Development of permanent magnet matetedhnology allows
implementing stronger magnets and make the enc power (make product cost
competitive), it leads to widest and more frequpatmanent magnet synchronous

machine application.



2 Basic power system concepts

All the elements which were discussed above canstithe whole EP
system. There are some variants of possible systeatization. Each of the
arrangements has its own benefits as well as disddges and it is designed for
operation in the predefined conditions for spedifigpe of vessel. The reason for
researching in this area is requirements for vess&ich should provide wide power
range and operation modes. So for a yacht the psysem structure is much different
as for a bulk carrier or a high speed cruise love. The differences concern a number
of the parameters such as efficiency (fuel consiongger unit of mechanical energy),
maneuverability, vessel speed, deck-hotel energguwoption. In addition if the power
required for the vessel is high (more than 50 MW&ré are probably no alternatives
and it is the reason for implementation high powsfeip delivering system (medium
voltage 1 - 15 kV generators, medium voltage dejiveransformers distributed
everywhere for supplying low voltage consumerssoAin spite of the same equipment
in the different schemes, the each element hasighesquirements which should be
satisfied to have possibility for implementing unch power system or has to be design
for it. Within the framework of the thesis topicetimost important elements in these
schemes, are generators. For the generators systems it is necessary to find out the
next points: freedom in design and implementatiimitations and boundary
conditions.

At this chapter five principled circuit diagramaxamined, they are:

- Fixed frequency and voltage AC system (typicaksdi-electric power-line
nowadays);

- Fixed frequency and voltage AC system, LLC cangton;

- Full power converter AC system;

- DC system;

-Variable frequency AC system.

For understanding requirements basic power systeroepts will be described.



2.1 Fixed frequency and voltage AC system (typical diesel-electric
power-line nowadays)
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Figure 17 Fixed frequency and voltage AC system

All the schemes of this type contain at least twesel engines and generators.
The maximum number can be derived for each casaratepy. This number is a
function of reliability, efficiency, weight and densions and price. Increasing the
number of gensets significantly increases religbiéind redundancy, decreases may
slightly the efficiency per genset, but due to &efiower management summary the
overall efficiency increases, increases weight @lmdously increases the price due to
more work and material required. So, the numbepgeaiset is in the middle point
between these criteria.

As it was noticed earlier the designing principdesl the types of implemented
equipment depend on the vessel type and as thie oesihe power level of the system.
So, using the fixed frequency and voltage AC systentept for a 100 MW ship leads
to switching from the low voltage to the medium tage system for avoiding
significant currents increase. But it requires soawions and arrangements for
providing safe operation and maintenance. The ehgél of this task is the fact that all
the electric equipment is placed in a small araaadditional insulation improvement
is required. Medium voltage arrangement includalsage range from 1 up to 15 kV
(1-60 MVA). In such a power level there are not ynaariants for choosing of the
generator type. In almost all cases it is a medrottage synchronous generator which
is equipped with damper winding for preventing tegulsations and unstable states.

There is not much freedom for designing such aesyst

In the case of lower power demands, for exampl®¥0, there is much more
freedom for the power supplier designing. Cominghis power level it is possible to
operate with a low voltage system. At least parthef system can be operated at low

voltage (< 1 kV AC). Delivering system can be mdude using standard industry



delivering components designed for the voltage eamg to 690 V. In such an
arrangement transformers and converters are atporee but obviously differences
between primary voltage and secondary are muchrlang as the result mass, size and

price of equipment are lower.
2.2 Fixed frequency and voltage AC system, LLC construction

The low loss concept was designed and patented &ysW. The main idea of
implementing such a system is reducing and elinngatlosses for energy
transformations. Comparing with the first arrangetmihe second one (See Fig.18)
does not have any transformers except common 3@eeghase shifting transformer.
This device is used for eliminating and cancellithge highest current harmonic
components which usually are induced by the raotfybridges of the frequency
converters. In comparing with the previous schethe, total harmonic distortion is

better and less than 5%.
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Figure 18 Fixed frequency and voltage AC system, LLC corcsion

Also excluding additional transformers leads tandigantly reduced mass and
volume. This fact is very important in case of dmadssels’ building, where the
guestion of space and mass is one of the main @m=aking about the generator
designing freedoms it is worth noticing that thetfaf transformers lack requires either
low voltage generators and distribution system awgxful full power converters with
embedded VSRs (voltage source rectifiers) whiclcapable to keep output voltage on
the rated level.

The power range covered by LLC is from 5 MW up ™ MW. The main
challenge in the power propulsion design is matghsystem parameters and



operational requirements (profile). This requiremeéirected to optimize available
power, required power and time of idling or partiaty. The well fitted system allows
reaching up to 10 % fuel economy. Also in caseheffiroper applications the mass of
the power system may be reduced up to 35 40 % compared to the typical diesel-
electric power system [11].

But in the same time there are disadvantages of ki@ EP system. All the
generators work for the common bus. There is newdi@pnce between the prime mover
speed and the power demands. Even if consumerseetfli% of the rated power, the
generator should be rotated at the rated speeds ®bjective comes from the
consumer’s requirement for keeping voltage andueegy constant. The prime mover
is operated out of the optimal work region and comss much more fuel (the
consumption reaches the level about 300 % compavitig optimal operational area
when the output energy reduces only for approxim&@ %). This fact takes place not
only for the LLC concept but also for the typicakE[propulsion system. For more
detailed description, please see the fuel consemptnalysis part.

Also, except energy losses for keeping the rateguiency and voltage, gensets
require precise controlling of the fuel consumptionproviding the constant rotational
speed and as the result frequency. The auxiliasyesy for speed control is shown in
the Fig. 19. This requirement comes from hotel dack grid equipment. There are a
lot of electrical devices which are sensitive foput signal. These equipments also
include navigation ware, radio link, azimuth tharstontrol unit and other devices in

the captain’s bridge.[11]
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Figure1l9  The governor principle in the speed control lobp diesel engine.[11]



2.3 Full power converter AC system and DC system

The previous two concepts are widely used nowadaygssuitable generally for
high power ships, such as heavy container shipswse vessels. The most effective
application they find in the power range about M0/. But at present new power
system concepts try to find application and geheralthe lower power range (about
10 MW). Such concepts are full power converter A8tem and DC system (Fig. 20,
Fig. 21). These two power systems include the agangements taken from the LLC
power system. The main advantage of which is eltmg additional energy
transformations or at least significant reducing@ thumber of the transformers,
comparing with typical DE power system. It allonettghg benefits in the system mass,

dimensions, cost and efficiency.
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Figure 20 Full power converter AC system concept
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Figure21 DC system concept

In general from the generator view point thesdesys are similar. They give a
lot of freedom for the generator parameters desigee there is no importance to keep
certain frequency and there is no point in keepiagpd voltage on the generator
terminals. It gets possible to avoid frequency auhng since in the schemes the
frequency converters are employed. In the firstceph there are two AC-DC-AC
converters and in the second AC-DC converters sed.un full power converters step-
up functionality is inherently embedded to keepstant DC or AC voltage on the
terminals. These facts distinguish these two cascémm LLC and gives wide

freedom in the generator design and fuel consumyitémefit.



Designing freedoms
Since it is not necessary to control the frequemtyhe terminals it is possible to apply

different generators:

- asynchronous (cheap, but slightly lower efficiedoyw cosp, heavy)

- synchronous (more expensive than IG, has lowetieffcy than PMSG)

- permanent magnet synchronous (high efficiency @@8%), high cog,

expensive)

Also designing of the generator for the higher fieacy makes such concepts
more attractive. Increasing frequency leads toisegmt reducing in the generator
mass and dimensions when the power remains the $iatnere are transformers in the
circuit their dimensions are reduced too if higheguencies than normally are used.
The SG and PMSG if they are implemented in suclersels do not have to contain
damper windings in the rotor, due to the fact ofrkireg for rectifiers or full power
converters. It means that there is no torque polsaind as the result there is no energy

dissipation in the damper winding, it allows saveggne more energy.

Fuel consumption

For analyzing fuel consumption it is worth to loakthe diesel engine power
curve. Figurel? is the energy efficiency estimatngve for 2 MW diesel engines. The
weakest point of LLC is the fact that a diesel ddamork in rated speed even in the
case of low load. In the power curve there areedlosqual consumption lines- areas
with the same specific fuel consumption. 100 %sedufor the most efficient mode and
in this area ratio watt-hour per gram is highegpidally in the range of 200g/kWh.
From the figure it can be seen that for keepinghigbest power per consumption ratio
(to stay in 100 % loop) it is worth to reduce tmankshaft speed, but not just reduced
power taken from generator (that is equal goingigitt down). Judging by the curve it
is clear that full power converter AC system and §Gtem have significantly bigger
efficiency in the partially loaded modes. Even &sstor converting from AC to DC and
back are less than the estimated efficiency ineteksr example, when generating
1.3MW with reduced speed (825 rpm) the specifi¢ Ga@sumption increases from 100
% to 115 %, but in case of typical DE propulsionL&iC EP system is the specific
consumption can reach e.g. 155 % at 900 rpm conspaed operation.
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Figure 22 Approximated power curve for diesel engine. [12]

As it was noticed above these concepts are the samethe generator point of
view but judging by efficiency they are differefihe main difference is an extra power
conversion in full power converter AC system; ltedanot look necessary (clever) to
apply 8 extra conversions and 2 additional tramséws. From the efficiency point of
view the DC concept looks much more attractive. iBig worth keeping in mind, that

the high efficiency cannot be achieved without Hegrel power management.

2.4 Variable frequency AC system

This concept is a modification of the full powemneerter system. The FPC (full
power converter) concept was improved by the elataom of the part of the power
converters. Such a configuration might have evghdri efficiency than the DC system
concept, but has significant disadvantages. Thisngement allows avoiding at least

half of the propulsion losses but requires addéi@pecial electrical equipment.

The generator for the variable frequency AC syssbiould be equipped with a
damper winding for preventing torque pulsation ba shaft. The damper winding in
the combination with torque pulsation causes aoldlti losses, which can not be taken
into account in the efficiency estimation. Also rinas problem with changing the
system frequency. By using the generator withoutveder it is easy to change
frequency and as result rotational speed of progulsirive. But when the other

generator, connected in parallel, is switched orcah cause problems with the



frequency synchronization of thé& gienerator and the frequency on the terminalsef th
second generator’s inverter. Also not only freqyeslbould be adjusted, but there is
requirement of the precise synchronization of tio#tage from the different power

sources. It is necessary for avoiding overloadsnaf of the generators. And of course

smart power management is mandatory.
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The requirements listed above cause to signifisaphistication of the system.
And as the result it influences the reliabilitygubleshooting, period and complexity of

the maintenance.

An optimal generator for this power system is lawltage synchronous
generator with damper winding. As a variant IG barimplemented but all the benefits
connected with increasing efficiency will be elimiad and on the output there will be

complex, unreliable power system with low efficignc
2.5 Concepts comparison.

For proving the information and the description tbé propulsion system
concepts provided above it is necessary to makengarison which should includes
different parameters such as mass, volume, effigietunfortunately the prices
comparison cannot be provided in the frameworkhaf thesis due to the fact that the

price is a function of the big list parameters aadnot be estimated.

For being correct in the comparison of the powsteay concepts it is necessary
to select the power range. As was noticed earlyfiteetwo concepts are optimal for
the high power systems, but they might be impleettifdr the medium and low power
vessels, when the rest of the concepts are desigeedrally for low and medium

power. Consequently for having possibility to comgpeoncepts a 6 MW ship power



plant was chosen. As the example of the implemiemtatich a plant Nor Valiant ship

(Fig. 24) was taken.

Figure 24 Nor Valiant ship, the base for the concept congueri13]

Nor Valiant is the vessel for providing a wide rang the subsea support work
for ROVs (underwater remote operated vehicle) amdaf semisubmersible drilling
platform service. This ship was taken for analyzacgording to the chosen power level
and the operational modes. Nor Valiant has theesystf dynamic positioning and
significant part of the time is spent for such @pens. That is why the benefits of

using EP system are predictive.

Nor Valiant was built in 2008 by PT Jaya AsiaticiBfard. She is equipped
with two Wartsila diesel engines of 2 MW each whate the drives for the Z-type
azimuth thrusters. Table 2 contains the main pat@mef the ship. The main deck is
700 nf which provides enough space for ROVs and equiprsefiet keeping and usage.
Nor Valiant is fitted with a helicopter deck for athand medium size helicopters for
personnel transporting and evacuation. [14]

For detailed ship configuration and space arramgersee the Appendix 1.

Initially the requirement of the generation poweas selected equal to
6MW. In spite of changing propulsion system frone timechanical to electrical, the
power of each engine was saved on the level of 2. W it was decided to install 3

gensets in spite of 2 diesel engines, with thel@uyigenerators removal.



Table2 Main characteristics of Nor Valiant [14]

Name Nor Valiant
Type Subsea Operation Vessel
Owner NOR Offshore
Shipyard PT Jaya Asiatic Shipyard
Delivered 2008

Ship characteristics
Tonnage 3111 dwt
Length overall 78.00 m
Breadth 20.40 m
Service speed 11.50 knots

Propulsion system

Main engines 2 x 2040 kW, 1000 rpm Wartsila 6L26A
Direct diesel drive in combination with Z-type azith
Propulsion type | thrusters

Main generators | 3 x 500 kW, 1800 rpm Caterpillar 3412 440V / 3 Ph H80
Emergency

generator 1 x 58 kW, 1800 rpm Caterpillar C4.4, 440V / 3 Ph H&O
Shaft alternator | 2 x 1600 kW, 1800 rpm at 440V / 3 Ph / 60 Hz

Bow thruster 2 x 600 kW Electric-driven Wartsila LIP tunnel typeRE)
Steering gear ASD

Propulsion 2x ASD, CPP with nozzles, Watrtsila Lips

Rudders ASD

Type of fuel Marine Gas Oil

Fuel consumption o5 1#/24 hours at max speed (12 knots)
16 n7/24 hours at eco speed (9 knots)

The power level of the thruster was saved but attintiirusters were replaced with 2
podded thrusters Azipods CO supplied by ABB 2.3 M#¢h. The bow thrusters were
left without changing. Since this vessel was Huittthe subsea support work, the main
operational task is the power supply of the hotadkdand partly is keeping the position.
There are possibilities for utilization almost afiergy for the operational purposes. 5
MW of the electric energy can be supply to the hdéek grid. For meeting this
requirement it is necessary to increase the powsugmplied transformers or inverters
depending on the concept.

All the information concerning the required elet equipment which was
necessary for comparison is in the Table 3 and erdblThe data for the concept
comparison have been obtained from the suppliethefpower equipment (in such
cases it is reflected on the tables or bellow themdn the base of analyzing market

and selecting average values.



Table3 Power system concept compariséirst part):
Power system
concept
Units: Fixed frequency and voltage AC system, typical DE propulsion Fixed frequency and voltage AC system, LLC construction
guantity (mass) (Fig. 17) (Fig. 18)
guantity, type mass, kg d|merr]§|ons, efficiency,% quantity, type mass, kg d|merr1n3|ons, efficiency,%
g 3 X 2040 kW 3 X 2040 kW
Prime movers : 18100 X1.9% 467 : 18100 X1.9% 467?
Wartsila 6L26A SBNLENZL Wartsila 6L26A CBMLEINEL
Generators 3 XSG 7200 n/a 95 3 XSG 8100 n/a 95
: 2 X AZIPOD 2 X AZIPOD
Propulsion motors 27000 X5.7X% 94 27000 X5.7X 94
p (2300 kW) 4.8X5,7%X2.6 (2300 kW) 4.8X5,7X2.6
5
Drives transformers 2 X 400V/6kv no
(2500 kVA) 5500 2.6X1.6%X2.4 99.3
: 2 X AC/DC/AC? 2 X AC/DC/AC?
Main stream converters 4780 X(0.7X 95.3 4780 X0.7%X 95.3
(2300 kW) 5.3X0.7%2.3 (2300 KW) 5.3X0.7%2.3
Main stream rectifiers no no
Bow thrusters 2 X 600 kW Wartsila no data 2 X 600 kW Wartsila no data
2 X AC/DC/AC? 2 X AC/DC/AC?
Bow thruster converters 2000 X0.6X 94.8 2000 X0.6%X 94.8
(900kW) 2.4X0.6%2.4 (900kW) 2.4X0.6%X2.4
Bow thruster transformers 2 X 400V/6kV* 2180 2.0X1.3%2.0 99.1 no
Hotel, deck transformers 2 X 400V/6KV° 5500 | 2.6X1.6X2.4 99.3 400V/690V° 2500 | 1.5%0.6x2.4 | 993
Auxiliary, hotel converters no no
Summary 169820 | V=276.5m° 154160 | V= 258,3 m3 |




Table4

Power system concept comparis¢econd part):

Power system

Units: EorcERt Full power converter AC system (Fig. 20) DC system (Fig. 21) Variable frequency AC system (Fig. 23)
guantity (mass)
mass, | dimensions, mass, dimensions, mass, | dimensions,
guantity, type kg m /7,% quantity , type kg m /7,% guantity , type kg m N.%
Prime movers 3X2040kW, | 18100 | 4.2x1.9x2.0 | 46 3x2040KW, | 18100 | 4.2x1.9x2.0 | 467 | 3X2040kW, | 18100 | 4.2x1.9x2.0 | 46?
Wartsila 6L26A Wartsila 6L26A Wartsila 6L26A
Generators 3xPMSG® 7500 2.4x1.4x1.2 97 3xPMSG® 7500 2.4x1.4x1.2 97 3xPMSG® 7500 | 2.4x1.4x1.2 97
; 2 X AZIPOD 2 X AZIPOD 2 X AZIPOD
Propulsion motors 27000 | 4.8x5.7x2.6 94 27000 4.8x5.7%x2.6 94 27000 | 4.8x5.7x2.6 94
P (2300 kW) (2300 KW) (2300 KW)
Drives transformers no no no
Main stream 4 x AC/DC/AC? 2 x DC/AC® 2 x AC/DC/AC?
4780 5.3x0.7x2.3 95.3 2500 3.5x0.6x2.1 97.6 4780 | 5.3x0.7x2.3 95.3
converters (2300 kW) XX (2300kW) XX (2300 kW) X
6
Main stream rectifiers no 2 x ACIDC 1800 3.5x0.6x2.1 97.7 no
(2030kW)
Bow thrusters 2 x 600 kKW no data 2 x 600 kw no data 2 x 600 kW no data
Wartsila Wartsila Wartsila
Bow thruster 2 x AC/DC/AC? 2 x DC/AC® 2 x AC/DC/AC?
converters (900KW) 2000 2.4x0.6x2.4 94.8 (600KW) 1000 1.5x0.6x2.4 96.5 (900KW) 2000 | 2.4x0.6x2.4 94.8
Bow thruster
no no no
transformers
hotel, deck
no no no
transformers
Auxiliary, hotel 2 x AC/IDC/AC? 2 x DC/AC® 2 x AC/DC/AC?
4780 5.3x0.7x2.3 95.3 2500 1.5x0.6x2.4 97.6 4780 | 5.3x0.7x2.3 95.3
converters (2300KW) HO X (2030KW) XOBX (2300KW) XO X
V =226.4 15392
Summary 163480 | V=251.8 m° 146400 m® 0 |v=2348m°




Table notes:

1 All the data provided in the table may be foundheiton official web sites (in
case when make is indicated) or in the internethasaverage values for the

equipment;
2 ACS800-37 inverter(2300kW) powered by ABB;
3 ACS 800-37 inverter (900kW) powered by ABB;
4 2 x400V/6kV (630 kVA)TC3I'JI-630;
5 2x400V/6kV (2500 kVA)TC3I'JI-2500;
6 Average data.
The results for comparison were obtained on thee bafsstudy of the
electrical propulsion concepts and also an eledteguipment market. Using
Fig. 25 and Fig. 26 it is possible estimate beseditd disadvantages each of the
EP systems in the mass and volume criteria.
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Figure25 The results of the electrical equipment mass.
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Figure26  The results of the electrical equipment volumes.

It must be noticed that DC system is a leaderoih lof the criteria. And it has

significant benefits in comparison with typical PEopulsion. It is almost 25000 kg of
the mass and more than 56 of the volume. Even in comparison with the nearest

competitor (variable frequency AC system) the besiare 7500 kg of the mass and 8.5

m?> of the volume.

For comparison of the EP systems efficiencies fiteisessary to know the mode
of operation and power distribution and how muchv@osupply to each unit. It is
worth noticing that efficiencies reflected in Tablg and 4 are estimated and generally
the highest values which can be achieved gave dtwdrload. In some cases this

requirement can not be met and it cause to mistBke.the mistakes’ influence

generally for the absolute values and do not spalive results.

So it was assumed that ship operated at ahead maoaeans 2 gensets (~4 MW
of the power) supply propulsion units, the restsgt generates energy for board grid
(~1 MW) and for bow thrusters (~1MW). The powerdes were calculated for each
concept from the diesel engine crankshafts till ghgpellers and consumers. Some of

the equipment was neglected.

The results obtained after calculation reflected @ble 5 and for convenience

on Fig.27



Table5 Power losses in the different EP systems

Power system concept

W

%

Typical DE propulsion Fig.17 846342 14.1
LLC concept Fig.18 815022 13.6
FPC system Fig.20 939987 15.7
DC system Fig.21 698029 11.6
Variable freq. system Fig.23 536246 8.9

“ariable freg.

systern Fig.23

DC system

Fig.21

LLC concept
Fig.18

Concept type

Typical DE

propulsion Fig.17

FPC system

Fig.20 |

a0 a0

10,0 180
Losses , %

200

Figure 27 Power losses distribution

Judging by the result the leader of the efficiercyhe Variable frequency AC
propulsion system, but as was noticed earlier WBidrequency system is very
complex one and all the benefits are overlappeditgdvantages of the system.

On the base of the three criteria (mass, volunfigjexicy) the conclusion can be made

that the best and the most suitable propulsioresy$or Nor Valiant is the DC system.

The DC EP system is 14 % lighter, occupies 18 8% &pace and is 5 % more
efficient compared with typical DE system concdptwe compare with the nearest
rival (LLC), the DC system is 7 % lighter, occupiEs % less space and is 2 % more

efficient (not taking into account the variablequency AC system because of the

reason listed above).



3 Design of the generator and result analysis

After estimation of the attractiveness of the ptejmn concept DC power
system was chosen as the most efficient and seifablsmall and medium size ships.
As a continuation of the efficiency and mass-volurago values improving, two
generators for the DC system were designed. Judgirtje system requirements and
boundary conditions, in DC power system a permanegnet synchronous generator

might be applied. The reasons for implementing are:

- lack of the requirement to keep rated voltage enténminals
- lack of the requirement to keep rated frequenctherterminals

- lack of the requirement to adjust excitation ansifco

These facts get possible because of the fact hleatj¢nerator works with a rectifying
boost-converter. Also lack of the requirement okjag rated frequency on the
terminals allows us to design a generator withghéi frequency. It helps saving much

of steel and space and makes the integration ajeherator to the diesel possible.

For analyzing the material, mass, volume and ashgs a two PMSG were designed.
Also for having an opportunity to estimate and carep benefits from such an

arrangement a typical salient pole synchronousrgéorewas also designed.

Design of the generators can be done by definirdyiattial certain characteristics,
which are:

- Choosing machine type (synchronous, asynchronodsgkz.).

- Type of construction (external pole, internal padejal flux, radial flux

machine, etc.).

- Rated power (for generator active output power)

- Power factor (cog for SM)

- Rated rotational speed

- Number of pole pairs or rated frequency

- Rated voltag&J,, of the machine

- Number of phases of the machine.

For the DC power system generators were takerotlmning requirements:



- Both are synchronous generator (PMSG and SG)
- Rated output powd?, = 2000000 W

- Power factors: 0.95 (PMSG), 0.9 (SG)

- Revolution speed = 1000 rpm

- Rated frequencies: 200 Hz (PMSG), 50 Hz (SG)

- Rated voltagéJ,= 690

The main points of designing synchronous generaii@s
- Checking initial design parameters
- The tangential stresg,ndetermination
- Main dimensions and parameters determinatioyny;, |, o, A, B;s)
- Stator winding and stator configuration designWi, Q, a, N, ku, zg)
- The air-gap flux density updating
- Slot designing
- Magnetic circuit calculation
- Final dimensions determinatiohy hy,, hpm, Dsj, Dso)
- Electric parameters determination (resistancesidtashces)
- Masses calculations
- Losses calculations
- Heat removal evaluation
- Efficiency calculation

- Static loadability checking

3.1 Generator comparison

In this table alternative PMSG was added. This geoe has equal stator
diameter with the salient pole SG. The aim of daisig this generator was making slots
wider for simplification wounding. In spite of tlieg changes in the geometry the main
parameters, volume, mass, cost are almost equdl.af\rthe benefits from the usage
second PMSG instead of the first one are the sarhat is why analysis and

comparison of the generators contain only SG ast BiMSG.

The results of the generation design and parameté¢he generators see in the Table 6.

Table6 Parameters of the generators



Generator type Salient-pole 1 Permanent magnet 2 Permanent magnet
synchronous generator | synchronous generator | synchronous generator
Parameters (SG) (PMSG) (PMSG)*
Parameters
Rated output power P, W 2000000 2000000 2000000
Rated voltage U, /U, V 400/691 400/690 400/692
Efficiency , 95.8 97.54 97.68
Number of phases m 3 3 3
CoSgp 0.9 0.94 0.98
Revolution speed n, rpm 1000 1000 1000
Rated frequency f, Hz 50 200 200
Number of poles 6 24 24
Short-pitch double- Full pitch one-layer. g = | Full pitch one-layer. q
Winding type layer.q =4 2 =1
Short pitching 10/12 6/6 3/3
Peak torque per rated torque 1.8 1.8 1.7
a . Number of the parallel
branches 3 2 3
Ofrtan . P2 24200 40400 40400
A . kA/m 38.2 61.2 60.8
J . Almm? 5.8 5 5
Xdpu 0.81 0.60 0.68
Xaon 0.44 0.6 0.68
| Tapu 0.00744 0.0072 0.0063
Joad . degree 24.2 32 36.8
T, kKNm 19.1 19.1 19.1
Tmax - KNm 33.2 35.9 31.9
Tonax [T: 1.7 1.8 1.7
R, . mOhm 1.59 1.66 1.43
Ly .mH 0.57 0.11 0.12
Lyg . mH 0.53 0.039 0.043
L, .mH 0.32 0.11 0.12
Ling . mH 0.28 0.039 0.043
Ly . mH 0.04 0.07 0.08
Losses, kW
Iron 19.0 19.5 16.4
Mechanical 11.2 6.0 7.9
Additional 10 10 10
Stator resistive 24.1 15.0 13.2
Rotor resistive 18.6 no no
Total 82.9 50.5 47.8
Dimensions
Shaft height 560 450 560
Stator inner diameter. Dg. mm 730 610 800
Stator outer diameter. Dg,. mm 990 770 990
Number of stator slots 72 144 72
Length of stator |. mm 1300 940 480
Rotor yoke height. mm 81.7 21.4 27.6
Stator yoke height. mm 86.15 21.4 27.6
Permanent magnet height mm 10.8 13.3

Masses, kg




Copper 254.5 266.2 255.7
Rotor yoke 608.3 239.2 235.6
Stator yoke 2473.5 3204 294.7
Total teeth 495.8 462.6 370.4
Permanent magnet - 105.4 95.88
Excitation winding 208.3 - -
Pole core 1736 - -
Rotor hub - 750 790
The total mass of the active parts 5750 2150 2050
Cost, EURO
Copper 2420 2530 2430
Rotor yoke 850 500 500
Stator yoke 3450 670 620
Total teeth 700 970 780
Permanent magnet - 10540 9590
Excitation winding 1980 - -
Pole core 3300 - -
Rotor hub - 630 660
The total mass of the active parts 12700 15200 14600
Alternative cost 14700° 9400° 9300°
Specific parameters

Power density , MW / m® 1.2 2.8 2.85
Power density , MW / Ton 0.35 0.93 0.97
Cost per MW , Euro / MW 7350 7600 7300

Table notes:

1. Seeload curves in the Fig. 27, Fig. 28;

alternative magnet was taken into account (quaétyfication is necessary);

2
3. excitation system was taken into account
4. In this table alternative PMSG was added. This ggoe has equal stator

diameter with the salient pole SG. The aim of dasig this generator was

making slots wider for simplification wounding. $pite of the big changes in

the geometry the main parameters, volume, massaoeslmost equal. And all

the benefits from the usage second PMSG insteditedirst one are the same.

That is why analysis and comparison of the genegatontain only SG and first

PMSG.

On the Figs. 28, 29, 30 there load characteristibedesigned generators
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Up to date data was used for cost calculation whiak obtained from the field-
oriented companies. The costs per kg of the méata&in the Table 7.

Table7 Approximate Materials price
Price,
Material Producer Make EUR / kg
Electric steel Surahammars Bruk M210-27A 2.10
Electric steel* Surahammars Bruk M235-35A 1.90
Electric steel* Surahammars Bruk M400-50A 1.40
Electric steel® Surahammars Bruk MB800-50A 1.20
Permanent magnet2 Neorem Neorem 793a’ 100-150
Chinese analogue
Permanent magnet® | (alternative design) n/a 45.00
Copper4 n/a n/a 9.50
Construction steel* n/a n/a 3.00
Table notes:

1. Source: Surahammars Bruk (buying 15-20 tones)on
2. Prices of the permanent magnets are very muthbla, they depend on

prices for rare-earth metals, shape and matteaokquired magnets, volume
of supply and others.
3. Such a magnet type was chosen and used
4. This prices are not high quality, they are iarshaccess and were taken in the
Internet. May be used only estimation and canispn in the first approach.
On the Figs. 31, 32, 33 all the generators are sh@vawings were carried out on

using original dimensions.



Figure 32 1 PM synchronous generator drawbg= 610 mm



Figure 33 2 PM synchronous generator drawbg= 990 mm

See, also, the generator drawings in scale ofih:ifte APPENDIX 2

3.2 Numerical analysis

These two generators were analyzed with the felgenent program ELCUT.
And the following results were obtained, see FR&%.35 and 36. Using ELCUT, flux
densities in the air gap, yokes, poles, teeth vobtained. Results of the calculation
were proven with allowable mistakes. Simulationsespond to the idling when flux is

rated.
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Figure34  Result of the Salient pole SG simulation in theCEIT
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Figure35  Result of the first PMSG simulation in the ELCUT
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Figure 36 Result of the second PMSG simulation in the ELCUT

3.3 Price analysis

It is worth noticing that the prices obtained as tasult of study are the prices
for active part materials, when a real price ineldstudy, tools, materials, staff salary,
spent energy, handling and a lot of the additiepainding. But in the first approach we
can judge by this result and assume that the additcosts are about equal.

Also in the result the excitation system price floe synchronous generator was not
included. The necessary power for excitation ik Price for such a system were
taken 2000 euro (according to the average euro/alyevfor electrical machines).

On the base of the previous calculation Fig-81g. 41 were made.

In Fig. 37 there is comparison of the PMSG and Stgep in different
configuration. The leader of the price is the PMBGalternative configuration. It
means that it is equipped by alternative magnelt® fiext is the SG, but in such
configuration SG can not work because it needsxaitez. Taking into account the

exciter price we get the third result. The mostesgive is the PMSG with Neorem



magnets. In Euros the difference between the PMRI545 is about 1000. But anyway
this difference is not high compared with the cofsthe end product and installation.

But the benefit from the increasing of the effi@gis significant.
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o SG |
o
© i
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c
8 SG & exciter
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Price (active part), Euro

Figure 37 Prices distribution (in euro)

The difference in the rated efficiency is 1.74 %.
Further some estimate calculation for analyze a&mi@l benefit with the improved

efficiency

SG:

P, =2000000 Wx 3= 6000000 W
Ngen = 0.958

”diesel = 045

t =24 hours

Avers = R _ 0000000024, 5 5/ woh= 1201543083 10
R gen [ geser  0.958110.45

A‘ueI_SG = Cfuel |]n fuel

Cdie’sel = 42D'd3 i
kg
Mo 6 = Auel sc _ 12015438400 J: 28608 kg

Cdiesel 42 D_(f i
kg




first PMSG:

P, =2000000 W« 3= 6000000 W
Nyen =0.9754

Nieser = 0.45

t =24 hours

Al pusc = R _ 600000024, 3.28[16 Woh= 1180109839 10

Moo Bgess  0.975470.45

A‘uel_PMSG = Cfud |]nfuel

Cdi(—:‘sel = 42D'03 i
k

g
My s = Avel prsc _ 118010983%] 10 % 28097 kg
Cdiesel 42|:|_03 .
kg

AM=Mye 56~ Mpyer pwsc= 211 kg

Every 24 hours it helps saving about 510 kg offthed at full load. If take fuel price
equal 0.5 eurol/l, it helps saving 260 Euros pekdperated day. When ship is full
loaded for example one thirds of the year the summeonomy reaches 31630 euro
Also it is worth take into account lower requirerteenf the PMSG for maintenance

because of lack of the exciter.

3.4 Consumption estimation

P, =2000000 W
Myen = 0.958
Niese = 0.45
t =1 hour
P, _ 2000000]1

= = =4.64000 Woh= 1.67116
Aueprsc Ngn Bia  0.95810.45

AueI_PMSG = Cfuel |]nfud

Cdiesel = 42|:|_di kig

_ A‘uel_PMSG _ 1.6716° J

Myel_pmsc = = 3 3% kg

Cdiesel 42 D_G’ .
kg

r‘nfueI_PMSG D.03= 398 kg — 199ﬂ
= 2000 kw kW

Consumption=



P, =2000000 W
Myen = 0.9754

”diesel = 045
t =1 hour

Auel puisc = s = 2000000]1: 45616 Wih= 1.64116
- M gen W e 0.975470.45

AueI_PMSG = Cfuel |]nfud

Cdiesel = 42|:|_di i
k

g
0
Mol pmsc = Auel_PMSG = 1.64710 3 J= 390 kg
Cdi(—:‘sel 42|:|_(j3 =
kg
Consumption = Muetpuss pp - 390 K9 _ () 195 K9
= 2000 kW kw

Unfortunately, efficiency and benefits study attighioad can not be done in the frame
of this paper because of lack data for the diesgine. Inthe Fig. 22 there is load and
efficiency curve for the diesel engine. But thisrva can be taken only for
understanding. Each engine has its own load/effoyiecurve. And evaluating
efficiency using this figure lead to the signifitanistakes, and cannot be taken as the
truth.

In the specification for the chosen diesel engM&itsila 6L26A) there is no such
information. And this information is unlikely cae lobtained from the official source.
But it is obviously that when load is decreasinffedence between the SG and PMSG
increases because the SG has to be rotated ahobsgeed when PMSG can be rotated
as fast as it is necessary. And according to Rgh2 difference between efficiencies

can increase in 1.5 times.

3.5 Masses analysis

Judging by the following diagrams the benefitshidf PMSG are not only in efficiency,
but in mass. Mass is quite important value. Theelomass of the power system more
cargo the ship can take.



The mass of the PMSG is about 36 % of the SG wighetxciter mass. It is obviously
significant benefit of the PMSG which helps deceeasass for more than 50 % (4000

kg)
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Figure 38 Masses distribution (in kg)
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Figure 39 Percentage balance of the masses

3.6 Volume analysis

Also the valuable benefit can be got in volume \whgoccupied by generators.



The results of the volume distribution are on thg. B0 and Fig. 41. The volume
results are near of the mass results and the PM§@res 60 % less volume than the
SG with the exciter.
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Figure40  Volume of the generators (in®n

The requirement for the volume is also very impartahe less volume the wider
opportunity for the power system placement and rreedom for EP arrangements.

Also more space in the rest for the cargo.
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Figure4l Percentage balance of the volume



4 Summary

As the result of this study several electric prgpart concepts were analyzed.

They are:

- Fixed frequency and voltage AC system (typicaksdi-electric power-line
nowadays);

- Fixed frequency and voltage AC system, LLC carngtion;

- Full power converter AC system;

- DC system;

-Variable frequency AC system.

Each of the concepts is good for its own area ¢fieqtion. Their parameters such as
efficiency, reliability mostly depend on the vessile and operational mode.

For analyzes low and medium power range ships alewsen. On the base of required
electrical equipment, their sizes, efficienciesk€a 3, 4) was made. After comparing
total efficiencies, volumes, masses two of the fixexe chosen as the best. They are the
DC system and the variable frequency AC system.tBeitsecond one requires very

sophisticated control system and was thereforeuered from approval.

For the DC power system three different generat@re designed. They are:

- traditional salient pole synchronous generator

- Two permanent magnet synchronous generators
The salient pole synchronous generator was desifpmdglpical 50 Hz frequency. The
aim of the designing was to make it possible to gara the parameters of the typical
marine generators and PMSG.
PMSG generator was designed with the rated frequeh@00 Hz, but for the same
rotational speed. This generator contains 24 pdles.idea was to analyze the potential

benefits when the frequency is higher.

The result is the next:

- Higher efficiency of the PMSG than SG (it was potalle, and it helps to
return the cost of the generator approximatelywia years if the PMSG is
implemented instead of the SG);

- Reduction of the generator mass at least by 50 %

- Reduction of the volume at least by 50 %



- Taking into account higher efficiency of the PMS@eir cost is
competitive;

- DC power system concept with the implemented PM8@&semes in some
conditions up to 50 % less fuel at partial loachthgpical SG in any electric
propulsion system. This effect is based on the flaat in the DC power
system frequency and voltage at the generator tatsnmay vary. Only the
required power is important, for highest power legthrotational speed is

accorded)

The permanent magnet technology has a potentiakitprificant developing in the
future, mainly in the field of higher frequency.sél PMSG has potential for improving
the efficiency comparing with the traditional woufield generators. But nowadays
significant obstacle is the power range accesstl®MSGs in the frames which were
discussed before. The main obstacle is the nunfiggoles and the space for windings
and teeth. Looking at the drawing of the PMSGsibbvious that there is much free
space inside the generator. To reduce this spa&oeeabsing pole numbers and as the
result decreasing diameters it is required to switom low speed (1000 rpm) to high
rotational speed (approximately 10000 rpm). It, begr, should require also switching
from diesel engines to gas or steam turbines wisictot competitive as diesel has the
best efficiency.

The power of such PMSG might reach 40 MW (3600 rfi§)

So judging by study [15] the 5 MW PMSG (15000 rpmgss 1700 kg, when

designed in the frame of this study 2 MW PMSG (1688) mass 2000 kg (only active
part).

But nevertheless implementation the PMSG evenvndpeed operation is a significant

step towards efficiency improvement and technoldgyelopment.
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6 APPENDIXES
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APPENDIX 2: Designed generator in the scale of 1:10




