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main technological measure to improve ship Energy/Propulsion system
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Variat;l'e pitch Progressive evolution from 199X-200X years
propellers
Source French Technical review for

Engineers /D5610
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» Operating points of the propellers and the sources are dissociated :
» optimisation of sources/propeller operating points /fuel consumption/emissions
» Increasing reliability

» Supplementary degrees of freedom in naval architecture

» Discretion

» Integration of NG sources (ESS, Fuel Cells, RE) and loads, Hybridation

» Evolution toward HV-DC grids and zonal smartgrids
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Source : Kanellos, Fotis & Anvari-Moghaddam, Amjad & Guerrero, Josep. (2017). A cost-
effective and emission-aware power management system for ships with integrated full electric
propulsion. Electric Power Systems Research. 150. 63-75. 10.1016/j.epsr.2017.05.003.

HV DC grid and/or zonal smartgrid
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Legend:
M = Motor

ESS = Energy Storage System

FC = Fuel Cell

RES = Renewable Encrgy Sources
ICE = Internal Combustion Engine
GB = Gearbox

Source : OB Inal, JF Charpentier, C Deniz, Hybrid power and propulsion systems for ships: Current status and future
challenges, Renewable and Sustainable Energy Reviews, Volume 156, 2022
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» POD system (motor is located in an azimutal nacelle outside the hull)
» Improvement of manoeuvrability

» Elimination of shafts > Supplementary degrees of freedom in naval architecture

» Possible combination with onboard motors (CRP)

RUDDER : PROPELLER -, BEARINGS . PROPULSION MOTOR
STEERING GEAR | SHAFT SEALS . THRUST BEARING

Source
, http://www.uscg.mil/d9/glib/images/launch/Mack%20Launch%20010.j
h (Public domain)

Comparison of podded propulsion and electrical conventional propulsion (Source « french
technical revue Techniques de I'Ingénieur , D5610»)

» High power (up to 22MW/unit)/low speed (100-200rpm)

Combination of tractin and pushing POD propellers
For a passenger ship Source ABB
|

CRP POD (source Mistubishi Heavy Industries)

» Challenging point in terms of integration/compacity (also true for inboard direct drive

motor)
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main technological measure : toward electrical propulsion systems in ships

—>Electrical propulsion becomes a standard for a large variety of
vessel (electric and e-hybrid)

=> A large range of missions profiles, specifications and constraints

—>main categories
—>Passenger ships
=Scientific Ships (oceanography, etc..)
—=Tankers (LNG)
—>Tugs
—>Moving platforms
—Surface warships
—>Submarines

MAY IMA - DN s #MIDMAXIMA 4 March 2025, Santiago de Compostela



Specific criteria, goals and constraints for electrical machines and drives for ship
propulsion

»Redundancy / Reliability
» Fault tolerant modes
»Highly Reliable technologies

»Compacity

Technology Torque density (N.m/kg)

Air cooled IM or field exited SM [9-12] (approx)

3 MW PM motor for submarine propulsion ( source
Jeumont) Approx Dimensions : L=6m, D=4m

Liquid-cooled permanent magnet /advanced  [18-25] (approx)
IM

» Efficiency (up to [0.98 0.99])

Rem : Significant increase of torque density with diameter

» Integration with propeller

»acoustic behavior, vibration

fluid dynamic
bearings

> Life CYCle im pa cts RIM Driven Propeller principle
(source : Yan et al. Ocean Eng. 2017, doi.org/10.1016/j.0ceaneng.2017.08.045.)
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___~ Stator

Rotor

« Rim-Driven » propellers

Electric propulsion motor is integrated in a nozzle surrounding the propeller ;
blades are driven by the periphery

fluid dynamic
bearings

~
I
» Full integration of propeller and motor
» compacity
» Hydrodynamic efficiency

> Acoustic discretion

RIM Driven Propeller principle
('source : Yan et al. Ocean Eng. 2017, doi.org/10.1016/j.0ceaneng.2017.08.045.)

POD RD propellers
Source Voight

» Suitable for POD systems

» Facilitate unconventional propellers implementation
» Example : Contrarotating propellers (shaft can be avoided)

Test of a RD system (Naval Academy)

Multidisciplinary approach (modeling and design) is needed for optimal
design

N\ Funded by } ‘ d ! Contrarotating RD propeller
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Unconventional machine structures : Axial Flux Machines

»Redundancy and modularity with several possible magnetically
independent stator
» specific integration : contra-rotating propellers, Rim-Driven

. ' . propellers

»Compacity (higher torque density thanks to increase of air gap
surfaces and possible coreless solutions)

source Ouldhamrane, Charpentier et al., IMM 2022,

doi.org/10.1016/j.jmmm.2022.169105.

»Mechanical stability and thermal behavior
» Needs of fast and multidisciplinary modeling and design
specific approach (ie thermal, magnetical, mechanical,..)

Forward Stator

propeller Forward v
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AFPM-motor for contrarotating propellers (source Liao and al. IEEJ 2023, Comparizon in terms of volume and weight for a 2.1MW/105rpm Rim driven
doi.org/10.1002/tee.23920) propeller motor (source Ouldhamrane, Charpentier et al., Machines 2022

doi.org/10.3390/machines10100932 )
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Unconventional solutions : Multiphase machines and drive

Supplementary degrees of freedom used for
»Redundancy (fault tolerant operations, sensorless control, ..)
»acoustic behavior, reducing vibration
»Reducing the constraints on components (high power drives)

» Challenge : Managing the Complexity

> Need to define devoted modeling, control and design method
» Example Fictive machines theory (L2EP, Naval Academy)
> Reliability evaluation (reconfiguration VS complexity)
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Multi-star machines and drive for frigate
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Courtesy of Jeumont

DC bus
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Multiphase PM motor
with low magnetic
coupling between
phases

DC bus

Multi-phase machine for
submarine with independant
supply of each phase (H-bridge)



High Temperature Superconductor Motors

Mainly synchronous motors with HTS field coil> increasing magnetic flux density (and
sheer stress) and compacity (up to [40-60] N.m/kg)

HTS Ship Propulsion Motors

Slide Structure Back Yoke

Armature coil
Field coil

*  Less than half the size

* Less than one-third the weight
* Higher net efficlency

«  Lower operaling costs

« Equivalent prices

*  Inherently quieter

«  Design fiexibility

source Moon et al; IEEE trans on appl superconductivity, 2016
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Couplin, ;
36.5 MW Conventional plng Slalor Cas'ng
(300 tons) 36.5 MW HTS Torque Tube
(75 tons) Vacuum Chamber

(Electromagnetic Shield)
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American Supraconductor 36,5MW Prototype :

120rpm, 75 tons, 3.4x4.6mx4.1m ,Stator AC coils Magnetic field density created by HTS field coil for a 40MW/120rpm design

copper _With oil cpoling R?tor HTC coils : i - (source Chal et al. IEEE Trans on appl superconductivity 2023,
Gaz Helium cooling at 30°K (source Gamble, IEEE Trans on Applied Superconductivity, 2011) doi: 10.1109/TASC.2023.3245057
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» Specific and severe constraints related to maritime propulsion

» Cutting edge technologies are under development to face these challenging goals

> Needs of developing specific multidisciplinary approach for the design of new
generation marine propulsion motors

» New challenges are coming : autonomous (AUV, USV) vehicles with specific
constraints
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