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PTO Design Challenge

PTOand power conditioningystem requirements:
A convert energy from motiom multiple directions

Areact large forcesor torques whilst operating at
low velocity,

Avariable voltageand frequency

Aexhibit high reliability, availability and efficiency
over a wide range of loads
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Aim

developan integrated electrical power take off
system with noAmmechanical speed enhancement,
Integrated and reliable flexible power electronics,
providing adaptive control over a range of operating
regimes, taking into account nominal and extreme
load conditions.
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Research Council CHALLENGES

Objectives

A Develop a low speed pole modulated generator to convert energy from devices
with predominantly heave motion.

A Develop integrated speed enhancement techniques for electrical generators in
wave devices, and apply to the pole modulated generator with the aim of
achieving a force density of exceeding 150kRI/m

A Investigate generator configurations to convert energy from devices moving in
surge and pitch motions.

A Investigate multievel power converter topologies for integration into the
generator.

A Include extreme loadings in the design procedures for optimisation of EDRIVE
PTO systems for survivability.

A APpIy the technologies developed to case studies in which wave to wire models
of each will be developed for investigating system performance and control.

A Lab and~loWavealemonstration of the scale prototypes to verify design tools
developed.
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Academic Partners ==

AUniversity of Edinburgh
A Markus Mueller, Aristide&iprakis Henry Jeffrey
A Richard Crozier, Adrian de Andres, B&Gilton(PhD)

AUniversity of Newcastle
A Nick Baker, VolkdPickert Steve McDonald
A2 PhDs

ATU Delft
A HenkPolinder

AUniversidad de Chile

A Roberto Cardenas

AUNAM, Mexico City

A RodolfoSilvaCasarin
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A Albatern— UK
A David Findlay, Edinburgh
A www.albatern.co.uk

ACarnegie Wave Power, Australia
A Tim Sawyer, Cornwall, UK
A http:// carnegiewave.com/

A Columbia PoweTechnolgiesUSA
A KenRhinefrank Corvallis, Oregon, USA
A http://columbiapwr.com/

ATecnalia Spain
A AinhoaPujana Bilbao, Spain
A http:// www.tecnalia.com/en/enercrenvironment/index.htm

ATurbopowerSystems, UK
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Background & Context
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Research Council

Engineering Challenge: Electrical Generator

ALow speed
AWind: 1IMW-20rpm, 7MW-10rpm
AWave: reciprocating,-1.5 m/s peak
ATidal Current: IMW- 10rpm

AHigh force or torque requirement

ADirect Drive
APhysical size, weight,

APermanent Magnet Cost and Availability
AEnvironment—corrosion, impact of marine loads
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Research Counci C HALLEN( ES

Engineering Challenge: Power Conversion

AVariable prime mover
AWave:

Phase Voltage (V)

Time [sec)
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DlrectDrlve Challenge - Oyster

ed Power - Ou tD ut Power ¥s Rotational Speed
T T

‘ Ee/ -DRIVE e SR N

100 f----m-=s S ASEEEED e —#— Desired Power [
: —— Output Power

a 1 2 3 4 5
Rotational Speed {rpm)

Efficiency ¥s_. Rotational Speed

Diameter 6m

Total Weight 118,6t S S T
Total Generator Cost £ 3,066k e R R T

Power Electronics Cost £ 116k o <> _______ - __________
Total Cost £ 3,182k s e I o

Rotational Speed {rpm)
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Research Council CHALLENGES
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Background and Context

ANick Baker PhD, UniversitfyDurham

ALinear Generator for Direct Drive Marine Renewable
Energy Converters

flux path

* stator core

translator ) i translagtor

— permanent
magnet
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Background and Context

ARichard Crozier PhD,
Universityof Edinburgh

A Optimisation and
Comparison of
Integrated Models of
DirectDrive Linear
Machines for Wave
Energy Conversion
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Research Council

Pole Modulated Machines

ATransverse Flux Machine

AHigh Shear Stress at the airgap
A200kN/n? reported byWeh
A4-5 times conventional PM synchronous machine

AConstruction is challenging
APower Factor is an issue

s A
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What type of TFPM machine ?

]
TU Delft

A Itis necessary to find the most suitable type. How?

EEC

A number of TFPM machine types have been proposed.




Comparative design of PM machines

a) RFPM machine b) TFPM machine-1 c) TFPM machine -2
T
T, h,
Seocc;)rqiiarypart
d) TFPM machine 3 e) TFPM machine -4

Core
Secondary part

T
]
TUDelft




Design parameters

Material parameter Generator parameter

Remanent flux density of the magnets (T) 1.2
: — Generator power, P 5.56 MW

Recoil permeability of the magnets 1.06
L : Rotational : 12

Resistivity of copper at operating 0.025 otational speed, 7p/m

temperature (1 nm) ' Number of phase, m 3
Costmodeling Nominal current, /, 675 A

Laminations cost (U/kg) 3
Copper cost (i/kg) 15 No-load voltage, ¢, 2746 V
Magnet cost (U/kg) 25 Air gap length, /, 6.14 mm
Air gap diameter, D, 6.14 m

T
]
EEC TUDelft




Active mass [ton]

Cost [kEuro]

Comparison
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Archimedes Wave Swing

Linear PM synchronous machine
Rating’ 2MW

Averagei 400kW

Stroke i 4to 7m

Velocity <= 2.2m/s

Double sided

Stator 7 5.6m

Translator i 8.4m

Mass ?

To o To To To To Do Do Do

erdrator efficiency
=
wn

1]
3
57 . ] 15
1 ; 0
amplitude {m) 05 period (5}
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C-GEN —an air cored machine

Magnet

wina.;i i Iron bearing
ng translator

AS0kW pK)
AVpk= 2m/s

AMachine Length = 3m
AStroke = 2m
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SNAPPER —EU FP/, Narec

EPSRC (@

Phase 1
F

. —
spring

Spring force is less than """\ S EEEEeE

magnetic attraction force: :

Translator andammature .~ i

Copper
Winding /

Coill \

move in same direction.

Phase 2 Fopringt™
_ N
l Spring force matches

Armature magnetic attraction force: “_. Five

Armature movement W

ceases

Phase 3

Armature becomes
decoupled from translator
and begins to move at high
velocity relative to the

Springs translator.
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CHALLENGES

Research Counci

SNAPPER — the movie
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Research Council CHALLENGES

Stator Laminations
and excitation coils

Static array of
permanent magnets

Speed Enhancement

Low speed input rotor
connected to blades
{array of pole-pieces)

High speed inner
rotor (Permanent
magnet array)

AElectromagnetic Gearing

ATorque Density: 100kN/fn
AMachine: 1630kN/m?

#

Magnomaticsaand Uinversityof Sheffield

Gear stator

Application of Linear Magnetic Gears for Pseudo-Direct-Drive  Oceanic Wave Energy

Hanesting, Lietal, IEEE TRANSACTIONS ON MAGNETICS, VOL. 47, NO. 10, , ; FFit=.-h:i-mod:,1I:Jni_on
OCTOBER 2011 nner air-gap (Eg\ovlz;z;]ger;% lrtr:]:;l\:'lgrfi

Outer air-gap

THE UNIVERSITY of EDINBURGH | |ngtitute for Energy Newcas_tle
School of Engineering Systems UHIV@I'Slty




& -DRIVE EPSRC (@

Enginesring and Physical Sciences GRAND
Research Council CHALLENGES

FILE |
A wew ot the finde clemest mocel of the design I
hragnel

EVE COORDHATES 1
0. 700 0.5000 Q0000

Speed Enhancement

Spiral threads

Magnet
gl MEgnet
.

A Electromagnetic Worm Gear
A Prof Dave Rodger
A BathwickElectrical Design Ltd.

Comparison with other machines

AMSC[IO][NREL[IO]|GE[9] | BEDL
HTS PM LTS OMEGA
10MW 10MW IOMW | I0OMW
o/dm 57 43 483 438
Active .72 6.78 [.88 1.0
Length m
o kKN/m? 7?7 42.0 179.0 |400.0
Totalmasst| I142.0 311-336 1450 [64.0

Nowel Lightweight Wind Turbine Generatior, Rodger et al,
UK Mag Soc Seminar on Nowvel Machines, Newcastle Feb 2015
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PTO Design Challenges

AReliability
AAffordability
AAvailability

AEfficiency- at all
loads

ASurvivability
AAIll impact onLCoE

St
/Pl THE UNIVERSITY of EDINBURGH | |nstitute for Energy
NN/ School of Engineering ‘ Systems
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SUPER

Aerospace

AAIl ElectricAircraft.

AReplace hydraulics with
electric systems.

AReliability

AFault Tolerance
AEfficiency

AHigh Power Density

Newcastle
University
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WP Description

Newcastle

QP THE UNIVERSITYof EDINBURGH | |nstitute for Energy + University

y= School of Engineering Systems




‘ 3@ - DRIVE EPSRC (& |

WP1:Integrated Electrical Generator Speed
Enhancement Design

1.1. LowSpeed Pole Modulated Generator for Heave
BasedDevices, NClead, TU DelftM1-36

ALearn from automotive
ASoft Magnetic Composites & Modular
ADesign study of different topologiesTUD

AOptimise for high force density, low inductance,
efficiency

AElectromagnetic, thermal and structural

Newcastle
University
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Research Council

WP1:Integrated Electrical Generator Speed
Enhancement Design

1.2 Speed EnhancemenUoElead, NCL & TU
Delft,M1-36

ANonmechanical technology
AMagnetic gearing options, internal and external
AMagnetic ball screw
AMagnetic worm gear

Alnternal/external spring
ASystem force density target150kN/m?2
AHigh efficiency and low cost

‘ 3@ -DRIVE EFSRC /‘“"
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Research Council

WP1:Integrated Electrical Generator Speed
Enhancement Design

1.3 IntegratedGenerator Speed Enhancement Design
Review, joinlUoENCL lead, TU Delf12

Alntegrate tasks 1.1 & 1.2.

AOptimum electrical generator system with speed
enhancement

ARecommendations for different wave devices

Adirect drive only;
Amagneticgearing with low speed;
Ainternalgenerator spring with low speed generator;

... Aexternalelectromagnetic spring with low speed
7 THE UNIVERSITY of EDINBURGH | |ngtitute for Energy Newcastle
' School of Engineering ‘ Systems University

‘ Ee/ - DRIVE EFSRS /"‘" '




Research Counci

WP2: Integrated Power Converter Generator Systems
ANCL leadPickert& McDonald,University of ChileM1-36

A Thermal cycling is an issue for power converters.
A Low frequency pulsating power flow in wave.

A Multiple Bidirectional inverters connected in series for multi
phase machines.

A Approach used in wind and automotive, but not fordiectional
power flow.

A Smaller, cheaper devices.
A lmproved reliability, modularity, flexibility

A Interactions will be evaluated and optimised:
A converter architecture,
A machinepower factor,
A power flow, cost,
A complexity overall drive train efficiency,
A thermal fatigue, switching device utilisation and

A waveenergy convertecontrol

THE UNIVERSITY of EDINBURGH Institute for Energy
W=/ School of Engineering Systems
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Research Council

WP3 System Modelling and Control
(UoE Lead, University of Chile)

3.1 Wave to WireModels Kiprakis& Crozier)

A UKCMERVaveto Wire models.

AModel industr i-ablockim&IMULNKr s’ dev
A Integrated Speed Enhancer Generator block.

A Power converter block from WP2.

A Reactive force control investigation for device tuning.

A Tool used in WPs 4 & 5

3.2 Multi-Directional Energy ConversiorfMueller and Crozier)

A Determine forces for multi directional Energy generation.

AFvaluate concepts for generator configurations to produce these
orces

Newcastle
University
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e ;DRIVE  Waveto-Wire Model of 5535,.5%%

Heaving Buoy Array o

Integrated Wave-to-Wire Model of a WEC Array

1.08

Voltage (pu)

1.06

1.04

1.02

1

0.98

200 220 240 280

S." g
| SUPERGEN |

GRAND
CHALLENGES

Time (s)
Buoy 2 Response (m) Piston Power (kW) Acc. Pressure (Bar) Array Power (kW)
1 140 140 250
120 120 o
e 100 100
80 80 150
0
60 60 100
40 40
L 50
20 20
-1 0 0 0
200 220 240 260 200 220 240 260 200 220 240 280 200 220 240 260
Time (s) Time (s) Time (s) Time (s)
SuperGen Marine Il - WS7 Forehand - Kiprakis © 2011, University of Edinburgh
Newcastle
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WP4 Design for Survivability (Mueller & Crozier)

AUoElead, support from industrial partners,

Alncluded on recommendation of Carnegie Wave
Power.

AExtreme events-no generation, so mechanical and
structural survivabllity.

AEstimate stresses, fatigue, displacement in
generator structural design.

AMatrix of extreme load severity versus percentage
reduction Iin structuralife.

ADesign guidelines and recommendations.

Newcastle
University
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WPS Experimental Demonstration

ANCL lead, M16.

APrototype electrical generation system based on
previous WPs. Fully instrumented.

ATest dry at NCL; wet &aioE
ADemonstrate reactive force control.
Alntegrate into Carnegie device and testFloWave
AEmulate extreme events iRloWave
AExperimental verification of design tools.

~ ANCL will build prototypeUoEwill test.

= - THE UNIVERSITY of EDINBURGH | |ngtitute for Energy
N +___: School of Engineering ‘ Systems
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WP6 Design Case Studies

AUoElead, support from industrial partner$/25-36
ADesign studies for each industrial partner device.

AA full desigrreport includinga fully integrated
electroomechanical generator and power converter
design with CAD drawings (WPs 1, 2 & 4);

ADynamicsimulation results of each device under
different sea states (WP5).

Newcastle
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WP7 Industrial Engagement & Impact
Management (M1-36)
AHenry Jeffrey, Adrian de Andres & DaBimlld
AHJ will Chair IAB.

AAdrian and David will lead industrial engagement:
device developers and supply chain.

AAttendance at trade conferences.

APartner database and project wedite.

AEDRIVE Commercial Roadmap.

Almpact Management and Collation of Impact Data.

Newcastle
University
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Research Council

Project Management.

AMueller and Baker are responsible.
AWeeklyWebexmeetings betweerlJoEand NCL.

AQuarterly Management Meetings:
A monitor and review the technic@alrogression
ARiskRegisterproject plan,
AResourceand other nontechnicalssues
A Alternate betweernJoEand NCL
ATUDUdC& UNAM joinif available by Skype

AStage Gate Approach and Change Management
Procedure.

Newcastle
University
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Economic Impact: Industrial WP7

AIAB

Ameetings M12, M24 and M36
AFunding for travel to kick off meeting and one IAB.
AAlternate IAB at different partners

AAnnual Flyer on Project Progress

AMeetings with other wave, tidal developers and
supply chain.

ACommercial Roadmap

Newcastle
University
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Research Council

Economic Impact: Investment

AAttend Investor conferences

ALow Carbon Energy Investor Forum, 2017
A Scottish Low Carbon Investor Conference, annual.

AWork with Scottish Development International and
UK Trade and Industry to attend trade missions.

AIP generation, patents and spin outs

Newcastle
University
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Research Council

Economic Impact: Technology & Practice

AContribute to supply chain workshops
A Scottish Enterprise and The Neptune Centre

ALink up with Wave Energy Scotland.

AOrganise and EDRIVE Supply Chain Workshop

A Strengthen links with other partners who could benefit
from project.

A SiemensControl Technigues & Parsons Peebles in the
machines & power electronics supply chain;

AArnold Magnetics, Tata Steel atbganasn the
material supply chain;

ALinearmachines companies Libertine and Force
Engineering.

Newcastle
University
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Pathways to Knowledge Impact: Scientific

Advances & Techniques

AUKCMER and Centre for Power Electronics
A Attendance at Yy meetings and assembly

AMarine Renewable Innovation Centre (MERIC) in
ChileProf Cardenas

ACEMI

_(.

Jcean and Pra€asarinin Mexico

Alnternational Conferences and Journal Publications.
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Research Council

Pathways to People Impact— Skillsand People
Pipeline

ADevelop a summer school activity for school pupils
such adHeadstart—years 2 & 3.

AUndergraduate MEng and BEng projects.

APhD summer schoolsUKCMER, Power Electronics
Summer School (UK and EU).

AContribute to IDCORE and CDT courses.
ATutorial Sessions at Conferences.
APhD recruitment onto project.

Newcastle
University
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Pathways to Society Impact (PollcTarid
International Development)

‘ Ee/ - DRIVE EPSRC e ﬂ‘" -

Alnform policy through Technologgoadmapping

APartnership with MERIC and CEMIE at International
Level.

AFeed into EERA Ocean Energaired by HJ1JoE

ADisseminate through EU Ocean Energy Association
—HJ sits on the board.

AProject website and media interaction.

Newcastle
University
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Current Status
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EDRIVE machines work

stator pole

direction of flux ~ Alux path
flow I 4 stator core
_ a b
residual flux ' .

direction _~CELPTTIRTTISTR) CEAEEETT = il coil

_.-l'-ﬁ-

magnets v A
% c d é \:\
Lt L3 ¥y ] = T T % = | : translator
A 1 —permanent
l£| e magnet
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EDRIVE machines work 1 2PhDs
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EDRIVE machines work

WP1 Integrated Electrical Generator Speed
Enhancement

Low speed machines with integrated magnetic gearing
Speed enhancement through control

Highshear stress topologies
Linear

oscillating rotary

Integrated machine desigmegeffect of cogging and
2 [nductance on device / converter)

P\- THEUNIVERSITY of EDINBURGH | [nstitute for Energy
-NgEN/= School of Engineering ‘ Systems
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EDRIVE Converter Work (Steve McDonald)
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EDRIVE Converter Work - Aims
WP2Integrated Power Converter Generator Systems

Prioritise reliability of convertensithin wave devices.
Thermal management / pulsating power

Variable device loading

Multi level, reliable, flexible, modular and scalable

Drive 1 mplications of “elec
rating of the converter

Newcastle
University
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Wh at Newcastl e needseée.

Speci fications of
power rating,force, amplitude, frequency, target mass,
available space

Newcastle
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WP1 Progress: Concepts

APTO Arrangements
ANovel Vernier Hybrid Machine Topology
ASpherical Vernier Hybrid Machine Concept

A* Ch ai nMaDretic Geaf

Newcastle
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Electrical Machine Design Software

Magnetic Flux Density, B

AProduces many metrics for a ==/ [TT[TE#= T
design oa AN

AModular so you can replace part | ...
as desired while retaining what | =
you need 0:02- L

ACan runs optimisations on high | LU AL e
throughput computing systems — _' T
(tested on google cloud P
compute engine)

ADoesn’t use Si muldnkatby
defaUIt) ol X/A:\X xm = _;g;__é: ”'IITB samg20c I".
AAutomatic reporting functions| = =
produce pdf reports on designs
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Research Council

E-Drive: WP7 Industrial Engagement &
Impact Management

Dr Adrian de Andres
Policy and Innovation group
The University of Edinburgh

EDRIVE Kick Off Meeting™day 2016
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Research Council CHALLENGES

Policy and Innovation group

U Examine the dynamics of innovation in energy systems, focusing
specifically on the relationship between policy, investment and
iInnovation.

U Innovative technologies

U Technology and policy development/deployment strategies and
roadmaps

U Investment strategies through roadmaps
U We examine gaps and barriers within the industry

U We make a lot of recommendations of how to overcome said gaps
and barriers

panfluence a wide variety of stakeholders Newcastle
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Research Council CHALLENGES

Projects

A DTOcean
A LEANWIND
A EERA

A Roadmaps
A OPERA

A ClearWater
A Joules

A Mocean

A Hi Drive
ATC114

f:Embassy SCOTLAN D -

Panama City
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U What are they and why do we use them?

U ldentify priority actions for governments, industry,
financial partners and civil society that will advance
technology development in order to achieve
International climate change goals.

U Roadmaps are an effective tool to underpin the
identification of policies and measures.

U Focus R&D and business investments to accelerate
technology development

U Coherent approach and significant engagement with tr %
global market \

A
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Research Council CHALLENGES

Strategy documents authored by UEDIN

OCEAN REMEWABLE
| EMERGY COALITION
Hpdrahizels Bmeegp

Tk Mo ard
Traes Aaasiaten

U.S. Marine and Hydrokinetic
Renewable Energy Roadmap

The Scottish
UKERC °| | Government

UKERC Marine {Wave and Tidal Current)
Renewable Energy Technology Roadmap

& HM Government

Marine Energy Action

mmmmm S
S e Plan 2010
P R Executive Summary
ST = gﬁgi‘gy = & Recommendations
European Road Map
i AN EXAMINIATION OF OCEAN
-*' * I WAV E s o F ENERGY POTENTIAL IN PANAMA:
“ 'FIE- OPPORTUNITIES IDENTIFYING THE NEXT STEPS
P
Mational Aenowakble
Energy Laboratory
un®. Cé
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ATwo main types of roadmaps

A Deployment //@
AT =ISS——1

S| OCEA

strategic initiotive for ocean energy

A Development
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Research Council CHALLENGES

Chilean Roadmap and Targets

Resource:

A 165GW estimated gross
potential (wave)

A 500 MW estimated gross
potential (tidal)

M ARINE

Finance: ol

A Quota or minimum percentage of -
energy from NCRE

A Corfofunding

Regulation and Legislation:
A Earlystage consenting process.

A Studies ongoing tdeciseif and
how marine energy is to be
developed.

 Development strategy

Deployment strategy

NPl THE UNIVERSITY of EDINBURGH Institute for Energy
School of Engineering Systems
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AAN International Vision for Ocean

Energy FE—— B— e ————
AThe objectives of the Vision ©ES=
documentwill be to provide a firm AnitermtionslVigan  vamacon
P . or Ocean Energy
vision for ocean energy to 2020 with a P— P —

..... e early1.0 billion tonnes of CO, emissions.

perspective on developments to 2050 = —

......................

AOcean Energy Resources, e -
Technologies Market development 2

fo 2050
I 337 GW installed wave and tidal
energy capacity
i 1.2 million direct jobs created
i 1.0 billiontonnes of CO , emission

s, Saved
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c”/”m ORECCARoadmap === &

\)
A ORECCA Roadmap (%

I Resource

I Finance

I Technology
I Infrastructure

I Environment, Regulation
& Legislation

ORECCA European Offshore
Renewable Energy Roadmap

September 2011
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Roadmap Structure and Methodology

5 Principal streams, each with
identified
-Synergies
-Commonalities

-Gaps
-Opportunities

-Recommendations

Newcastle
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WP7 Plan/ activities

Industrial Advisory board

Select members

Organize fist IAB

Stakeholder engagement

Decide events for communication activities

Commercial roadmap

Cost study
Gaps/opportunities

Project website
A L L Ll L L L
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Research Council

Thank you for your attention
Any questions?

Adrian.deandres@ed.ac.uk
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Industrial Contribution
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Research Council

Industrial Contribution in WPs

AWP 1 & 2
AProvide Data/Specification for Design

AWP3

ASupport Wave to Wire Modelling
AProvide hydrodynamic data for device model

AWP4
AEnvironmental Load Data for Design for Survivability

i, )
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Research Council

Industrial Contribution in WPs

AWP5
AUse of model foFloWavetesting- Carnegie

AWPG6
AProvide data/specification for Case Studies

AWP7

AParticipationon Advisory Board
AAdvise on commercialisation strategy

s A
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G/DRWE Case Study Examples =

ANpower juice project
A Aguamarine Oyster Case Study
A AWS Case Study

AIn/E)ut from Company
Device Specification/Performance Data from developer
A General dimensions of device

AOutput from Case Study
A Optimised PTO design
A Performance curves under different scenarios
A CAD drawings with dimensions
A Power Converter options

A Uset V\I/ave to Wire model to look at system operation and
contro

A Detailed confidential report on each case study.
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