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Blue Horizon
NWEC3, WESAC19

Chris Retzler

Technical Director




Who we are...

A Research, Design and IP Generation Company
Currently 7 full -time, 2 part -time personnel
Located on UoE King’s Buildings Campus

Principal source of funding: WES NWEC3




Design Triangle

Mocean core skills in num erical
and experimentalmodelling

Growing expertise in
engineering specification

High engagement with
external consultants and
subcontractors

Engineering Requirements

Wave Tank Validation

MOORING
SYSTEM

EXPORT
CABLE

WEC CONNECTION

A dhAdonwn

Num erical Optim isation




Blue Horizon Project

» Design, build and test
a Y2 -scale prototype —
the M100P

* Project runs Jan 2019 -
December 2020

« Fabrication in Fife,
completion due 2020
Q2

« Testingin Orkney Q3 —
Q4 2020 .

* Powerrating: I0kW

* Overalllength 192m

* Overallwidth 4.2m

* Draft 3.3m

* Nacelle Diameter 2.5m
e HullDiameter 1.7m

* Weight 34te



mocean Blue Horizon Architecture

HULL

FORWARD HULL

AFT HULL

SECONDARY HINGES?
BALLAST

BILGE

LIGHTING

CABLE ATTACHMENT
MOORING ATTACHMENT

MOORING  oommeunes EXPORT casLe

SYSTEM SEABED FOUNDATION CABLE m‘;cg;‘::fc";’o""
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mocean Blue Horizon  —Project Structure
enerqgy

« WEC Programme management and QHSE
« Structure: Design, Fabrication, Assembly

« Power Take Off

* Power Control System

« Communications, data capture and storage
 Licensing, permitting, surveys, verification
* Mooring, Operations and Maintenance



Programme Management, Health, Safety and Environment
mocean Y

* Mocean is the project owner and manager

» Oceaneering’s role is to advise on the project’'s
Health and Safety provisions, risk assessments and
procedures

 H&S is paramount and drives the definition of
procedures for operations during the test
programme, in turn has driven the design to
incorporate all H&S provisions



Power Take -off: C -GEN generator

&9 THE UNIVERSITY 415V rms 3 phase l —
¥ of EDINBURGH axial flux PMG B |

10kW continuous
Fﬁo power; 30kW peak
L

BLACC




PTO Drive Train —not to scale

Rotor
. ) Inboard Disc Disc Outboard
Flanged Shrink Disc R Adapter  Ppack Pack Adapter
Plate Torque Plate
l Transducer

Hinge
Pin

Quill Shaft ) _ Hinge Pin
Shrink Disc Flexible Coupling Flanged Shrink Disc



Power Take -off: Back -to-Back Rig

Two C-GEN/gearbox
assemblies; one driven
as a generator by the
other as a motor.

Max hinge torque:
65kNm

Max generator speed:
30rpm

Gearbox ratio: 15.34

All components in blue
frame are complete
and ready for transfer
into WEC once testing
is complete.

Testing has begun at
SDL, Rosyth




Design, Fabrication, Assembly

=N

Maestro developed an FE global structural model and an FE
hydrodynamic model to determine loads;

They performed a spectral fatigue analysis using the model
and iterated it to optimize the design.

Blackfish developed the detailed structure and weldments
using FE stress analysis to fine tune the design.

AJS to fabricate WEC structure, rigs, jigs and tooling



Access via hatch; davit arm lifts in
equipment and provides person
rescue in emergency

Cylindrical caps cover the electrical
penetration plates.

Mast carries navigation aids, cameras
and sensors and a weather station

Dump resistor on forward deck
provided as the electrical load.

Access




Internal View

* Hull holds Cabinets
including:
» Batteries +
management

 Power control
and distribution

« WEC control

* Nacelle contains the
PTO

 Cameras and
sensors are
distributed through
hull and nacelle and
include torque,
speed, temperature,
humidity, motion,
bilge level etc.
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sequentec

specialist electronic systems

» User Interface (remote access)

ISC
 HLC (on board high -level
controller) —ISC

Power Control System

« SSC (on board sub -systems
—SDL

controller) and rectifier
« Comms and data storage
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Power Operating Modes
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System Operating Modes

Mode Virtual Mode

Transition 4
Cause —Manual, Threshold,
Alarm

Transition 3
Cause —Manual

Transition 7

Cause - Manual BATTERY
B
CHARGE
Transition 8 (Rectifier & Cooling OFF,
. Cause - Manual U=

Transition 2 Transition 5
Cause - Manual, Cause — Manual,
If UPS above SaC Threshold Yuasa SoC

Transition 9
Cause - Manual

MAINTENANCE

(All HV Systems dissabled OFF,
UPS Support)

Transition 10
Transition 1 Transition 6 Cause —Manual

Cause — Manual Cause - Manual

SHUTDOWN

(All systems OFF)



SHUTDOWN

HIBERNATION

SYSTEM RESET

FAULT RESET
HLC RESET
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Remote Interface
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Scale selection, Site Selection

The M100P prototype is V2 scale; the scale was

chosen to be as large as possible to provide a
convincing demonstration of the technology — but
limited by cost.

The appropriate half -scale, power -performance
waves must be selected appropriately.

The prevailing wave conditions at the EMEC Bilia
Croo site were found to be too long and high for

the M100P. Conversely, the waves at the EMEC
Scapa Flow site were found to be too small.

Alternative sites were assessed; GIS mapping
used to identify appropriate conditions.

A site east of the mainland was selected.
Operations will be conducted from Kirkwall.

Nurﬂ1Runmdsay

Papav

Sanda
Westray
Eday
Ruusa?
Strunsay
Qutta

gﬂsay

Hvyre

Shapinsay

Mainland

Burray

South Ronaldsay



Licensing, permitting, surveys, verification
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Operations: Tow to site

S S e s

Description Qty.

1 | ..t Bow Shackle 2
2 | ..m.mm studlink Chain 6
3 | ..t Bow Shackle 2
4 | Masterlink 2

35t Bow Shackle 2
6 | 20m 80mm Grommet c/w thimbles eys 1

and masterlink
7 | 35t Bow Shackle 1




Mooring

~ LEASK
@ MARINE

~ LEASK
C MARINE @M



Project status

Completed so far

* Design work 85% complete —topside structures to follow
« Back-to-Back Test Rig operative

« WEC fabrication begun — first tubes rolled

« Licence and lease application in

* Operationalplanning underway

And in 2020... - ocreon
e Test launch WEC, road transport to Orkney ene gy
* Operations team move to Orkney — |

e Testing scheduled to begin in May 2020




Bl St

far is a hinged raft wave energy converter

It will provide power and communications to
offshore O&G applications.

Power 2-4 kW average generation in North Sea.
50 kWh onboard batteryto deliver higher
power levels as required.

Dimensions Fits in shipping container
15 tons
Comms 4G Tampnet
Satellite
Mooring Simple mooring /umbilical with AUV dock or

UTA as gravity anchor

Operations Operations designed to be safe,inexpensive
and fast

Umbilicalterm ination

or AUV dock



https://www.youtube.com/watch?v=vSItXQ8rbdE

Other Markets

There are numerous applications for different products in
other markets.

Ocean Science and Survey Offshore Platform s Utility Scale Power

1% of worldwide nearshore wave resource worth £12B
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AXRTEMNIS wave energy
INTELLIGENT POWER SCOTLAND

QUANTOR
Hybrid digital hydraulic power-take-off

WES annual conference, 5th December 2019
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Innovation Offshore

INTELLIGENT POWER SCOTLAND

e What is Quantor?
e Based on Pelamis PTO

* Highly effective and efficient, proven in the field, iteratively improved...

e ...but with major flaw limiting control potential and general applicability

 Want to retain all advantages while introducing: continuous load control, rotary
and winch capability

Measured Absorbed and Generated Total Power over 10mins

1000

Total absorbed

Total generated
900

800 |

700

600

500 1 J

Power (kW)

400

300 | , | |

200 | b ‘ ! I\ l

100

\ 200 Tim&;ﬂ(ﬁ;ec, 400 500 600
\
Absorbed power from WEC to PTO /
Output power from PTO to grid
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Innovation Offshore

INTELLIGENT POWER SCOTLAND

e What is Quantor?
e Based on Pelamis PTO

* Highly effective and efficient, proven in the field, iteratively improved...

e ...but with major flaw limiting control potential and general applicability

 Want to retain all advantages while introducing: continuous load control, rotary
and winch capability

y_—

Measured Absorbed and Generated Total Power over 10mins Average combined conversion efficiency vs generated power

1000

Total absorbed Total generated -
900 o TOI. @8 4. 718 728 TIO TA? 748 WD M4

| m
800

700 L
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500
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300 | i i | e "
I L | ’

200 ‘ tHH o

100 -

0 100 \ 200 300 400 500 600 .
0 N W W M M0 0 M @ I N0 10 M0 MO W KD

Time (sec) [ ———

\ e
Absorbed power from WEC to PTO /
Output power from PTO to grid
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AN\

Ideal load demand + Load required to correct ‘Demand’ pressure required >
from PTO 6 for the difference in DDPM controlled chamber.
Load response by
quantised system
Ah AT /A A
/] ) /| [ “ / ™ i}
.‘il J# I‘l. l= E‘h — Jlrl E‘I ." !'; j#HE‘
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INTELLIGENT POWER SCOTLAND nnovation QOffshore

Pressure
bar | Measured pressure

i ﬁ ﬁi ,;‘M \

200 =+ ,.r', ] H.
I

100 = fi i

Simple model

-ﬂJ._‘_
ol r
1

5 seconds

= Efficiency

1\ Q y f/“ 5
\ WS (7 l:, 5 j

Digital Displacement Pump-Motor (DDPM) by Artemis.

Overall Efficiency (%)

Power Loss normalised to 96cc/rev (kW)

Provides highly responsive continuous pressure control
at high efficiency K e w w  w w w w W

Displacemen t (%) Swash-Plate DDP

== 1500 RPM == 1500 RPM

— 1800 RPM w— 1300 RPM



AXRTEMIS

INTELLIGENT POWER

Multiple fixed
displacement
pump-motors

Quantised Load

==

W
NN o

Continuous compensation load

from DDPM B

Wave Energy Converter

Chamber-
switching,
forward
&
reversing
valves

B e
wave energy @uoceont

SCOTLAND

Smooth control of

net load to WEC

Accumulator

<

Compliant service
(Quantised control)

Stiff service
(Continuous control)

1

v

DDPM,
Ly B 7

!

~H
W

v

I
1}

Innovation Offshore

from PTO for the difference I/ 7n DDPM controlled chamber, >

Load response by T

N ala! W
AN\ \L NN
Ideal load demand + Load required to correct +area ‘Demand’ pressure required

quantised system

Overall
response

o I
" Switched-chambers
contribution

7
q 7 contribution

i lf'* | §
AVIVALLN

Transforming torque from DDPM A gives smooth shaft output to generator

DDPM
IAI

Generator T T T -




DDP 100 kw

generator DDPM Oil tank &
- 4 : il n’

: 5 i w * Y/ B boost pumps
High-pressure 304kW 4 Spe.:ed 3 e;id:.g:’mg - . . i
backup bottles ra— gear . . ‘="

motor Ny \ _ e, / _ ey

P ==

(’ - o h
!I
o s, y o
s é;ffﬁ/ "3 Low-pressure
. backup tank

_— ecoupling
accumulators

Wheel-motors (4-off)
on splitter gearbox

High-pressure Low-pres: . o Valv anifold
accumulator accumulator S " blocks (4-off)

Flyheels
(3 sections)




» nnovation Offshore
INTELLIGENT POWER SCOTLAND

ARTEMLS wave energy @ uoceant

Early stages:

* Development and demonstration

* Design, test, de-bug, evolve

Host PC (UsB) Diagnostic

si

Valve control signals &
e R

ignals
y 1:\77 — ==y (Ethernet)

Speedgoat g
real-time system controller

Later stages:
* Quantify performance
* Validate models
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Comparison of simple model WEC response - given only the water surface

Samulated raw wave

Simulated raw wave

Wave and WEC
response
Quantor

Torque measured
and modelled..
Quantog“:

& &
£ R
[ T T T T T T}k
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INTELLIGENT POWER

Market initiation

P

wave energy
SCOTLAND

10kW

‘ Small heave

compensated
systems

100kW

Small-scales
WECS

Utility scale WECs

Large heave
compensated
systems

1000kW




Efficiency

Efficiency
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INTELLIGENT POWER SCOTLAND nnovation Offshore

Projected performance
Regular wave efficiency curves Weighted Irregular wave estimates
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Innovation Offshor
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* A control system, design framework, and components for the new state of the art Quantor PTO system
scalable and capable for the full range of WEC applications.

* 4 quadrant continuous control with largely fixed losses, as required for spectral power regime
* Robust and fault tolerant

* A small-scale test rig (~350kW instantaneous power => ~30kW avg) able to:
 provide realistic and repeatable testing for control and hardware development;
» provide validation of quantified performance data for a given set of components.
* represents WEC dynamics - ‘a wave tank for PTO’;

* couple the PTO and whatever WEC controls are applied to a given WEC dynamics (in one degree of
freedom) — allowing high level control testing.

* Demonstrated functionality and validated performance for Quantor.
* Detailed performance models and generalisable control, adaptable to different architectures and scales.
* Initial FEED designs for application of Quantor into different WEC types and sizes.

* Generalised cost and performance metrics.

e 100kW & MW-scale DDPMs
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QUANTOR
Hybrid digital hydraulic power-take-off

WES annual conference, 5th December 2019
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THE CHALLENGES IN WAVE POW ER

~ Surviving + AbsorbAi‘hg"‘ Maximu_rh _{!{-f_n.le«rgy

Damaging Storms from Waves
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DETUNED IN SIORM S-AM PLIFIED IN NORMALO PERATION

Power Take Off

Gearbox,
c Flywheels and
generators
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Mooring system \

Grid connection

//;..r d

Extagma BlGability > 100M cycles

Foundation
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PERFORMANCEM ETRICS

3times > 5 times

more energy per PTO force more energy per ton

Matching structural efficiency
of modern wind turbines

Benchmark: A. Babarit, J. Hals, M.J. Muliawan, A. Kurniawan, T. Moan, J. Krokstad: Numerical benchmarking study of a selection of wave energy converters, Renewable Energy 41 (2012) 44-63
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STRUCTURED PRODUCTVERIFICATIO N

2012-2013 2014 2015 2016 2017 2018 2019 2020 2022 2023 2024 2025
Ql Q2 Q3 04|Q1 Q2 Q3 04|Q1 Q2 Q3 Q04|01 Q2 Q3 Q04|01 Q2 Q3 04|Q1 Q2 Q03 Q4|Q1 Q2 Q32 04|01 Q2 QO3 Q4|01 Q2 O3 Q4/Q1 Q2 O3 Q4/Q1 Q2 O3 Q4/Q1 Q2 Q3 Q4)|Q1 Q2 @3 Q4
PRE-COMMERCIAL
STAGE 5
STAGE 4
STAGE 3
STAGE 2 1:2 WEC Full Scale WEC Pilot array (3 WECs) 10-30 MW Farms

STAGE 1 Critical System tests Dry and ocean testing Dry and ocean demo

Concept Dry- and tank testing Working capital
Validation 1.7 MEUR 8.8 MEUR (SEA, KIC, WES, H2020) 20 MEUR (Public+Private) 25-30 MEUR (Public + Private) Revenues
500KkEUR 5-11 people 12-23 people 23-40 people 40-60 people >100 people

3 people TRL4 ->5 TRL5 >6 TRL6->7 TRL7 > 8 TRL->9
TRL2->3

=

WaveBoost

Product verification in 5 stages according to IEA-OES / equimar best practice.

sosliorss
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Scale 1:30

Scale 1:3

Scale 1:2

Scale 1:2



VERIFIED PRODUCT

2012-2013 2014 ‘ 2015 2016 | 2017 | 2018 | 2019 | 2020 ‘ 2021 ‘ 2022 2023 | 2024 | 2025

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

Scale 1:30 Scale 1:3 Scale 1:2 Full Scale 3 x Full Scale f
° q i
T

Ensuring scalability to commercial
product

Increased energy yield to 300kW
single device and 1MW array

m eit') | E 6
CORPOWER C R e

OCEAN



MODULEACCEPIANCE TESTING - FALL 2016
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DRYTESTING ~-HARDWARE-N-THE-IOOP
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C3WEC IN ORKNEY

CORPOWER

OCEAN




EM EC SCAPA FIOW TESTSIIE




C3 INSTALLATION O VERV IEW

nnnnnnn

WEC system

Mooring system \
Sy

Offshore grid
connection

o

CORPOWER

OCEAN

138 SUB SEA JUNCTION BOX WEC

WATER LINE

TSB mooring system

Lazy Sin electrical

~__—— Foundation umbilical, each S formed

by 3 x buoyancy units



FOUNDATON &MOORING INSTALL-W LEASKMARINE -NOV 2017

Elevation

Mooring Line~

Drop Camera — =

=

‘-“_, Gravity Base

CORPOWER
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MICROGRD & UMBILICAL IN STALL-W GREEN MARINE -DEC 201/

FUNDERS
‘“‘-’\“f‘\: ¥
DEPLOYED AT B
EMEC SCAPA FLOW Q-@w—
SGALE TEST SITE @E"!mﬂgw

Interreg B
AfF— North-Ws
EMECY.
oo s et 41
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ON-LAND BASE IN HATSTONS INDUSTRIALAREA
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C3WECDEPIOYM ENTATEM EC SCAPA FIOW




IOW COSTVESSELSAND INSTALLATON M ETHODS

Quick automated installation & retrieval

TN S
N

CORPOWER .o
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M ICROGRD FOR POWER & COMMUN ICATO N

"y —

Energy storage and active Microgrid function. Redundant radio & 3G comms to shore

CORPOWER




C3 IN TUNED O PERATON -138M HS

C3 Testing in Orkney 2018 — Amplified in 1.38m Hs ~

Wave Springs Amplification Verified
Transparent survival mode Verified
Power production Verified

C3 Testing in Orkney 2018 - Survival

CORPOWER

OCEAN
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STAGE 3 RESULIS FROM SCAPA FIOW

=  Transparent survival mode verified.

=  Tuned mode verified. (WaveSpring amplification)

=  Power production in ocean was consistent with the prediction
by the simulation models.

=  Wave spring phase control technology found robust and
delivered 99% efficiency.

22



RESONANTWAVE ENERGY SNOW A REALITY

Annual Energy / ton:

+500%

Survivability:

TRANSPARENT

Clear path to competitive LCOE:

> 100 - 40

EUR / MWh

Annual Energy Production:

+300%

Required Materials:

-40%

Certification towards bankability:

Statement of Feasibility

DNV-GL

sosliorss
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LESSON S LEARNED FROM STAGE 3

= Dry testing with simulated wave loading a is an effective way to
debug and stabilize WECs prior to ocean deployment

= The auxiliary systems (anchor-foundation-mooring-tidal-
microgrid) need similar levels of pre-qualification and stabilization
b5t i as the WEC itself.

3 . P | = (3 was aresearch machine. C4 will be our first iteration of
i 4 %\ production machine. We aim at significant reduction of

complexity and number of parts.

g;.y‘ I [ T : 'j‘ | LSl
- / ‘ i 7. A5 i *:“ z :

%,
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WaveBoost

ADVANCED POWER TAKE-OFF SOLUTION
FOR WAVE ENERGY CONVERTER (WEC)

This project has received funding from the European Union’s Horizon 2020 research and
innovation programme under grant agreement No 727598




W AVEBO O ST

H2020
LCEQ7-
2016
it:gt;isng project
Start date End date

1 November 2016 31 October 2019

Funded under:
H2020-EU.3.3.2.

Overall budget:
£3088744

EU contribution
€3988744

Coordinated by:
CORPOWER OCEAN AB
B s Sweden

sosliorss

CORPOWER

OCEAN

Three year programme targeting significant
improvements in the reliability and performance
of wave energy converters — using direct
learning from CPO Stage 3 deployment.

Expected Benefits
* Increased Reliability and Survivability of

Wave Energy Converters

* |ncreased Performance and reduce Cost of
Wave Energy Converters

e PTO Size and Cost Reduction
* Increased Energy Production

* Reduce the Lifecycle Environmental Impact

A’.-n.-—"ﬁ-

CORPOWER

OCEAN

WAVE GENERATOR POWER

LIFT HERE>

LIFT HERE

26



W AVEBO O ST

WaveBoost

Waveboost

Advanced PTO Areas for Improvement in Waveboost

: / Power Conversion Module

Improve Peak to mean power ratio
Simplify System

WaveBoost

Improve AEP Dynamic Seals

Reduce Friction
Improve LCoE

— Pre Tension Cylinder (PTC)

Reduce Flow Losses
Improve Breaking Performance
Improve Control

sosliorss

CORPOWER

ccccc
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W AVEBO O ST

WaveBoost

Waveboost

/ Advanced Power Conversion Module
Advanced PTO

Two generators directly coupled to the
gearbox, operating together bidirectionally.

4 o
e
N

b |
WaveBoost

Advanced torque control on the system level,
the peak to mean power ratio of the
electrical drivetrain is reduced without
decreasing the energy output.

Removes unnecessary complications, risks
and the weight of a flywheel storage system

between the generator and the gearbox.

High power per weight ratio and efficiency

sosliorss

CORPOWER 28
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W AVEBO O ST

WaveBoost

Waveboost

Advanced PTO Advanced Pre Tension Cylinder (PTC)

4 o
e
P g e

b |
WaveBoost

Simplified design using one single cylinder and
also using composite PTC manufacturing
techniques

Advanced braking system for greater control of
movement

98% reduction overall on Flow Losses

29
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W AVEBO O ST

WaveBoost

Waveboost Dynamic Seals

Advanced PTO
70% improvement on seal friction

.
%‘_ —
WaveBoost

Friction now not as sensitive to speed
State-of-the-art Seal Test Rig

New Seal Product developed

ccccc



W AVEBO O ST

WaveBoost

WaveBoost

Simplified Design

COHECHYER CORPOWER
HEA

83% Less Valves

Increased Device Reliability

sosliorss

CORPOWER

OCEAN
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W AVEBO O ST

WaveBoost

System Performance and LCOE
Waveboost
Advanced PTO

29.3%

reduction in LCOE

26.9%

increase in AEP

Tp

35 45 55 65 75 85 95 105 11,5 12,5 135 145 155 165 175 185 195 20,5

3 4 5 6 7 8 9 10 11 12 aks; 14 15 16 17 18 15 20
4 5 6 7 8 5 10 11 12 13 14 15 16 17 18 19 20 21
0,75 0,5 1 9% 8% 10% 13% 17% 21% 26% 32% 37% 40% 47% 55% 61% 67% 72% 76% 80%

1,25 1 15 14% 9% 8% 10% 13% 17% 21% 26% 33% 45% 55% 69% 75% 80% 83% 25% 87%  89%

1,75 15 2 14% 9% 8% 10% 13% 17% 22% 33% 50% 64% 73% 79% 83% 86% 88% 83% 91% m

2,25 2 25 14% 9% 8%  10%  13%  17%  29%  49%  63%  73%  79%  83%  86%  88%  90%

2,75 2,5 3 14% 9% 8% 10% 13% 22% 42% 60% T70% 72% 72% T7% 79% 81% 89‘16
3,25 3 35 14% 9% 8% 10% 14% 30% 52% 58% 51% 45% 48% 55% 56% 62% T0% T7% 84% 91%
3,75 35 4 14% 9% 8% 10% 18% 41% 39% 37% 32% 25% 34% 42% 449 47% 57% 63% 73% 6%
4,25 4 4,5 14% 9% 8% 10% 24% 24% 23% 24% 20% 19% 27% 31% 35% 39% 46% 54% 63% 64%
4,75 4,5 ] 14% 9% 8% 11% 13% 11% 10% 14% 12% 15% 22% 26% 28% 32% 42% 43% 57% 59%

5,25 5 55 9% 8% 14% 8% 1% 3% 4% 6% 10% 17% 20% 24% 29% 38% 42% 48% 54%

5,75 5,9 ] 9% 8% 3% 0% -2% -4% -1% 3% 5% 11% 15% 21% 27% 33% 42% 44%
A—.‘A

CORPOWER

OCEAN
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2023 TARGET:BAN KABLE ARRAYO FFERING TO CUSTOM ERS

Vision:
By 2023 have an array with three devices delivering electricity to the grid, certified
through Stage 5, achieving bankable accreditation

e .

“CORPOWER _

LAOCEAN




WEC system

Mooring system \

Offshore grid -

connection

/ Foundation

o

CORPOWER

OCEAN

W EC SUPPLY CHAIN IN SCO TLAND

WEC system assembly — On-land base, close to farm sites

PTO

Composite
buoy

PTO supply — CPO AB, Sweden

Composite buoy supply — CPO Ltd / Balmoral

34



SUPPLY CHAIN FOR SCO TTISH W AVE FARM S

FaLun Géé"e
Bergen o
o Borlange
Osle
@ Upposala
s Vasteras
Drammen =]
Haugesund Karlstad , Stackholin
i Fredrikstad % Oreobro ®
o
Stavanger
ang
Kristiansand
[<]
E Goteborg Ll
e a
g Vendsyssel
Aalb
SCOTLAND ". alborg
Dur:)dee
a\algus
N Edingurgh
idal Cylinder—, o
n
Glasgow Danmark Kmbeﬂgha;
Denmark siziand  Malmé
Kir w“w'

Quick-connect
Kiel —
o o
Rostock Gdansk

@® Wave farm sites - Management, installation, O&M
@ Mooring & foundation supply, WEC assembly
@ Buoy manufacturing, electrical infrastructure
© PTO supply
A—.‘A
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SEA STATE VERIFIED IN SCAPA

Sea States

0.2 T T T T T

04

08

Hs [m]
o

14

16

X

Tuned
Survival

2-2 | | | 1 1
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Stage 3 PTO: PECMAG
WES 4t Annual Conference, Edinburgh, 5" December 2019

Mark Brown, Oceaneering
Craig Britton, Supply Design

=15»] W SUPPLYDESIGN| p Pure

Marine

Bathwick Electrical Design Ltd

© 2018 Oceaneering International, Inc. All rights reserved. - Rev 3



PECMAG

| POWER ELECTRONIC CONTROLLED MAGNETIC GEAR|

Highly efficient all-electric PTO; magnetic gear and generator controlled
by custom power electronics.

| SURVIVABILITY| Low friction non-contact design allows damage free
overload, modular redundant power electronics for high availability.

| COMPACT| At least 10 x smaller than equivalent direct drive systems.
High gearing achieved in a single stage.

| INTEGRATED | Highly scalable mechanical and electrical solutions.

| COMPATIBILITY | Straightforward integration with a variety of WEC types
and control strategies. No stroke length limit.

-

L.] Oceaneering.com




Stage 3 Project

| SCOPE|

= Develop 10kW rated linear to rotary system

= Design and manufacture; gear & generator, power & control
system, onshore and offshore test systems

* Onshore performance bench testing
= Offshore sea trials

= Techno-economic analysis and commercialisation strategy

| KEY OBJECTIVES |

= Bring PECMAG to a readiness level for deployment on pre-commercial
demonstrators

= Deliver a PTO that can successfully integrate into a WEC system
» Demonstrate key power capture and system protection features

= Allow reliability and availability metrics to be quantified

[.] Oceaneering.com



Current Status

| ONSHORE BENCH TESTING | | OFFSHORE SEA TRIALS |

= Rosyth, Q4 2019
= PECMAGS3 driven by 2No. PECMAG2 machines

= Firth of Clyde, Q1 2020

= 5-10 days vessel operations

= Exercise PTO through full performance range = Integration with WEC type structure

= Determine key performance metrics = Confirm seagoing operability of PTO

= Demonstrate overload and survival characteristics = Assess suitability of marinisation measures

-

L.] Oceaneering.com




Stage 3 - Advanced R&D

| TECHNOLOGY ADVANCEMENTS|
= |Improved speed, acceleration and force capabilities
= Reduced size, weight, cost and inertia

= Modular machine design for simplified assembly and
maintenance

= Magnetic thrust bearings reduce rotating losses

= |Improved capture efficiency for lower speed &
prevailing waves

= No-skip overspeed control strategy

= N+1 redundant, high availability power electronics

Oceaneering.com

Current (A)

Efficiency
o o
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Luca Castellini
Energy R&D and BD Manager



EMERGE project n. UMB PTO32

(Electro-MEchanical Reciprocating Generator)

4{‘ .

= e
.wmm/

LT IITTT

Wave Energy Scotland call for innovative PTOs — stage 3

The EMERGE project purpose was to study and assess technology level of an

Electro-Mechanical PTO for marine wave energy converters.

A linear EMG (Electro-Mechanical Generator) based on recirculating ballscrew
architecture has been developed. During EMERGE project, UMBRA EMG has been

assessed both in laboratory bench and in marine environment, successfully

managing to achieve TRL-7 (Technology Readiness Level)

N N
wave enerqgy ~\ UMBRACROUP
SCOTLAND
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UMBRAGROUP
3 PROPRIETARY
INFORMATION

TIMELINE

TRL advancement

TRL evolution for a 100 kW PTO TRL 6 TRL 7
~ July 2017 Aug 2019
MS2: System Specification Control Document MS6: Sea Tests  —— Oct. 2019
Completed — MS8: Technology and
Secember 2017 Dece.mber 2018 Test Qualification
— L . — MS5: Laboratory Tests
MS3: Finalization of Design
Completed
DD a2 v) v) v) )22, )
>
May 2017
— : . J 2018
Project kick-off une_ SRR Dec 2019 e
L MS4.. Flrla ization of EMG May 2019 End of project
fabrication —— MS7: Techno-economical
Evaluation
N
wave energy ~\‘ UMBRAGROUP
SCOTLAND




UMBRAGROUP
PROPRIETARY
INFORMATION

UMBRAGROUP innovation

Technology transfer

1972

FAG and GEPI found
UMBRA to produce
high-precison bearings

POWERTRAINS

AEROSPACE

1978

The company starts
producing ballscrews
for aviation industries

wave energy ~\ UMBRAGROUP
SCOTLAND
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UMBRAGROUP
5 PROPRIETARY
INFORMATION

UMBRAGROUP innovation

ROADMAP

ANALYSIS & SIMULATIONS

[ DRY TESTS
[ TANK TESTS ]

N N
wave enerqgy \ UMBRACROUP
SCOTLAND
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UMBRAGROUP
6 PROPRIETARY
INFORMATION

EMERGE project team

EMERGE

A —>

Electro-MEchanical Reciprocating GEnerc

emerge (/1'ma:d3/): to appear, or to become recognized

M (22777 SUPPLYDESIGN| SEAPOWER scn

Consortium with University of Naples Federico Il !
GREEN MARINE

VERITAS

UGC

EMERGE project represented thousands of work hours, involving the collaboration of several teams from different project contractors.

e

wave energy ~\‘ UMBRAGROUP
SCOTLAND
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UMBRAGROUP
7 PROPRIETARY
INFORMATION

EMERGE project objective

Bench tests
 Submerged in synthetic sea water
* Hardware-in-the-loop configuration

Sea trials
* Installation on point-pivoted buoy
e Use of gantry barge for ease of access

wave enerqgy ~\ UMBRAGROUP
SCOTLAND



UMBRAGROUP
PROPRIETARY

Procurement
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UMBRAGROUP

PROPRIETARY

INFORMATION

1 | 2

TOTACTION 80 Wt TOLRAMCTS e s oo
e L} - 2
.G IS w01 w3T oD
PO sk MY R

SN X S8 M

L 0w o ee

Apiw Tiwwes w3

AT O AT P SO lw NOT mluz.- -

wCTEL, ITT. AR A e

2

LDuee by

Theced by | A5G Tedvaiagy
Formtaut ool
Maahas, Fne B0, waasd Ragoom

Tak S04l Wt a1

oo i PARTS LIST
ITeM | Q1Y | PART NUMBER. | TILE
1 1 [06G-10MIEWLD 00! |loading Frame
2 1 [5056858 Rew.02 Actuanoe
3 2 |ORG-10MIEPRT-005  Jload Cell - Achuator Adapter
“ 1 |Load Ced L Load Cell
5 2 |DRG- 10MIGPRT 001 [Trunnion Biook
7 1 |ORG-10MIEASM-001  |Cross Head - Assembly
8 24 |1SO 7089 . 8- 140 KV |Waster
] 24 [ISO 4962 - ME x2S Socket Head Cap Screw
11 2 |ORG-10MIEPRT-005  [Trunnion Block Retaining PMate
12 2 [1SO4962 -M10x 30  |Socket Head Cap Screw
13 2 l_:.;oasz-moun Socket Head Cap Screw
1t & [1S0 7089 . 16 - 140 MV |Washer
15 8 [1SO4762-MI6x 30 |Socket Head Cap Screw
21 1 |DRG-10MISWLDO05  |Actuanor Leg
2 & [ISO7052-5T 20 140 |waster
MV
23 8 [1SO 4762 - Mi0x 70 |Socket Head Cap Screw
2e 4 [ISO 7082 ST 16+ 140 [Washer
HY
25 2 |1SO 4762 . Mi16x 45 [Socket Head Cap Screw
2% 2 [1SO 4032 - M16 N
27 2 |DRG-10MIEPRT- 015 |M6A Locking Nue
28 2 |ORG-10MISPRT 020  |M48 Locking Nt
22 2 |EWuM 40 1800 3 w5 Bearing rad
EF) 1 |141039P100-01 E‘m EMG_Model
40 2 |ORGI0MIEPRT-015  [Trunnion Pin
Al 1 |ORG-10MIEPRT-O1E  |Cevis Pin
A2 2 |oRG10MISPRT 033 [Trunnion Washer
[E 2 |DRGIGMISPRT 034 [Oevis Bughing
h 2 |DRGAOMISPRT O35  |Oevis Washer
[H 2 |ORG-1OMIGPRT €36 |Oevis Pin Cap
7 2 |1SO 4762 - M10x 35
45 3 |DSG-1GMIEPRT 005 [Haed Stop
4 1 |ORG-AOMISPRT-033  |Chamfered Hand Stop
CROGINAL =5 ¢ Coorzn Bebooce Umited

04042018 [ Trpmary Toe

Craming Nurber

DRG-107416-ASN-002 D

d
TEVISION RISTOREY
=Y BY DATE CHD APD DESCRIPTION
gy 0G_ |oaoamE) = 0G FIRST 1SSUE
B oG 13042012 » oG Upsaied &5 nck.ae few & of
C DG 27/04/2018 x 0G Updated 10 include change In cheek plxies
S Updated 1o inciude EMG nstaliad within test
0 x 1405208 ™ x terch, chamfered hare S10p 303 water inet
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EMERGE - WP0O7

Power Take-Off Laboratory Tests
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1 O PROPRIETARY

INFORMATION

EMERGE - WP0O7

Power Take-Off Laboratory Tests

e
SCOTLAND
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1 1 PROPRIETARY

INFORMATION

EMERGE - WP0OS8

Power vTake-Off Sea Trials

, J

A.j | i

N "‘l] t

1

N N
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1 2 PROPRIETARY

INFORMATION

EMERGE - WP0OS8

Power Take-Off Sea Trials

Check on LINKEDIN for more video

SCOTLAND

~\‘ UMBRACROUP


https://www.linkedin.com/posts/lucacastellini_pto-renewableenergy-powertakeoff-activity-6592710802799632384-k2p3

UMBRAGROUP

1 3 PROPRIETARY

INFORMATION

WP 10 lead by BV aimed at providing a third-party evaluation of EMG viability

e Task 10.1 Technology Assessment

e Task 10.2 Review of Qualification Plan

e Task 10.3 Review of Qualification Tests

Results:

* FMECA workshop has been performed

 Both Laboratory tests and Sea trials have been validated and they are compliant to TQP
* TRL 7 has been achieved

Presented Technical reports:

D14 — “Power Take-Off Statement of Feasibility”

e D15 - “Endorsement of Power Take-Off Qualification Plan”

e D16 — “Endorsement of Power Take-Off Qualification Tests”

EMERGE - WP 10

Power Take-Off Technology Qualification

©

BUREAU VERITAS MARINE & OFFSHORE SAS

STATEMENT OF FEASIBILITY

100 KW ELECTRO-MECHANICAL RECIPROCATING GENERATOR

Statamant Ref.: ATIT0%3 { RAM 18 00012 Rev 0

Tochnology Owner: Umbra Cuscinet Spa

Name of Technology: Blectro-MEchanicsl Recirocating Generalor (EMERGE)
Toch ay Llectro-

Technalogy application:  Tha EMERGE project e an Electro-Mech G (ENG), which
will b integraned with a Poni-Pivoted Bucy (PPD) snd a Power, Controt and
Monnoring (PCM) system 1o form Wave Energy Cooverter (WEC)

This 5 50 state that Ihe above Bchrology his Deen sssessed in scoordance with quakfication procedures

and requbements of B guidance Bureau Verkss NI 525 DTM R00 E- Rsk Based Qualfication of New

Yechnology Methodological Gudednes |1] and Tachnciogy Readness Assessment of Honzoe H2020 Work

programme 20%6-2017 - Avvex G

The echnology Spechicabion equimments hive been delned by the lochnclogy ownes with regards o

perk ) . Ve gy Read Level (TRL) requresrents, and appiicable

standiards for design and matenal Feaiment and raw matenals procurement.

BV has been mvoived In the Technology Assessment. civided In 3 stepa

*  Tecrrology Composilicn Analyss, which descrbes the functons of $hwe tlechnclogy components;

* Tecrnology Categorzabon, whach indicales which component of the lechnciogy is roved and neads 1o be
focused on dunng Mo qualficabon activites ard

¢ Qualfcalon-Falure Mades. Effects and Crcaity Anatyss (C-FMECA), wiwch identifies threats and
wesinesses of the fechnology. and dentfies the lechnology qualfication activibes which wil be requires

for the croject n order 1o demensirate he abity of the 7y to meet the rRgUremants
In the intended amironment

N (19) quai i araady susl. and seven {7) sddtons qualfication sctivities have been
dentfled cunng the Technobgy Assassment [2| These addtomal activites wil be nckded n e
Technclogy Cualficstion Plan (TQP) issued by the Technclogy Owner,

)

BUREAU VERITAS MARINE & OFFSHORE SAS

ENDORSEMENT OF TECHNOLOGY QUALIFICATION PLAN

100 KW ELECTRO-MECHANICAL RECIPROCATING GENERATOR

Statement Rel.: ATI7064 ) RRM 1800013 Rev 0

Tectnology Owner: Umbra Coscnett Spa

Name of Tachnology: Electro-MEchanical Reaprocating Genemitor {EMERGE)
Technology description:  ERcuo-Mechan sl Ganaraior

Technology application:  The EMERGE project inveives an Electro. Genarator (EMG), wihich
wil be integrated with a Ponl-Pvoted Bucy (PPE) anc a Power, Conrol and
Montonng [PCM) system 1o form Wave Ensrgy Conventer (WEC)

This is to endorse that she Quabticaton Plan [3] cf the above mensoned technology & in accordance with e
guoance Bureay Ventas Ni 625 DTM RGO £~ Risk Based Qualfication of New Technology Methodologos!
Guideines [1] and that the technoiogy <an be proves FR for Sarvice through Iha remasing planned
QuaScaton pctivitien identifed n the Technclogy Qualthcabon Plas (TQP)

Technclogy Oualicason Plan (TOP) has been ssued by the Technokgy Owner Dased on P sodiional
on Aciivites idertilnd durng the Technology Assesamest [2] and mome pactculady the
Quakfcation-Faiute Modes, Effects and Critcalily Asalysis (OFMECA)

BV has checkes 0 1echacal aspects of Ihe TOF isciosing he consistency of Ihe sslimated schadu'e

Issed at Pars La Défense, France, on 25™ of January 2018

BY corsiders the gy oo by feasbie &3 doliwd and the r
g qualicalion acceedng 10 Bereau Vadias M S25 DTMROOE

{ssued 3l Pavis La Délense France. on 28 of Janvery 2018

Dane RUF BENYES
sk Relabdty & Manienance Manige Ersrgy M
Services Degartiment e Sales &
Bureau Vertas Marne & Offshore SATE st as SRtay Varas M
' . % \ 5
e | N rye i)
(.-;".—H =
-

[25),

ENDORSEMENT OF POWER TAKE-OFF QUALIFICATION TESTS

Statement Reference:
Technology Owner:

Name of Technology:

Technology description:
Technology application:

This is to endorse that the Qualification Tests (23] and [24] performed on the above menticned technolegy are
found acceptable with regards to the Technology Qualification Plan [5] and the guidance Bureau Veritas NI
525 DTM RO0 E- Ask Based Qualitcation of New Technology Methodological Guidelines [1)

Test procedures [16], [17] and [21] were reviewed by BUREAU VERITAS prior to the Qualfication Tests.

Sea trials were witnessed and validated by BUREAU VERITAS inspector as descnbed in the Inspection Report

For and on behall of BUREAU VERITAS, Marine and Offshore Division SAS

— Olivier BENYESSAAD
gar Ozean Energy Market Leader
L\\n:_ Saes & Markelng Depatment
s Qg)' s Manne & Offsnore SAS

GBUREAU
. = B
s S0

BUREAU VERITAS MARINE & OFFSHORE SAS

AT17066 / BV-DTO4/19/0001

Umbra Cuscineth S.p.a
Electro-MEchanical Reciprocating GEnerator (EMERGE)
Electro-Mechanical Ganerator (EMG)

The EMERGE project involves an Eleciro-Mechamcal Generator (EMG), which
wil be integrated with a Point-Pivoled Buoy (PPB) and a Power, Control and
Meatoring (PCM) system fo form Wave Energy Converter (WEC)

wave energy ~\ UMBRAGROUP
SCOTLAND
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1 4 PROPRIETARY

INFORMATION

EMERGE project objectives

EMG has undergone testing both in relevant and operational environments to reach a Technology Readiness Level (TRL) of 7. It has been first tested in a bench with a

Hardware-In-the-Loop (HWIL) configuration while submerged in synthetic salt water. Then, it has been integrated with a point-pivoted Wave Energy Converter (WEC)

and underwent sea trials in Scapa Flow. This project allowed to develop engineering solutions for survivability in open marine environment and gave valuable

information concerning EMG performance in real sea conditions.

CAPEX

OPEX

TO expected (qualitative) TO expected (quantitative) Industrial TO expected (quantitative) Project TO Industrial TO

During the implementation of WP0O7 and
WPO8, the EMG will work in relevant and
operational environments, respectively.
Inspection of the generator after the tests
will ensure no damages occurred on any
component.

Considering this context (FOAK
device), the project CAPEX is in Cost of PTO 650 £/kW for a 100
the range 800-1000£/kW of kW (peak electrical, IEC 60034-1 Confirmed Confirmed
peak electrical power (IEC S6 duty 15%) power generator.
60034-1 S6 duty 15%).

OPEX is expected to reach values
The maintenance targets are mainly related as low as 400-450£/year per
to the PTO itself and only partially deal with EMG by slightly reducing the
the working conditions of a specific maintenance frequency based
application. on a maintenance contract
agreement.

OPEX (PTO only) £500/yr Confirmed Confirmed

N N
wave energy ~\ UMBRAGROUP
SCOTLAND
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@ @ @
EMERGE project objectives
R e el M

Confirm the maintainability

Within the Stage 2 project, the reliability ALt TS CY IS Rl )

achieving zero failures Expected life of 20 years , _
= Reliability was already assessed by tests, and e . . : et et
= : indications after the tests in (continuous operation).
= calculations of FMEA and MTBF. .
'.-% relevant and operational
% environments.
>
< Failure Modes results are intended to be Maintenance intervals every 4
Maintainability confirmed and in addition a FMECA Zero failures aare i Confirmed Confirmed
study will be provided. Y
: The EMG is declared to survive load  The EMG is declared to survive The EMG is declared to survive _ _
Load ratio Confirmed Confirmed

ratios up to 5. load ratios up to 5. load ratios up to 10.

The EMG is declared to survive load
Fatigue loading ,gtjo, while being not affected by fatigue not fatigue issues. : Confirmed Confirmed
issues for the total period of testing.

>
=
o
()
2
>
—
=
V)

EMG will have an appropriate protection Marine protection solution is . . : :
Marine protection solution will

Corrosion ainting or coating) against marine expected to survive without . : .
resistance (b o g) e . 7 . be most likely aligned with Confirmed Confirmed
environment (anti-corrosion, anti- problems for the whole period
. . market standards.
fouling). of testing.

wave energy \ UMBRAGROUP
SCOTLAND
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EMERGE project objectives

m TO expected (qualitative) TO expected (quantitative) Industrial TO expected (quantitative) Project TO Industrial TO

Manufacturability

Installability

Integrability

Scalability

Controllability

Stage 3 prototype is expected to be entirely
manufactured in Umbra plant in Foligno . : :
.f - : z g Production lead time will be . : .
using existing equipment, tools and 6 months Production lead time will be 4 months
processes. No other novel equipment tools
or processes were required.

EMG installation on the WEC with a pin-to-

. . . . Installation procedure will not require
pin connection performed through simple Installation time: 8 hours. P d

extensive equipment

operations.
The Integration of the device is extremely 2 mechanical interfaces
easy and possible in a wider range of (hinges) and 2 electrical pin-to-pin architecture of the EMG
systems. connectors

The generator is easily scalable up to 300 Two or three device cases

kW of peak power, with the possibility of will be evaluated during the A teasibility study for at least two full

scale WEC will be provided.

parallel arrangement or arrays. execution of this project.

Commercial product will be
controllable with a complete range of
damping values reacting immediately

Demonstrate that the EMG easily works Test at least 3 damping to input and informing the same
with variable damping factors system on its status. Ability to be

controlled can maximize the
efficiency with respect to the working
conditions.

wave enert

SCOTLAND

Confirmed

Confirmed

Confirmed.

Confirmed

Confirmed

Confirmed

Confirmed

Confirmed.

Confirmed

Confirmed

y ~\‘ UMBRAGROUP
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EMERGE project

Conclusions

*) Technology transfer from other sectors to OCEAN REN. ENERGY

v) Highly reliable and efficient solution (proved by robust methodology)
v) Third-party technology validation

v) High TRL and established manufacturing capabilities

¢) Clear ROADMAP to commercialization

e

‘ N
wave energy .\ UMBRAGROUP
SCOTLAND
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Wave Energy Scotland Annual Conference 2019:
H#WESACI19

Project Neptune:
A 75 kW Linear Generator for
Wave Energy Conversion

Dr Joseph Burchell
University of Edinburgh

i.burchell@ed.ac.uk m.mueller@ed.ac.uk

Dr Ignacio Barajas-Solano, Mike Galbraith, Dr Nisaar Ahmed,
Okechukwu Ubani & Prof. Markus Mueller

SEVERN SUPPLYDESIGN|

"‘
- DRIVES & ENERGY

School of Engineering Systems

\. THE UNIVERSITY of EDINBURGH ‘ Institute for Energy


mailto:j.burchell@ed.ac.uk
mailto:m.mueller@ed.ac.uk

Contents
* C-Gen PTO Background

* Project Neptune Stage 3 Outcomes

* Project Neptune Test Rig
* Design
* Manufacture
e Build

* Dry Commissioning & Wet Testing
* Component Replacement on site

e Summary of Achieved Outcomes

A) (B) ©

Magnet Module = Magnet Material

Copper Windings

(A) Single stage C-GEN
(B) Double stage C-GEN
(C) Four stage C-GEN

". THE UNIVERSITY of EDINBURGH | [nstitute for Energy

School of Engineering Systems
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C-Gen PTO Concept Scorianp. Y

C-GEN is an advanced multi-stage air-cored direct drive permanent magnet generator
technology providing high reliability and availability in renewable energy converters.

C-GEN PMG Technology has the Following

USPs over existing Generator Technologies Current C-GEN Technology

used for Direct Drive PTO Status

* No Magnetic Attraction Forces * TRL level 5 for Rotary

within Airgap * TRL level 3 for Flooded Linear
* No Cogging Torque * Patent Granted in USA, China,
* High Degree of Modularity Japan, Canada, Australia & Europe
* Affordable with low CAPEX ®* Numerous C-Gen Machines built
* Easy Integrated into various from 10kW to IMW

Renewable Energy Device Types ®* Marinised C-Gen components
* High efficiency across full have been tested for Submerged

operating range Offshore Operation

". THE UNIVERSITY of EDINBURGH | [nstitute for Energy

School of Engineering Systems
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WES Stage 3 PTO Project scoTLaND )

®* (C-Gen Machine capable of
running in a fully flooded
marine environment

Hydraulic system

Offshore renewable

. resources - Grid
* Demonstrate C-Gen in a real Piston  Accumulator
enVironment, at a relevant ( ) ) Air chamber  Air turbine %
scale and under realistic load o Kotary,
. Offshore Wind generator
profiles
* Industrialise the design and @ PowerJ
electronics
manufacture of C-Gen for Ofishore Wave
Marine Renewable applications C Offshore marine Geared drive
energy convertors mechanical system
* Obtain qualification from an &,
. Offshore Tidal ‘
independent body —
Direct drive @
Fluid power mechanical system
* Demonstrate O&M Capabilities —— Mechanical power ¢ - O
—— Electrical power AC:@
° Allgn the commercial Strategy Direct electrical drive system

with device developers for a
full-scale demonstrator

THE UNIVERSITY of EDINBURGH | Institute for Energy

School of Engineering Systems
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Project Neptune — PTO Test Rig Spec SCOTLAND

* Sinusoidal motion with a peak velocity range of 1-1.5ms™!

* \Voltage =415V (peak), and 339V (rms), per phase A
* Current density: nominal 4-5 Amm, but with > 20 Amm~2 B
overload capability
» Efficiency >60-80% for the peak velocity range of 1-1.5ms™!
* Overload = 200% continuous, 500% short term rated =
* Back to back linear double motor-generator test rig*
Z | Notation | Component Description | .
— Data acquisition and
(@)
3 power boards v
= Translator/counterweight
CZ, pulley system
§ Test rig support structure
§ Counter weight 1, counter |G
= weight 2 opposite H
§ IE Generator coil modules
g I \otor coil modules

B ranslator 1
B roslator 2 |
B est rig base plate

THE UNIVERSITY of EDINBURGH Institute for Energy
Systems

School of Engineering
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Industrialisation of Manufacture SCOTLAND

THE UNIVERSITY of EDINBURGH | Institute for Energy
School of Engineering Systems
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wave energy

Project Neptune — Test Rig Build SCOTLAND -

Component Manufacture Assembly Process

Horizontal Installation

Single Machine Horizontal

" THE UNIVERSITY of EDINBURGH | [Institute for Energy
School of Engineering Systems
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Testing at Leith Docks scotianp 27

Diesel Gen Set — Motor Drive — Output to Grid Convertor
Dry Commissioning — 1 month

Dry run testing — 2 months

Wet run testing — 3 months

Component replacement

Component and rig inspections

Leith Dock Fencing

". THE UNIVERSITY of EDINBURGH | [nstitute for Energy
School of Engineering Systems



Data from Leith Docks SCOTLAND

 Monitoring & recording
e Translator position

* Translator speed profiles

e  Motor drive characteristics

e Generator drive
characteristics

e Search coil voltages

* 3 phase voltages & currents
per stage

e Coil temperatures

e Bearing temperatures
e Airgap deflection

e Testrig vibration

* Bearing wear

", THE UNIVERSITY of EDINBURGH | Institute for Energy

School of Engineering Systems




Test Results Snapshot

T Rnalog Channels
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Test Results Snapshot

THE UNIVERSITY of EDINBURGH
School of Engineering

Institute for Energy

Systems
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SCOTLAND

Test Results Snapshot

No Load

1000
900
800
700
600
500
400
300 ==
200 /

100

Peak Voltage L-L(Volts)

Speed(m/s)

—@— Design tool —@—Dry DAQ MagNet Wet DAQ —@—Wet Oscilloscope

THE UNIVERSITY of EDINBURGH | Institute for Energy

School of Engineering Systems




Test Results Snapshot

y 4

SCOTLAND
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Demonstrate O&M

Coil Modules

Counterweighted
removal tool

Translator Modules

THE UNIVERSITY of EDINBURGH
School of Engineering

Institute for Energy
Systems
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Summary : SCOTLAND

C-Gen Machine capable of running in a fully @

flooded marine environment

Demonstrate C-Gen in a real environment, ‘/ , /‘%}

at a relevant scale and under realistic load ( ) ? M
. I °\

profiles P18

Industrialise the design and manufacture of ‘/
C-Gen for Marine Renewable applications L
Started the route to obtain qualification

from an independent body, demonstrate @

O&M Capabilities and apply a standardised
testing process

Align the commercial strategy with device ‘/ el
developers for a full-scale demonstrator =7

THE UNIVERSITY of EDINBURGH | Institute for Energy
School of Engineering Systems
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SCOTLAND

“Wave energy developer Mocean Energy has selected the University of
Edinburgh’s C-GEN technology to provide the power take-off (PTO) for its
first half-scale wave energy prototype.”

THE UNIVERSITY of EDINBURGH Institute for Energy
Systems

School of Engineering
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Many thanks for your
attention

Place your orders now!

[}
o
w
—+
Q
0Q |
o)
8

J0leJauan Uan

THE UNIVERSITY of EDINBURGH | Institute for Energy
School of Engineering Systems
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CREATE Stage 2

Concrete as a Technology
Enabler

Karoline Lende | Arup

5th December 2019
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WES Annual Conference 2019
The CREATE Project

Aim
Demonstrate that concrete can make a step-

change in the Levelised Cost of Energy (LCoE)
for Wave Energy Converters (WECs)

Stage 1: 2017-2018

Stage 2: 2018-2019

P

wave energy
SCOTLAND

ARUP

+# bam ((mpa

The Concrete Centre
Infrastructure Advisory

British Precast

ol cruz atcheson

Carneqle CONSULTING ENGINEERS

wave energy

/-\S DOOSAN
ocean energy
N =



WES Annual Conference 2019
Stage 1: 2017-2018

Sector-Wide Review

8 WEC Types

3 WEC Types

1 WEC Type

/ Reaction Plate



WES Annual Conference 2019
Stage 1: 2017-2018

&

Submerged Pressure Differential Carnegie

wave energy

Pump to BA
Hydraulic
Interconnect

Figure 5: Interconnection Concept

Figure 6: CETO 6 BA Structure

Carnegie “CETO 6”




WES Annual Conference 2019
Stage 1: 2017-2018

Stage I Conclusions
LCoE impact - Extension of Design Life (100 devices)

£125

 Structural design to pre-FEED level +1%

. £120
* Demonstrated opportunity for cost
reduction
a‘cﬁ‘ﬂj = £110
2
R s
: = 11 EHOS -13%
pE :
I ARUP
' Sedton 3 =
w T~
n S =
Seclons
c £95
jmm:mm £90
oo catoy s ; N é:m:?fm . Steel (20yr life) Concrete (20 yr life) Concrete (50 yr life)




WES Annual Conference 2019
Stage 2: 2018-2019

Stage 2 Aims

Justify that concrete 1s a feasible, cost
effective material with a focus on high
risk structural details:

* Precast connections
* Point loading, e.g. tether connections




WES Annual Conference 2019
Precast Design Development




WES Annual Conference 2019
Precast Element Connections

Stage 2 Innovation

Interleaved T-headed bar precast connection

Space

i, Bar




WES Annual Conference 2019
Risk Reduction Testing

e
Hydrophilic seal strips

J—/,

N

Critical precast
Connection interface

_LB+ M2 MIN Princ Stress LB + M2 MAX Princ Stress
(Magallpts) _ (Mag all pts)

21.71 -0.500
-19.44 0.032
17.17 0.564

d 1.085
1.627
2159
2,691
3223 |
3.754 [
4.286
4818
5.350
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Risk Reduction Testing

(a) o (b)




WES Annual Conference 2019
Central Connection Design

Stage 1

-

To machinsry

|

Hydraulic line

Inner wall

Tether

Section 1

_._’/— Cenire steel plug

Dute

50mm Macalloy
bars




WES Annual Conference 2019
Central Connection Design

Component Thickness

Base Plate 70mm / 30mm
Top fins 20mm
Top ring 50mm

Bottom fins 40mm
Central cone 50mm
Top plate

Top fins

~ QOuter ring
Bottom fins

Bottom plate




WES Annual Conference 2019
FEED Design Drawings

A3 A | B | c | D | E | F G
Insitu slab stitch 10B10-100 Pairs of 10s required on EF Insitu slab stitch Inner wall mores
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Fabrication Methodology

10 no. flat panel

Infrastructure Advisory

((mpa

The Concrete Centre




WES Annual Conference 2019
Launch Methodology and Possible Construction Sites

Lo

Site Dry dock Heavy kift crane Ship Lift 1 :,"’ ™R g — =

Rosyth Dockyard v v - - | 1’ } ; . ; ) i : ’

Port of Rosyth v i g —— g —"_ :: "r =

Port of Leith v - ' : ' \ " . J| _. i, ——--=—

Fife Enerzy Park v : ;:'.' i _'_.// 3 - /ﬂ

Nigg Energy Park v v 1 = £ i o | 23 s

Kishom Port v v Top view of dry dock Side view of dry dock

e e ! Dry dock construction and launch was identified as the most suitable
— - - method for low volume construction at demonstrator scale.

[

For larger production volumes, limited dry dock space would inhibit production rates.
Therefore quayside construction and launch using a heavy lift crane, slipway or skidding
onto a submersible barge represent more effective options for serial production.



WES Annual Conference 2019
LCoE Inputs

600,000

£494,000

500,000

£465,000

400,000

Availability OPEX /WEC/yr

300,000
Steel BA 89.6% 90,300

CAPEX per Unit (£)

200,000 Concrete BA 95.8% 72,700

100,000

Steel Concrete

Hm Device Fabrication Construction Indirects
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LCoE Results

CETO Concrete BA - LCoE Impact
£140

£121

£120

£106
£99

£100

-12% -18%

£80

£60

LCoE (£/MWh)

£40

£20

Steel (25 yrs) Concrete (25 yrs) Concrete (50 yrs)



WES Annual Conference 2019
CREATE Project Further Work

 The CREATE project has demonstrated a high TRL for concrete in a WEC context.

 Recommended further work includes priming the supply chain for serial production of
floating concrete WEC structures, and equipping developers with design tools to exploit it.

Concrete
silo
component
G, Wbam .., Suzotcheson ARUP wnfi <> EDE
E:ict?;ﬂe;’i;ecngzt Infrastructure Advisory CONSULTING ENGINEERS Ca rrvlveqls focean eneigy
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‘ TTI NETBUOY STAGE 2 PROJECT

Lead Contractor: Tension Technology International Ltd, Inverness, www.tensiontech.com
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NETS & BUOYS

SOTRSTNNE.
SRFIROENTTYRE CORD
450X9.0L

Combining TTI Net Technology with Buoy Technology

Structural Materials & Manufacturing Processes wave energy



STAGE 2 — Y Scale Test

FULL SYSTEM MANUFACTURE & AIR -TEST

o\

Structural Materials & Manufacturing Processes wave energy
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STAGE 2 — Y Scale Test

. . \—A
Structural Materials & Manufacturing Processes wave energy




FEA of % scale test

REFOR

Rebar layer = VERTICAL

(Avg: 75%)
+1917e401
+1.618e+01

Max: +1.917e+001

-1.391e+01

-1.692e+01
Max: +1.917e+01
Elem: TTI_1620_
Node: 22368

ODB: GB_fixedDraft_1.0db PERIENCE R2017x

L Step: IncreasePressure?
Increment 203486: Step Time = 1.000
Primary Var: RBFOR
Deformed Var: U Deformation Scale Factor: +1.000e400

REFOR

Rebar layer = HORIZONTAL

(Avg: 75%)
+1.621e+01
+1.375e+01

-81020e+00 §
10446401 » &
-1.287e+01

Max: +1.621e+01

Elem: TTI_1620_|

Node: 507

Tue ‘0DB: GB_fixedDraft_1.0db PERIENCE R2017x

. L Step: IncreasePressure?
Increment 203486 Step Time = 1.000
Primary Var: RBFOR

Deformed Var: U Deformation Scale Factor: +1.000e+00

Tue

13

Step Time =  1.000

asrmaton Scale Factor: +1.000e+00




STAGE 2 — 15t Scale Tests

Y
wave energy
SCOTLAND
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Full-Scale Subsystem Tests




NETBUOY STAGE 2

¢ Informed by qualification tests & FEA
¢ Informed by Material Selection & Manufacturing studies

» Griffon Hoverworks conducted manufacturing and costing studies
¢ 3 manufacturing approaches for FOAK, 10, 100, 1000 Units
Ve sy © Consideration of scale.

Sendlies ¢ TTI benchmarked against fender quotations

® Based on FEED & Manufacturing studies
* Based on Transportation & Marine Operations study (Quoceant)

| W

Structural Materials & Manufacturing Processes




NETBUQY Costs

PRIME MOVER CAPEX
Netbuoy versus Steel Buoy (100m? swept volume)

120%
100%
80%
60%
40%
20% .
0%

Netbuoy Netbuoy (with Integrated Steel buoy Equivalent
machine room)

* Road transport of 10 x Netbuoys between 9% & 34% cost of Steel WECs
e Sea transport of 10 x Netbuoys between 19% & 57% of Steel WECs

* Installation cost up to half that of Steel Buoy

* Improved limiting seastates and availability

P

Structural Materials & Manufacturing Processes wave energy
SCOTLAND




NETBUOQOY Applicability

Applicability of Netbuoy technology to other WEC categories

e
wa' energy
SCOTLAND

Structural Materials & Manufacturing Processes



Thank You!
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Ben Yeats Tom Mackay
yeats@tensiontech.com mackay@tensiontech.com
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% CEORL

Cost of Energy Optimised by Reinforcement Learning

Outline

* Explain reinforcement learning (RL) and how it
can be applied to WECs.

* Discuss theoretical upper bounds on absorbed
power for heaving buoy In regular waves.

* Verify code against theory in regular waves.

 Compare the best constant-control policies with
RL-derived policies in irregular waves.



What Is Reinforcement Learning?

() —

Environment ]-q

state reward
S| | R
L. R, (
| S
* The agent

* [nteracts with its environment
* To maximise the long term sum of tiny rewards

action

A



RL Applied to Wave Power

Neural network
10-D state vector -

(x,,2)

(x,7.2) | [eneray
(pl , pZ) Ea
@1 ’ Pz)

2-D action vector

l

PTO
kCa bc

Ke)
>
%

i ‘6’)

Wi 2 ?
A = !
e\
A ZNN
A~

scalar reward




Pa (kW)

Theoretical Upper Bounds

Regular waves A=1m Irregular waves from PM Spectra
g - g |
8 3
o o
§ 7] s § 7]
1
g . g
g | E Long-wave Buda] 8 - ' — Fulltheory
' . —— Complex conjugate
' ¥ —— Budal limit
o - : o - ! —— Long wave Budal limit
[l | | | M | |
5 10 15 5 1 10 15
E T ' T
NOt : ° () NOt : e (s)
volume : Volume limited volume : Volume limited
limited limited :



Hs (m)

Contours of displaced volume for which V* = 1
Sufficient volume to left of contour, insufficient to right

— (r,d)=(1.5,5)

— PM spectra Hs(Te)
Volume limited © NWEC long-crested
© Budal control
IR10
[#]
-ﬂ- —
IR11
(]
IRS
| o
IR2 IR3 IR4
o (o] [+]
h Volume limited,
Budal control
Not volume
limited, CC control

3a
I |

| T
6 8 12 14
Te (s)



Simulation vs Theoretical Bounds

Period sweep in regular waves using the FastHeavingBuoy RMH code

450

full 'thenry
200 F Long wave Budal ——
RMH code mean(Pa) O
RMH code mean(R) X

350

300 F

250

Pa (kW)

200

150

100

50 F

2 4 6 8 10 12 14 16 18 20
Te (s)
» Code uses relative motion hypothesis (fast code)
* Regular waves (all wave power at single frequency)

* Analytical solution for best controls
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Optimal constant control

Heave position Mean absorbed

60 80 100 120

t(s)

0 100 200

-200 -100

100 200

0

-100

—200

mean power (KW)

mean power (kW)



z (m)

z (m)

Optimal constant control

Heave position Mean absorbed

—200

-100 0O

-200

100 200

-100 O

100 200

mean power (kW)

mean power (KW)
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Optimal constant control Heave position Mean absorbed

100 200

-100 O
mean power (kW)

-200

0 100 200
mean power (kW)

-200 -100




RL Simulation vs Theoretical Bounds

Pa (kW)

400

300

200

100

Mean Power from PM spectra using best constant
control and RL-derived control policies

Full theory
Complex conjugate
Budal limit -
Long-wave Budal limit
Latched Budal limit

ol [

Reg wave BMH code

GS RMH code H l

GS Prony code : -

RL RMH code : . b
B RL Prony code I ' :

1) In volume-limited
conditions the WEC
should use all of its
volume.

2) Best constant controls
give high power in
reqular waves by using
all the volume.

3) Best constant controls
give low power in
irregular waves because
not using all the volume.

4) RL can find control
policies that give high
power in irregular
waves as they use all the
volume.

5) Power uplift 3 to 5 times.



Goals of Stage 3

Levelised Cost of Energy

CAPEX + OPEX
AEP

LCOE =

CAPEX dominates OPEX, therefore

CAPEX
AEP

LCOE =

Goals:
* Higher power for same loads (increase AEP)

* Lower loads for same power (decrease CAPEX)



.(\{ CEORL

Cost of Energy Optimised by Reinforcement Learning
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Adaptive Hierarchical Model
Predictive Control of Wave
Energy Converters

STAGE 3 Control System Programme of Wave Energy Scotland

Queen Mary University of London
Mocean Energy Ltd
University of Exeter

05/Dec/2019



Accomplishments of Stage 2 (Recap)

* An efficient and reliable control framework was developed and
numerically validated on a full scale numerical model of the attenuator

WEC developed by Mocean Energy Ltd.
e Control of an attenuator is much more challenging.
e Our control framework can be extended to other types of WECs.

* The framework mainly addresses the following major control issues
commonly shared by most WECs:
1. Energy maximisation problem;
2. Non-causal control — current control action relies on future incoming waves;
3. Subject to constraints on actuator and float motions, etc. for safety;
4,

WEC modelling complexities — varying dynamics, uncertainties and nonlinearities
at different seat states;



The proposed control framework

Upper Level

Wave
Prediction

Big wave
alert

1 Predicted wave profile

-

System Identification
(APE: Reinforcement
Learning)

(l\/liddle Level (updating WEC model and control Iaw)\

Cost Function
Tuning

J

Updated model l Updated objective cost

&

4 Lower Level

State Estimation |State

~

(SMO or Kalman)

\ 4

Non-causal Optimal
Controller
(MPC or LNOC)

J

WEC performance

l Control input

WEC

Shutdown signal

How it works:

* Upper level — wave prediction

i. Quiescent Period Wave Prediction technique to send
detrimental wave alert to shut down WEC.

ii. Deterministic Sea Wave Prediction to predict wave profile.

Middle level — update WEC model and control law

i. Online WEC model identification using reinforcement
learning based adaptive parameter estimation.

ii. Adaptive tuning of control law.

Lower level — energy maximisation control

i. Accurate estimation of excitation force and states by
Siding Mode Observer.

ii. Non-causal energy maximisation control, with candidates:
Model Predictive Control (MPC), Adaptive Dynamic
Programming, Sliding Mode Control Linear non-causal
optimal control (LNOC).



Control Improves AE

795 MWh/year (equi

P from 616 MWh/year to

valent to 30% increase)

1200 | | |
with MPC
- = =with passive damping
1000 [
E 798 MWh/
ear
= 00 k 4 |
2 800 [ e
= 616 MWh/year B
5 B00f _
L
=y
400 | |
200 | i
0 0.5 1 15 2 25 3

Torque Limit (MNm)
The improvement of energy conversion efficiency using control over no-control increases with the torque limit.
Note: 1. The values are only for qualitative demonstration purpose and do not reflect the real WEC performance.

2. The selected torque limits for each case can
is proportional to its capacity.

result in the lowest unit cost after considering the PTO cost, \L/Lvhich



Stage 3 objectives and work packages

Objective: To validate the proposed control techniques by experiments
(tank testing) on a 1/20% scale physical WEC model.

Controller design _ _ Final analysis
ardware selection Frist tank testing Future plan
F Jan/2020 July/2020 Dec/2020
Sep/2019 April/2020 Oct/2020
Start Hardware-in-the-loop Second tank testing

testing



Modelling and simulations on 1/20™ device

Previous tank experiment data by Mocean Ltd.
validate the fidelity of the scaled numerical
WEC model (Simulink block)

Flexibility simulation platform for different
controllers’ design

Control performance is not affected by WEC
model scales

Confidence for proceeding to real-time control
implementation

Control block

torqueDiamand 14@

A

e Torgue Limit

FED B Hinge Responss E '% respHin
Forward Body chh Hinge Fores F %‘- Fhin
{ocean energy

Aft Body Force

»
<val> lg
r—ul
| Predictio
—
PTG .qJ
2744
F_pto Wave pradiction — ‘WavePradiction
1z 2744
first state (4=
WEC LOC
Wave L a wave b I O C k
Ramg P ramp
/ 18
3 Forward Body Responss ‘g— respForw
18
Aft Body Response 'ﬁ- resphft
18
All respon:

Two-body Hinged Raft Matrix revB 1

Numerical WEC model by Mocean Ltd



Performance on 1/20™ WEC (LNOC part)

Comparing to a well-tuned passive linear damper

Wave height Hs = 0.05m (0.2m full scale) Mean power from 0.68W to 0.94W.

Peak period Tp = 1.6s (7s full scale) (full scale 24KW to 32KW, 33% increased)
PTO torque limit 6 NM

e N0 CONtrol

e N> CONEro

g ———LNOC ——— LNOC
2 z
£ £
g_ 0
0 5 10 15 20 2.5 30 3I5 4I0 45 50 o] 10 2ID 30 40 S-D 60 ?'IO BID a0 100
Time (s) Time (s)
T 100
£ {11 |
5 (111 mir. =
g4 ) J / 2 sor
5 V V[ i
2 sl V| I
0 5 1 IU 15 2ID 2I5 SIU 3I5 4IE| 4I5 50 b ] 10 2I0 SID 4ID 5.0 Eil{il ?ID 3IU QIO 100
Time (s) Time (s)
Fig. EMEC Occurrence. Fig. Pitch angle and control input. Fig. Instant power and energy captured.



LNOC

* Expected overall performance

™D Power Matrlx TD Energy Ahsorpllon
0.35 I ! ! ! [ ! 10 15 19 23 28 32 a7 10 15 19 23 28 32 37
no control 0.01 i ;
LNOC
0.3 E 0.06 3 i
E 0.11 . % ;
2 2 2
5 0.25 4 H7d | 3 :
E 0.21 :
£ 02t . 0
=
% LOC TD Power Matrix LOC TD Energy Absorption
s s T, (s) T, ()
s 10 15 19 23 28 32 37 10 15 19 23 28 32 37
o 4
3 { i
01r : 3 .
3
; 2 5 g
005 3
: 1 :
" | . i 0 :
0.5 1 156 2 25 3 3.5 4
Peak period (s)
Fig. Captur.e width ratio .performar)Ce Fig. Power and energy map for each sea state.
of LNOC. (input constraint not active.) Bottom is the expected LNOC performance.

Broader operational band and higher energy capture ratio

Energy (Wh)

Energy (Wh)

Linear
Passive
damper

LNOC
controller



Hardware components testing (ongoing)

Actuator
— e ]
<val> IL
‘J r_ wavePrediction
/L torqueDamand 4—@: - pho jave i %:44 e WavePrediction
‘\'1[‘ o o Torque Limit — Lo:“" stte = \\
DC motor o |
Hardware controiier DSWP
Controller [ =] Pbrediction
- . o] by Exeter
[oooooo ] | Forward Body Force oceqn energy Hinge Fo roe > Fhin I
B \ / anananananan i pe IE respForw I
WEC [coooo00 1E ody Force 'E{E'

M100 device (1/20% scaled)

Two-body Hinged Raft Matrix revB1



Tank testing prospect

\ Flowave Tank |

wave

direction
lmmmmw'w
S
2
Chosen facility for tank testing: FloWave Ocean Wave
Energy Research Facility in Edingburgh measurement
Wave makers
at all edges DAQ
. Wave |
Tank testing schedule " - wave
ge?lveiation TANK-PC controller DSWP-PC

e Testing week 1: July 2020
e Testing week 2: October 2020

Demonstrative diagram of tank testing hardware setup
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