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> | Problem statement

Problem: there are many decisions required to design a WEC , and limited

understanding of how these interact and play a role in performance

Current process

WEC concept
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Suboptimal design

BEM
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Control design
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3 | Problem statement

Solution: enable systematic design optimization studies using efficient models and

arbitrary objective functions to suit specific users’ needs

Improved process

Optimization tool

WEC concept
7 —
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Objective: minimize LCOE
Design variables: ry o d1

Optimal control design
Obj.: maximize power

Optimized design

Design var: fPTO

BEM Model for
—» Pseudo- —
(WAMIT, Nemoh) spectral LCOE
model

ry = 16.2m
7
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d1 = 32.6 m|
T = ZSZLm




Technical Approach

« Pseudo spectral method! allows
for efficient optimal control
solution with constraints

* Allows for co-design, with
arbitrary structure “stand-in”
controller

'Recently leveraged for
International Space Station

maneuver using gyroscopes
(no fuel)




s | Algorithmic structure

WecOptTool v0.1.0
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Live demo

Github repository

ocumentation

https://github.com/SNL-WaterPower/WecOptTool
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# » WecOptTool

WecOptTool

The WEC Des

gn Optimization MATLAB Toolbox (WecOptTool) allows users to perform wave

energy converter (WEC) device design optimization studies while including different contro

r, this tool's key feature is the usage of a sdo spectral solution method

s and nonlinear dynam This allows for the optimization

study to find the best possible p capture performance within the system constraints (

maximum power take-off for

Applications of WecOptTool include design optimization studies of the W point absorber and

point abs ce the O Existing WEC Model section for further details). Th

sstrate how WecOptTool can be applied to arbitrary devices of the user's choosin

tion).

s developed by N. with support from

elopers would also like to acknowledge benefit from past collaborations with the

User Guide

Sandia National Laboratories

a muiti-mission laboratory managed and operated by National

Technology and Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of Honeywe
International, Inc., for the U.S. Department of Energy's National Nuclear Security Administration

under contract DE-NAOQO3525.
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https://snl-waterpower.github.io/WecOptTool
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7 ‘ Examples

Use WaveBot geometry

* (Case A: Performance with CC, P, and PS
controllers

« Case B: Optimal design for CC, P, and PS
controllers

* Case C: Multi-objective design study

https://doi.org/10.36227/techrxiv.12928898

Regular wave: A = 0.0625m, T' = 3.33s |

Maximum PTO force: F,**

Design variable Case A Case B Case C T z
Outer radius, r [m] r=0.88 r€[0.25,2] r € [0.25, 2] ‘ Outer radius: r
Maximum PTO force, Fa* [kN] Fmax =9  [max — o  fmax ¢ [() ], ]] R -

max

Maximum stroke, z™?* [m| 2z™M** =00 2™M** =(.6 2% = oo



https://doi.org/10.36227/techrxiv.12928898

Design variable Case A Case B Case C I

Outer radius, r [m] r=0.88 re[0.25,2] re0.25, 2]
8 C ase A Maximum PTO force, F™a* [kN] = Fmax — 9  Fmax — o5 fmax ¢ [() ], 1] I
Performance with CC, P, and PS controllers Maximum stroke, 2™ [m] 2% =00 M =06 ™ =o0

Not a design optimization study

With fixed design, simulate device response using three different controllers

CC: Complex-conjugate

Py (w) =—Z; (w) u(w)
pseudo-spectral 6

P: Proportional damping method
by = —Bpio V
PS: pseudo-spectral

arg min P(X,I',G, F)
‘ t

|V7¢7€' T ‘

power

For more on the

excitation

I velocity | hydro &

Constraints http://mural.maynoothuniversity.ie/6753/

PTO
force

basis function
coefficients



https://github.com/SNL-WaterPower/WecOptTool/blob/master/examples/WaveBot/WaveBot_caseA.m
http://mural.maynoothuniversity.ie/6753/

Design variable Case A Case B Case C I

Outer radius, r [m r=0.88 re|0.25 2 r € 0.25, 2
9 Case A’ resu |tS Maximum PTO ftorce, Fmax [1£N% [ = ) FE;“Z[‘X = oo] F;nfx [e [0.1,]1] I
Performance with CC, P, and PS controllers Maximum stroke, 2™ [m] 2" =00 =06 2" =00
_ 0T —cCC P PS| .
% or Free surface elevation
£ o Excitation force |
-1000 I ! I I x x x x f | i
E 7/\\//\//\/ WEC vertical position
’ -0.2 1 1\/1—\1 \ﬁ \/
= SN <N\ <\ < ) .
2o/ WEC vertical velocity |
) 05 \/ 1 1\/1 O ‘

iz * ™= ~ *‘/** S — — — - i orce: [#*
N o e -~ PTO force Mo PO foree: f szax

‘ Outer radius: r

22 AA A A A A power B 2

i \[ \/ \[\[ \[ \ l
|



https://github.com/SNL-WaterPower/WecOptTool/blob/master/examples/WaveBot/WaveBot_caseA.m

Design variable Case A Case B Case C
Outer radius, r [m] r=0.88 re[0.25,2] re0.25, 2]
10 Case A’ results Maximum PTO force, Fmax [kN] =~ Fmax —9  pmax — oo  pmax ¢ [(.], ]
Performance with CC, P, and PS controllers Maximum stroke, 2™ [m] 2% =00 M =0.6 M =o0
excited frequency harmonics
(T=3.33s)
. l CcC P PS
ot 100 ¢ 100 ¢ 100 ¢
=, —o0 F,
< CF —_— U [ éf L .T. . T L _L-I-T.-I-_l_‘ =
< 04— 0 0 s -
= T
20 -100 ¢ -100 ¢ -100 |
2 L L L L L L L
0 5 10 15 0 5 10 15 0 5 10 15
2t 2 "“m."“WTfr“t_ i
0 0 (erpigeipbonp CPRERERERT)
/ My ST
0 5 10 15 0 5 10 15 0 5 10 15
Frequency [rad/s] Frequency [rad/s] Frequency [rad/s]

resonance :)

not resonance :(

almost resonance ;)



https://github.com/SNL-WaterPower/WecOptTool/blob/master/examples/WaveBot/WaveBot_caseA.m

Design variable Case A Case B Case C

Outer radius, 7 [m] r=0.88 r€[0.25,2] re0.25, 2]
11 C ase B Maximum PTO force, F™a* [kN] Fmax =92  Fmax — o5 fmax ¢ [() ], 1]
Optimal design for CC, P, and PS controllers Maximum stroke, 2™ [m] 2™ =00 M =0.6 2 =o0

Varying the outer radius, maximize the ratio of average power to volume*

. _P()
mrlIl (TO 4+ 7”)3 - Does not go to ‘

zero quickly
s.t. r €]0.25,2]

Maximum PTO force: F ™%
Brute force (“Monte Carlo”) and £fminbnd “ max

1| Outer radius: r]

e ——

N



https://github.com/SNL-WaterPower/WecOptTool/blob/master/examples/WaveBot/WaveBot_caseB.m
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Case B, results pt. |

Design variable

Case A Case B

Case C

Outer radius, r [m]

Maximum PTO force, F*** [kN]

max

r=088 re0.25 2]
Frex =2 Fmax—og FM ¢ (0.1, 1]

max

r € [0.25, 2]

max

|
0.4 0.6 0.8 1 1.2 14 16 18 2
Outer radius, 71 [m]

Optimal design for CC, P, and PS controllers Maximum stroke, 2™ [m] 2" =00 2™¥*=0.6 " =o00
gm
£
o
30
< 0
10
oD
ZmaX
i /
: el P(r)
S (7“0 —+ 7“)3
%102
=3 R Controller  Opt. radius, ropty  Obj. fun. value
%) CC 0.25 -86.1
= P 1.00 -5.0
Q L L L L L | PS 040 -477
|


https://github.com/SNL-WaterPower/WecOptTool/blob/master/examples/WaveBot/WaveBot_caseB.m
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z [m]

Design variable Case A Case B Case C
Outer radius, 7 [m] r=0.88 r€[0.25,2] re0.25, 2]
Case B’ results Pt‘ 2 Maximum PTO force, Fmax [kN] ~Fmax —9  fmax — o5 fmax ¢ [0, ]
Optimal design for CC, P, and PS controllers Maximum stroke, 2™ [m] 2™ =oc PN <" =
0 —
-0.1 -
0] 0 0 0 D D > B O OP O O O O O O O O O D
-0.2 —
0.3 [~
0.4 = —A—cc
——P
05 PS o
. 1&3‘. 4 —©— WecOptTool study geometries P
T = —+&— Original geometry (Coe et al. 2016) T
0.6 I I I I I I I I I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 (TO -+ 7“)3
r [m]
Controller  Opt. radius, ropr ~ Obj. fun. value
CC 0.25 -86.1
P 1.00 -5.0
PS 0.40 -47.7



https://github.com/SNL-WaterPower/WecOptTool/blob/master/examples/WaveBot/WaveBot_caseB.m

Design variable Case A Case B Case C

Outer radius, 7 [m] r=0.88 r€[0.25,2] re[0.25, 2]
14 Case C Maximum PTO force, ™ [kKN] ~Fmax —9  fmax — oo Fmax ¢ [0.], 1]
Mu lt]'Ob] ective design Study Maximum stroke, 2™ [m] 2™ =00 2™ =0.6 2MeX = oo

Varying the outer radius and maximum PTO force, find the Pareto front for
power, volume*, and maximum PTO stroke

volume* max PTO stroke

Po\lver J l

|
. 3 ‘
rg%lr;x (P, (’ro + T) ) Zmax) [Maximum PTO force: Finax]
-.max
i

Fmax ¢ 10.1,1] x 10°

o~y 1| Outer radius: r]
: //\\/

{
|
|
|



https://github.com/SNL-WaterPower/WecOptTool/blob/master/examples/WaveBot/WaveBot_caseC.m

Design variable Case A Case B Case C

s | Case C, results pt. | oimam 1o e 1 120, rebm 2 KR
Mu lt]‘Ob] ective design StUdy Maximum stroke, 2™ [m] 2™ =00 2™ =0.6 2% = 00
O 41
. &)
40.9
0.9 -
: O
£ 08 "0 - 0.8
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S O o 07 %
% 06 O y
o) o 0.6 &,
= 05 @O o : .
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= S e® o © s
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0.2 © ©
| g Cg © e 0.3
0.1-] e _® O '
§® * . ©® o°
5 % © @ ° & 0.2
10 QM
Vol. fun, (rg + )3 [m3] 15 . 0 e 30 20 10 0.1

Neg. avg. power, —P [W]



https://github.com/SNL-WaterPower/WecOptTool/blob/master/examples/WaveBot/WaveBot_caseC.m

Design variable Case A Case B Case C I

Outer radius, 7 [m] r=0.88 r€[0.25,2] re[0.25, 2]
16 Case C , Fresu Its Pt‘ 2 Maximum PTO force, Fax [kN] ~Fmax —9  Fmax — o Fmax ¢ [0, 1] I
Mu lt]'ObJ ective design Study Maximum stroke, 2™ [m] 2™ =00 2™ =0.6 ZMaX — oo
Max. PTO stroke, 28X [m]
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 09 1
L : ' '
| Q) 0 0
O
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’ O
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o O 2 & o© o
a o @ 5,057 05 | 50 0 ®
o 0o ® o oF © °° o 8
O 2 o7 o o
_@Q@% ! ! o0 O0LO0—0000—0-0 | 0 O E@OO QD O 0 © o &0 CXQOOGQ%& @@-
-70 -60 -50 -40 -30 -20 -10 0 0 0.5 1 1.5 2 0 500 1000
Outer radius, r [m] Max. PTO force, F"*" [N] I



https://github.com/SNL-WaterPower/WecOptTool/blob/master/examples/WaveBot/WaveBot_caseC.m

17 ‘ WecOptTool vI.0 and beyond

Existing examples

WaveBot

Upcoming examples




s I WecOptTool vl.0 and beyond (cont.)

« Additional examples

. : : - ATLAR 4
Automated kinematics generation m @ ::ROS MATLAB 4

(linearization of a Jacobian)

« PTO dynamics

(https://github.com/SNL-WaterPower/fbWecCntrl/tree/codesign)

« Fundamental concepts and objective
functions

* Fixed-structure controllers

GAZEBO

Thank you for your time

Sandia National Laboratories is a multi-mission laboratory managed
and operated by National Technology and Engineering Solutions of

Sandia, LLC., a wholly owned subsidiary of Honeywell International,

Inc., for the U.S. Department of Energy's National Nuclear Security
Administration under contract DE-NA0003525.
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