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2 | Class agenda

About me
I. Wave energy background

Il. Case-study (with examples in MATLAB)
I. Modeling a WEC

Il.  Controlling a WEC




3 ‘ MATLAB examples

1. Go to the weccnt:l repository:
https://github.com/SNL-WaterPower/fbWecCntrl

e e otk e 2. Download or clone the repository (clone preferred
.. o to allow for easier updates)
A 3. Follow instructions installing*:
3 — https://github.com/SNL-
B WaterPower/fbWecCntrl#getting-started
g e . : :
fowecCntel D : 4. The material for the lecture is located in the
N-:IT E.:hi: code is fully-functional, but not supported and users should not expect responses to issuss seminar examples d] recto ry
w * Note that WAFO (https://github.com/wafo-
e Tt e e ey o project/wafo) is used to generate JONSWAP wave
spectra - you will need this too to run some of the
Getting started exam p leS

This code has been tested on MATLAB 20300 (2. 80.1323502) and has the following dependencies
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https://github.com/SNL-WaterPower/fbWecCntrl
https://github.com/SNL-WaterPower/fbWecCntrl/archive/master.zip
https://github.com/SNL-WaterPower/fbWecCntrl#getting-started
https://github.com/SNL-WaterPower/fbWecCntrl#getting-started
https://github.com/SNL-WaterPower/fbWecCntrl/tree/master/seminar_examples
https://github.com/wafo-project/wafo
https://github.com/wafo-project/wafo




5 ‘ Sandia National Labs

= July 1945: Los Alamos
creates Z Division

T

=" Nonnuclear component o 1, 10
engineering L

= November 1, 1949: : L \g _“:_-ﬂ-:i---_':::
Sandia Laboratory o | & ::3;?::
established 4 -\ s ot st s et et sttt e

to undertaie this task.

In my opinion you have here an opportunity

to render an exceptional service in the national interest.
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7 ‘ About Ryan

BS and PhD from Virginia Tech (Go
Hokies!)

Sandia researcher for ~7 years

Hobbies: fly fishing, rock climbing, linear
algebra
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The Ocean Wave, Ocean Current, Tidal Current, and
9 River Current Resource in the United States
Terawatt-hours per year (TW-hr/yr)
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10 ‘ What is a Wave Energy Converter?

WEIC

\-/_\ > Oscillating
Wiad

Waves

body

-

Energy transfer through an oscillating body wave energy

> PTO

converter




1 1 Wave Energy Transport

Most of the energy within a wave is contained near the surface.

U

wave energy devices are designed to stay near the water surface to
maximize the energy available for capture
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2 I Wave energy, a (brief) history




. Wave energy concepts

https://commons.wikimedia.org/wiki/File:Wave_energy_concepts_overview_numbered.png



41 \Wave energy concepts — heaving point

absorber
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15 I Wave energy concepts — pitching (flapping) device
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6 I Wave energy concepts - Self-reacting point absorber
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17 ‘ Wave energy concepts - Self-reacting wave energy
converter with internal mass

Hull Gyroscape PTO



Wave energy concepts - attenuators

Pelamis wave energy



Wave energy concepts — oscillating water column (OWC)

Oscillating water column

-ht?t'wp: / / ocean_enei?"f'g:'yz'-';xie



20 ‘ Wave energy concepts

Pressure differential devices

/V\/\ (CalWave

https://www.m3wave.com http://calwave.org



21 ‘ Study device — the "WaveBot”

Parameter

Value

Displaced volume, V [m”]

0.858 _ L= = " ol o T =
Water density, p [kg/m?] | 1000 o . - -3 ¥
Inertia, heave [kg] | 858 P 9 R IYII

EEE T ~ Wk

[nertia, surge [kg| | 1420
[nertia, pitch [kg m?| 84

Advances in WEC Dynamics and Controls

E Design Tesling

& SHARE SAVE
=
| Sandia National Labs &
‘ I ” . - SUBSCRIBE

https://youtu.be/c4npWk -Pik



https://youtu.be/c4npWk_-Pjk

2 ‘ Study device — the “WaveBot” (cont.)
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24 ‘ Resonance -

Resonance is often something
engineers try to avoid
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s | Resonance

Resonance is often something
engineers try to avoid

... but not always




26 I How to make a swing resonate

Two key aspects:

1. Frequency f — fn

2. Phase / {

| S
|
-




27 | Resonance

How do we define it?

stiffness

Natural frequency: w, =

inertia
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28 I Resonance

How do we define it?

L3

Natural frequency: w, =

Q Q example_smdResonance.mlx


examples/pmec2020_example_smdResonance.mlx

» | Impedance

. )
What is impedance: Tells us: “How does a structure

F(w) — Z(W)U(LU) respond to a force?”
Units?
7 “potential” TN Rl
— c.go. Or v
“ﬂO’lU” g., _m/S_ _A_




3 | Impedance

Isn’t this just for electrical engineers?

r & Estimation of Dyname: Mechanical impedance of Ankde using Ankle Robot, Anldebat - YouTube

Estimation of Dynamic Mechanical Impedance of Ankle using Ankle Robot, Anklebot Up next AUTOPLAY ..

Summary of Human Ankle
Mechanical Impedance During.

1,310 views * Mar 30, 2013 w0 Bl o sHARE SAVE m
_ - EEEEME

https://www.youtube.com/watch?v=pgrCjdSYBiM
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https://www.youtube.com/watch?v=pgrCjdSYBjM
https://www.youtube.com/watch?v=pgrCjdSYBjM
https://www.youtube.com/watch?v=pgrCjdSYBjM

3 | Spring-mass-damper

mx + bx + kx = F.,
z(t) = R {ze™"}



32‘ Spring-mass-damper (cont.
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examples/pmec2020_example_smdImpedance.mlx

i3 1 How do we define resonance?

k
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1 I WEC to spring-mass-damper

This framework is powerful, practical, and realistic

Ko (w‘-l % Bpto ':“1]'

. Afwy m Al m

Kus % Blw) + By Knus % B(w)+ By




3 I WEC to spring-mass-damper

o 16:aT:42:0% How realistic can a
- - spring-mass-damper
model be?

".: 'r_-L- —

-----

example_wecToSmd.mlx


examples/pmec2020_example_wecToSmd.mlx

36

What does an impedance look like?
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37 ‘ What does an impedance look like?
resonance

Bode Dlagram

From: Heave From: Surge From: Pitch

g —1/
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£
2 [=3

=
&

Tar: Heawve
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Magnitude (dB] ; Phase (deg)
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Frequency (He)
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38 ‘ What does an impedance look like?

resonance

Impeddnce (Z;)
From: Aft vel From: Bow vel

To: Aft torque

To: Aft torque

; Phase (deg)
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3 I Admittance

What is admittance?

1
Y@= Zw)

v(w)

- F

oy,

A

(
(

oy,

F

; = F(w)Y (w)

>

Y;

Plant



40 ‘ Admittance

What does it look like?

Phase (deg)

Magnitude (dB)
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« | Impedance

and control

@
We can use the impedance (or admittance) to cleanly model a
WEC IS
n;‘;s dal“;;ing stiffness
Fe + F
i»? . E v |
Plant
Fpro
Zi &

Controller



Controllin




s | Impedance matching

Maximum power transfer (from waves to PTO)

X
Zsource — Zload

(load)

(source)



« | Impedance matching

Where else is this used?




s | Impedance matching

http://www.lockhaven.edu/~dsimanek



s | Describing a WEC controller

Zi(w) = zw({w + m(wl) + By + R(wqu

NV WV
mass damping

Fu(w) = f(v(w))
= —Zu(w)v(w)



« | Impedance matching

Maximum power transfer (from

X
Zsource — Zload
Z, = 7

waves to PTO)

(source)

— (4] = Zy)
Fpro(w) = =27 (w)v(w)

Power

3

(load)




Impedance matching (cont.)

Maximum power transfer (from waves to PTO)

Zsource — Zl*oa,d
Zi=27F = (ZF = Z,)

= Fpio(w) = —Z; (w)v(w)

F. F
v Y;

\\\\\\ WEC _
( Plant

Power \ >
i
Fpro
\ 7

(load)
(source) Controller
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s I "WEC control hierarchy”

Intrinsic impedance

Z@‘ (w)

A

Complex conjugate

Z; (W)

A

Real and imaginary parts

W{Z; (W)} HZi (W)}

A

Causal realization
Kp(w) = R{Z; (w)} Ki(w) =w3{Z; (w)}
= —wS3{Z;(w)}
= —w’(M + m(w)) + S.




so I Causal realization

While perfectly
implementing impedance
matching in a causal derivative gain integral gain

controllers is not J proportional gain

l
KD82+KPS+K[ 1

S S+ p

A

possible, we can come
quite close

Cprip(s) =

high frequency

*most of us learn about “PID” in the context of error pole

minimization, this is not really the intent here



51 | Example: Designing P and Pl controllers for a WEC

Copt = argmin P(S(w), Z;(w), C)

Vary controller to maximize power
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