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The Wave Glider ]%iﬁo
a “game changing” technology rabafics

* Unique Two Part Vehicle:
e Converts wave motion into thrust
e Calm and rough seas
e Thrust generation increases with sea state
* Long mission durations possible
e Both a Buoy and a Vehicle
e Travel to operation area
e Return for maintenance
e Patrol, survey or hold station
® Proven Performance:
* Existing fleet has traveled over 100,000 nmi
e Long Distance Missions

* “lron Man” vehicle in water operations now
exceeds two years continuous service
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Wave Glider Concept
Submerged glider converts vertical motion into forward thrust
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Wave Glider

A Wave Powered Autonomous Surface Vehicle by: Liquid Robotics Inc:




Configurable Float
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Web Based User Interface _

rooomcs
= e eeeeeeeee @ 3@ —
c— : ’ [ Map | satelite |
B R " - “ : ap atellite
Secreteriat W , 2 . p s ]
Test System: " 5 ' -
Roger Hine ( Sign Out ) ) = - *
: . » ' e . . H
Duration L 77& - ~ : - I
Shc'ﬁ - - . > " s ) %
Mode: Unknown 2 " J - -
Ave Speed 0.63583 2 “ "
Last Speed 0.724 h - s > < T 1 ! "
Target Waypoint 6 -- L =-‘

Distance to Target 0.13354

Light: ’;‘ IR: ’;’

Follow Waypoint course
Hold station at Waypoint
Rudder Left

Rudder Right

Rudder Center

5 - S ) : UNITED STAT
2 ' i " : HAWAII
Hold Current Position .
Follow fixed Heading | “ KAWA' HA
No Command S = ) ISLAND OF H
More Commands ... " > a
1000 ft st a | Prof =
| 500m 1 v = e
©3 19°58.4663'N,155°51.5453'W (link) s
FOWERED BY ]
QODS'Q . < S Map data ©2008 Tele Atlas - Terms of Use ,}
| X Last Target Desired Sub Path Float Command Command User >
I viLocaliiime Speed WP Heading Heading Heading Sy Temp L Name Reason Name e L0 LN
> M 4/11/2008 1:55:0... 0.724 6 288 288 323 13.5 84 5 g Sys... 15.973225 -155.863975 112.1
> M 4/11/2008 1:50:0... 0.809 6 250 254 328 13.5 84 5 g Sys... 15.97242 -155.863328 124.5
) M 4/11/2008 1:45:0... 0.451 6 291 250 234 13.56 34 5 8 Sys... 18.971472 -155.862693 68.9
> M 4/11/2008 1:40:0... 0.506 5 196 189 168 13.62 84 4 Q Sys... 15.971843 -155.862153 78.3
LN N -
Done

& & Internet #100% -~
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WG Command and Control : different modes m

Mission Planning

. . Real-time way point or

Programmed

Real-time direct rudder

Remote Control operations




Wave Glider Speed Performance
Qualitative Experience

S ——— S

Propulsioh--;Speed Performance Under tm E.ﬂl sea conaltib\“)}‘\‘*‘;

0 kts i'WaveGan.aduances at 1.5k

independent of directionm
0.50 to 1.50 kts | uﬂﬁ""—\
antams 0.25to

Flat Calm
_ Sea State 0 0.25 to 0.50 kts
5 Sea State 1
: Sea State 2 1.25 to 2.00 kts
Sea State 3+ 1.50 to 2.25 kts

Average

1.50 kts




ave Glider
Proven Capability

Ocean Crossing

A Sea State 6
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* Wind Speed
* Wind Direction

* Air Temp

* Barometric Pressure
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MBARI M2
~ Wave Glider Testing in Monterey Bay
. Wave Glider vs. Typical Mooring
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Station Keeping Comparison —WG: 50m M2 1700m
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Red Flash

§

Gliders:
Roger Hine (Sian Qut)

@ California
Show System Menu
Follow Seq

Course

t

=

ode:

Ave Speed: 1.11
Last Spesd: 0.00
Target Waypoint: 6

Distance to Target:14.1

Light:kd-' IR::'H" XBae:‘-H'

Follow Sequential Course
Hold Station At Waypoint
Rudder Left
Rudder Right
Rudder Center
Haold Current Position
Fallaw Fixed Heading
Set Parameter

Comment

More Commands ...

AIarms:ODuration: @ Prior To: |4f11f2009 | ‘ll:ﬂﬂpm |® |MostRecent|| Submit| |Map 0pti0ns|

Sl Position of M2 - APRIL 2008 { 36° 42.08'N -122° 23.55°F)

36 4260

mm}

KAy

Latitude (DD MM

36 40.80

- 7 km watch c\rcie ,
C Lastfix at 2000-04-12 195210 GMT
¢ last3hous :

36 4020

1222650 12224000 1222430 1222370 12223100 1222250
Longitude (DD MM.mm)

Copyright 2011 Liquid Robotics Inc.
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Red Flash CTD (April 2010)
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Red Flash Horizontal CT Profiles

April 2010

'ﬁ- Favorites [DB

robotics
Red Flash - ’

Gliders:
Roger Hine (Sian Qut)

nd Mission | (9.5cc

Show Systemn Menus

. Follow Seque
Mode: Course
Ave Speed(kt): 1.29
Last Speed(kt): 1.74
Target Waypoint:30
Meters to Target:16305.6

P
-

Light::'d IR::'JH\': XBee:?

| Fallow Sequential Course |

| Haold Station At Waypaint |

| Follow Custarmn Course |

Hold Current Positian

Fallow Fixed Heading

Set Pararmneter

Comment

More Commands ...

A4
-)*(- =
g

+] [«

Click on the map to trace a path
you want to measure.

Units: Metric @J\Iautical Mile

i |
i

& i * [ é v Pagev Safety~ Tools+v Ov >
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Garrapata Regional Pk
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Temperature (C) by Longitude
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Red Flash Horizontal CT Profiles W

Temperature Contours - 6m depth at 36.73°N
Apr 24 - el o Salinity Contours - 6m depth at 36.73°N
; . ' ol i )
/ Weaveclider-raek i) wilite S l‘/ - | WaveGlider track in white M"‘OCI b
m2-1om | (M2Om i wa M2-10( M g m | I
Apr 22 12.05 % Apr 22 - § { 3334
1266 o
| ne 8 |
—_ i 208 8 __ 1
© Apr20| | nre B 2 Apr20- |
2 i neo k2
o ! 1121 e L
P ' o
< «
o~ 1 ol
w Apr18-,! 1 A8
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g o
Apr 16 —
Apr 16 -
L)
- Apr 14 ' . . .
Apr 14 ; . " - . —U 2 1223 1222 1224 M1
-122.1 M1 LONGITUDE, Degrees

T
2 -122.3 -122.2
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Horizontal profiles proved interesting, paper accepted
by the Journal of Ocean Dynamics.



Fluorometers on towbody
w/optional hydrophone array
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Water Quality Payloads

rooorncs

Sensor Measurement Sensor Location Sample Rate Telemetry Rate
Weather Station Air Temp 1m 1 Hz 15 min
Barometric Press 1m 1 Hz 15 min
Wind Speed & Dir 1m 1 Hz 15 min
C3 Fluorometer1  Refined Fuels 0Om 1 min 7min
CDOM Om 1 min Jmin
Turbidity 0Om 1 min 7min
Water Temp 0Om 1 min Jmin
C3 Fluorometer 2  Refined Fuels 0m 1 min 7min
Crude Oil 0m 1 min 7min
Chlorophyll A 0Om 1 min 7min
Water Temp 0Om 1 min 7min
C3 Fluorometer 3  Refined Fuels 7 m depth 1 min 7min
CDOM 7 m depth 1 min 7min
Turbidity 7 m depth 1 min 7min
Water Temp 7 m depth 1 min 7min
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The amplitude and color of the icons
represent the intensity of the reading

Ul

% uropa Tie hnologies
SI0! ouf’t:% ANGA, GEBCO

-.Google

- Copyright 2011 Liquid Robotics Inc.



Jan 15, 2041 9:56 pm

K = o]

oEmEn a i

% ~ ) o

% \\}\ \ - u »

\ R W % p
\ . ~ N
A Y L \ Tl |

\
1 b
-
\ \
\
. \ .
) |
4
% 3
' %
‘\
) v
~ .
) b 3\ . ‘
\

-ﬂ’_
\‘.‘.
”~

-
5 g
»~

_,-.l
- /“
e
M«,, :
o
-5

\l. -‘\‘ “: %) | » *\\. X
A A \ el \ Ny ozowGoogla
% \ | \\ \\ ‘,\

:
‘ \ \ | 6.80km v Data 10, NOAA, U.S. Navy. NGA, GEBCO
| s i N | | © 2010 Google

36°53'51.92°N  122°16'01.90°W  elev-417m ) Eyealt 22.65km ()

Copyright 2011 Liquid Robotics Inc.



@

Passive Acoustics

rooormcs

Original inspiration for the Wave Glider
Humpback Whales live online (JRF)

Wave Glider deployed the Scripps High
Frequency Acoustic Recorder (HARP)

Flotation

Hydrophone on
Vibration Isolators

Titanium Cage
HARP Data Logger
& Batteries

Redundant
Acoustic
Releases

Steel Railroad
Wheel Anchor

-H
Vibration Isolators

=

ydrophone on

" ARP Data”Logger :

and Batteries in
Titanium Cage

-



HARP Integration W

® Electronics

* |ow-power electronics (1/2W continuous data
acquisition and 3W 20% duty cycle data storage),

* high-speed data sampling (200 k Samples/s, 16-bit),
16 laptop disk drives (2TB),

* and 12V batteries for self-contained power

* repackaged the HARP electronics into a Wave Glider
modular payload housing

¢ Hydrophone

* Designed to be towed behind the Wave Glider: small
cross-sectional area (25.4mm diameter) & small
diameter (6.3mm) electro-mechanical cable

® Consists of two transducers: Benthos AQ-1 cartridge
for 10Hz - 2kHz &Sonar Research HS-150 for 2kHz -
100kHz.

® Both are amplified and filtered with electronics
inside the oil-filled hydrophone tube. Conditioned
analog signals are digitized and stored to disk by the
HARP data logger.
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Humpback Recording

8000 =
000

4000

Frequency [Hz]

2000

Fs = 200000, NFFT = 5000, %0L = &0
B=40,C=100

400 I | | |

Amplitude [counts]

400 | | | | | | | | 1
0 2 4 B 8 10 12 14 16 18

Time [seconds]




@

CO, Flux Monitoring
(NOAA Sponsored Program)

rooorncs

06\”4 o
TNt oF ©

e Collaboration with NOAA’s Pacific T A s e e
Marine Environmental MAPCO2-Wave Glider
Mast and EQ Well
Laboratory

* Integrate bio-geo-chemical CTD and pH Sensors
sensor suite on wave glider WD - Pane! 5 X Waterproof Enclosure
* Deploy in Pacific Ocean o
e Calibration and Evaluation Surtace Roat s ol v aibalas
* Evaluate potential for long-term 4 WApCO2
monitoring in South Pacific MADCOZ o osure A B

Supplier Sensor Measurement Calibrated Range & Accuracy

WNOAA PMEL | MAPCO, pCO, SW & Air (ppm) | 200 to 600 £ 3 (stable over ~year)

Scripps (Martz) | custom pH SW Acidity {pH) 0 to 14 £ 0.01 (£0.005 stability ~whks)
Conductivity (S/m) 0 to 6 +0.0003 {0 to @ + 0.0010)

Seabird Glider Payload | Temperature {°C) 1to 32 £ 0.002 (-5 to +45 + 0.010)

Electronics CcTD Pressure (dbar) 0 to 100 + 0.1% FS (sama)
Salinity (P55 78) 0 to 35 £ 0.005 {0 to 45 + 0.015)
Chlorophyll {ug) 0.01 to 50 (0.01)  {470/695 nm)

WETLabs ECO Triplet CDOM (ppb) 0.18 to 375 {0.18) (370480 nm)
Turbidity (NTU) 0 to 125 {0.02)

Numeer o Morihe http://www.pmel.noaa.gov/co2/story/Carbon+Wave+Glider

e ~ T —

— I —
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Tsunami Warning @ W
Test Program v robonce
From Science to Solutions <

Center of Excellence in Marine Technols

NOAA DART Buoy Test

 Provided redundant communications
with bottom mounted sensor

* Trials off Kona, Hl and San Diego, CA
» Station keeping functionality

demonstrated e = 7
 Acoustic telemetry successfully — = o Emoafh

demonstrated with 100% data return
to DART servers ashore

TsunamiEarly
Warning Center
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San Diego deployment, July 2010

rooormcs

Ve “rolorona - Lmin
£~ '\

S oLong Ecacho Orange [ \
o Santa/Ana O - £l
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- I
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BPR Site 170 nautical miles offshore,
approximately 3800 meter depth
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San Diego deployment, July 2010 W
Relative Positions, BPR, Buoy, Wave Glider —




San Diego deployment, July 2010 %
Wave Glider Track (3 day sample)
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San Diego deployment, July 2010

100% match buoy to Wave Glider over one
week test period (sample data shown)

rooorncs

Wave Glider DART Payload DART Buoy 46412

DS1T 67/24/2016 18:15:00 1444143 3717778 3717754 3717726 3717695 1% 32 D$1I ©7/24/2010 18:15:60 1444143 3717778 3717754 3717726 3717695 1* 32
D$1I 07/24/2010 19:15:00 1444143 3717665 3717628 3717597 3717565 1* 30 D$1I 07/24/2010 19:15:00 1444143 3717665 3717628 3717597 3717565 1* 30
DSIT 07/24/2010 26:15:00 1444143 3717535 3717568 3717452 3717463 1% 3F D$1I 07/24/2010 20:15:00 1444143 3717535 3717508 3717482 3717463 1* 3F
D$1T ©7/24/2018 21:15:00 1444143 3717453 3717446 3717441 3717442 1* 38 D$1I ©7/24/2016 21:15:00 1444143 3717453 3717446 3717441 3717442 1* 38

. . *
D$1I 87/24/2018 22:15:00 1444143 3717453 3717469 3717494 3717524 1* 3F D$1I 07/24/2010 22:15:60 1444143 3717453 3717469 3717494 3717524 1* 3F

DSIT 07/24/2010 23:15:00 1444143 3717558 3717601 3717650 3717768 1% 37 D$1I 87/24/2010 23:15:60 1444143 3717559 3717681 3717650 3717708 1* 37
D$@ ©7/25/2010 @1:13:40 3227.7332 N 12834.5313 W 071* 40 D$o ©7/25/2010 ©1:13:11 3227.6065 N 12033.3008 W @41* 4F

DSAT 07/25/2010 00:15:00 1444143 3717754 3717812 3717875 3717943 1+ 34 D$1I 87/25/2010 00:15:08 1444143 3717754 3717812 3717875 3717943 1* 34

DS1T 07/25/2010 01.15:00 1444143 3718007 3718074 3718136 3718107 1* 33 D$1T 67/25/2010 61:15:60 1444143 3718007 3718074 3718136 3718197 1* 33

D$1I 87/25/2010 ©2:15:00 1444143 3718256 3718308 3718356 3718398 1* 37 D$1I ©7/25/2010 ©2:15:60 1444143 3718256 3718308 3718356 3718398 1* 37

D$1I ©7/25/2010 ©3:15:00 1444143 3718431 3718455 3718470 3718477 1* 3B D$1I ©7/25/2010 ©3:15:00 1444143 3718431 3718455 3718470 3718477 1* 3B

D$1I ©7/25/2010 ©4:15:00 1444143 3718473 3718457 3718433 3718395 1* 34 D$1I ©7/25/2010 ©4:15:00 1444143 3718473 3718457 3718433 3718395 1* 34

D$1I ©7/25/2010 ©5:15:00 1444143 3718352 3718299 3718237 3718164 1* 3B D$1I ©7/25/2010 ©5:15:60 1444143 i;;i?SZ 3718299 3718237 3718164 1* 3B
D$MI

BATT ©7/25/2010 01:19:00 24:60:00 BATT ©7/25/201@ 01:19:60 24:00:00
11.37 6.00 0.01 @ 15.69 108.29 44.98

D$1I ©7/25/2010 06:15:00 1444143 3718085 3718002 3717910 3717818 1* 3D D$1I ©7/25/2010 ©6:15:60 1444143 3718085 3718002 3717910 3717818 1* 3D
D$1I 87/25/2010 ©7:15:00 1444143 3717722 3717624 3717523 3717425 1* 3A D$1I ©7/25/2010 ©7:15:00 1444143 3717722 3717624 3717523 3717425 1% 3A
D$1T ©7/25/2010 @8:15:00 1444143 3717327 3717233 3717140 3717054 1* 35 D$1I ©7/25/2010 ©8:15:00 1444143 3717327 3717233 3717140 3717054 1* 35
D$1T ©7/25/2010 @9:15:00 1444143 3716978 3716906 3716841 3716786 1* 39 D$1I ©7/25/2810 ©9:15:00 1444143 3716978 3716906 3716841 3716786 1* 39
D$1T ©7/25/2010 10:15:00 1444143 3716738 3716706 3716676 3716661 1* 37 D$1I ©7/25/2010 10:15:00 1444143 3716738 3716706 3716676 3716661 1* 37

D$1I ©7/25/201@ 11:15:00 1444143 3716653 3716655 3716668 3716691 1* 3D D$1I ©7/25/2010 11:15:00 1444143 3716653 3716655 3716668 3716691 1* 3D
D$1I ©7/25/201@ 12:15:00 1444143 3716721 3716761 3716805 3716857 1* 3D D$1I ©7/25/2810 12:15:00 1444143 3716721 3716761 3716805 3716857 1* 3D
D$1I ©7/25/201@ 13:15:00 1444143 3716913 3716980 3717050 3717124 1* 37 D$1I ©7/25/2810 13:15:00 1444143 3716913 3716988 3717050 3717124 1* 37
D$1I @7/25/201@ 14:15:00 1444143 3717195 3717270 3717342 3717417 1* 37 D$1I ©7/25/2810 14:15:00 1444143 3717195 3717270 3717342 3717417 1* 37

D$1I 87/25/2010 15:15:00 1444143 3717489 3717549 3717618 3717666 1* 35 D$1I ©7/25/2010 15:15:00 1444143 3717489 3717549 3717610 3717666 1* 35

D$1I ©7/25/2010@ 16:15:00 1444143 3717715 3717754 3717788 3717814 1* 35
D$1I ©7/25/2018 17:15:00 1444143 3717832 3717843 3717848 3717845 1* 38

D$1I ©7/25/2010 16:15:00 1444143 3717715 3717754 3717788 3717814 1* 35
D$1I ©7/25/2010 17:15:00 1444143 3717832 3717843 3717848 3717845 1* 30

From Science to Solutions



Measuring Currents with a Teledyne RDI W
Workhorse ADCP

e Standard COTS Teledyne RDI product
* Direct-Reading 1200, 600, 300 kHz ADCP
— 18m, 60m, 110m typical current profiling range
* Custom physical integration with WG
 Power supplied by Wave Glider solar panel recharged core batteries
* Wave Glider motion compensation
* Ensembles delivered to shore in RDI PDO format
* Persistent on-board storage of raw data

* Fully configurable while on mission

* Customizable on-board processing




Wave Glider ready for pier launch In-Water Recovery of Wave Glider at Scripps Pier

*Wave Glider with integrated Teledyne RDI Workhorse 600kHz ADCP deployed from Scripps Pier
July 9t 2010




System Architecture

AlS ]
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Weather | |
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Float Layout
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Cutaway Float Layout

/ Aft Electronics
- SMC

ADCP - Iridium 9522B
Other sensor electronics




4
it‘ DEOiICS

P

Teledyne RDI Workhorse ADC

Shows transducer
mounted on
bottom of float
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Sensor Electronics Bay
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Inshore Wave Glider Track (A) & a co-located
bottom mounted ADCP (B)
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ADCP bottom track course

4 File View Options Control Chatt Window Help - [-[&]x]
)0 DI B sow ——— [ | OUEER S0 EEE EE
 Profles Ship Track 1 ¢ Ship Track 2 m - L Egm m ¥ Keep on screen ‘
Leader Heading | 32635+ 90  deg
Ens Num [136 Date [26.Jul 2010 Pitch [ 036+ 110 deg Temp [19.45C  Xder Depth [
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Comparison of the bottom mounted ADCP current profile (A) and the Wave Glider
ADCP current profiles — (B) ADCP Bottom Track reference & ( C) ADCP GPS reference
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Comparison of Reference ADCP E-W profiles (blue) to Wave
Glider ADCP E-W profiles (red)

Comparison of Reference ADCP to Wave Glider ADCP East Velocity Profiles Averaged in "Boxes"
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s Wyave Glider Depth




Wave Glider ADCP Echo Intensity profile.
Note the effect of the Wave Glider Wing at the 7M depth
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Deep water track to trial the ADCP performance outside of bottom
track range — the Wave Glider GPS is the default reference used to
resolve the ADCP measurements.
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Transition from Bottom Tracking reference to
GPS reference

GPS Corrected Wave Glider ADCP East Velocity (cm/s)
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Transition from Bottom Tracking reference tg**"=
GPS reference

GPS Corrected Wave Glider ADCP East Velocity (cm/s)
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METOC Wave Glider, in development as a )
standard offering m

ADCP & CTD \
i Weather
Wave Measurement Support Electronics )
Station

Instrumentation




The Wave Glider O
a “game changing” technology W

* Unique Two Part Vehicle:

e Converts wave motion into thrust
e Calm and rough seas
e Thrust generation increases with sea state
* Long mission durations possible
e Both a Buoy and a Vehicle
* Travel to operation area
e Return for maintenance
e Patrol, survey or hold station
* Sensor integration to date
* Meteorology
e Water Quality (CTD, Fluorometry)
e Passive Acoustic & Acoustic “Gateway”

e Current Profiling & Bathymetry
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