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ABSTRACT

We examine the performance of the Yost Engineering Incorporated 3-Space Sensor Data-
Logging (TSS-DL) for use in wave resolving drifters (WRDs) that collect ocean surface
wave data. We create a surface wave orbital motion simulator to test the TSS-DL in a
controlled, laboratory setting at the Naval Postgraduate School. Tests are conducted in
three different configurations at five frequencies within the swell and wind-sea bands.
Results from the tests show that the TSS-DL can accurately resolve the vertical simulated
wave motions to withint3-7% of the analytic signal amplitude and can resolve the
horizontal simulated wave motions to within 21-33% of the analytic signal amplitude.
We further examine some field data collected using the TSS-DL onboard WRDs
deployed in June 2013 near the mouth of the Columbia River. This analysis, based on
comparison with independent GPS wave measurements, demonstrates that the TSS-DL
yields reliable estimates of surface wave spectra and can track surface wave profiles even
under extreme conditions with large breaking waves. Overall, this study shows that the
TSS-DL is a suitable sensor for use in ocean surface drifters to accurately record surface

WaVes.



THIS PAGE INTENTIONALLY LEFT BLANK

Vi



TABLE OF CONTENTS

l. INTRODUGCTION. ..ottt st eseestesaesbesseareeneas 1
A WAVE DATA COLLECTION IN COASTAL INLETS AND RIVER
IMOUTHS ... bbb sb e b bbb 2
B. NAVAL RELEVANCE ......ocotiiiiiieee ettt st 3
C. BUOYS AND DRIFTERS. ......cooiiiiiieeec et 3
1. Datawell Waverider BUOY ..........ccocoeiiiienienieneeee e 3
2. Surface Drifters and GPS..........coocoiiiiiiiiiie s 4
1. WAVE RESOLVING DRIFTERS AND THE 3-SPACE SENSOR DATA-
LOGGING ...ttt bbb e et e s e s e s e eebestesbesbeaneaneaneas 7
A WRD-—ALPHA ..ottt 7
B. WRD-—BRAVO ...ttt bbb 11
C. LIS 1S T L TSRS 14
I1l.  DATA TRANSFORMATION ....ooiiiiiiiiiiieie e 17
A REFERENCE FRAMES. ........ccoitieee et 17
B. QUATERNIONS . ... 18
C. ACCELERATION TO DISPLACEMENT .....ccoiiiiiiieieeee e 19
IV.  EXPERIMENTAL DESIGN ....coooiiiitiiiiiieiee ettt 21
A. SURFACE WAVE ORBITAL MOTION.....cccctiiiiiiiieieieese s 21
B. SURFACE WAVE ORBITAL MOTION SIMULATOR........ccccvvvvvanne 22
V. TESTS AND RESULTS ..ottt 33
A. OVERVIEW OF TESTS ..ottt 33
1. TeSt CoNFIQUIALIONS .....ccueeiiiieiieieee e 33
2. TeSt SPECITICALIONS........ccveieeecee e 34
B. OVERVIEW OF DATA ...ttt 34
1. DALA TYPES ittt 34
2. Data Parameters....... .o 35
C. OPTIMAL TEST CASE ..ottt 36
1. ACCEIBIALIONS ... e 36
2. Power Spectral Density of Accelerations...........ccccceveviveviviieiiennns 40
3. DISPIACEMENTS ...t 43
D. RESULTS ..ot bbbt 46
1. OPLIMAL TESES ..o 46
2. SKEWET TESTS....cuviiiiiiitiiiisiee ettt 47
3. AB TOSES e 48
VI.  FIELD APPLICATION ...ttt 51
VIL. CONCLUSIONS ...t bbbttt bbbt eneas 57
APPENDIX ..ttt bbb bbb a et bbb 59
LIST OF REFERENCES.........ccot ittt sttt sttt aneeneas 61
INITIAL DISTRIBUTION LIST .ottt 63

vii



THIS PAGE INTENTIONALLY LEFT BLANK

viii



Figure 1.
Figure 2.

Figure 3.
Figure 4.
Figure 5.
Figure 6.
Figure 7.

Figure 8.
Figure 9.

Figure 10.
Figure 11.
Figure 12.
Figure 13.
Figure 14.
Figure 15.
Figure 16.
Figure 17.
Figure 18.
Figure 109.
Figure 20.
Figure 21.
Figure 22.
Figure 23.
Figure 24.
Figure 25.
Figure 26.
Figure 27.

Figure 28.

Figure 29.
Figure 30.
Figure 31.
Figure 32.
Figure 33.

Figure 34.

LIST OF FIGURES

Datawell Directional Waverider GPS-based (DWR-G) 0.4m buoy (from

DataWell 2013).....cceeiieeee e e ns 4
At left: schematic of surf zone drifter (from Schmidt et al. 2003). At right:

Photograph of COTS GPS drifter (from Johnson et al. 2003). ........cccccevvvevennee. 5
Prototype wave resolving drifter (WRD) (from Herbers et al. 2012)................ 6
WRD-A (from MCINtYre 2013)......ccueiiiieeeeieie e ee e 8
LOCOSYS GT-31 GPS FECRIVEL. ...eoueeiiiieieieeiie ettt 9
Gulf Coast Data Concepts X6-2 acCelerometer. .........ccoovvvevvevesieieeiesieeniens 10
(left) Garmin DC 40 GPS-enabled transmitter. (right) NaviSafe marine

FEONT. s 10
WRD-B. ..ottt ettt ettt et b reene e 12
(left) WRD-B sensor package. (right) TSS-DL and battery pack mounted

IN OtterbOX INWRD-B.......ooiiee e 13
YEI TSS-DL ottt 14
TSS-DL features (from YEI Technologies 2013a). .......ccccooevveereniennencsenee. 15
Body reference frame axes assigned to the TSS-DL. ......ccccccevvvveveiievinennenn, 18
Deep water surface wave orbital motion (from Thurman 1988). .................... 21
Ferris wheel (from Free Wallpapers 2013)........cccccvevviiriveiesiese e 23
SWOMS rotational arm secured to motor shaft..........cccooeiiiiiiiiiiiiiee 24
SWOMS Pittman DC MOTOL. .....ccooveiiiiiiieieie et 24
SWOMS Motion Mind 3 motor controller. ... 25
MOotion MiINd 3 GULL ....ouiiiiiiiiiie e 26
SWOMS cradle arm, hardware, bearing, and tubing. ..........ccccoevviienieniennns 27
SWOMS cradle StanChions. ..........cccoiiiiiiiiiee s 28
SWOMS cradle platform. ........coooiiiiiee e 29
SWOMS ballast WeIlght.........ccoiieiiie e 30
SWOMS setup in the 1aboratory. ..........ccooeiieiiiiiiie e 31
z-axis / vertical accelerations from TSS-DL 18F for optimal test at 0.2Hz. ...37
x-axis / easting accelerations from TSS-DL 18F for optimal test at 0.2Hz.....38

y-axis / northing accelerations from TSS-DL 18F for optimal test at 0.2Hz...39
PSD of z-axis / vertical accelerations from TSS-DL 18F for optimal test at

0.2HZ. bbb 41
PSD of horizontal axes accelerations from TSS-DL 18F for optimal test at

0.2HZ. bbb 42
Vertical displacements from TSS-DL 18F for optimal test at 0.2Hz. ............. 44
Horizontal displacements from TSS-DL 18F for optimal test at 0.2Hz. ......... 45
Mouth of the Columbia River (from Google 2013).........ccceveviiiiiiiirieene 51
Significant wave heights from WRD-Bs in the MCR on June 8, 2013............ 52
Inertial and linear surface wave height data from WRD-B outside the

MCR 0N June 12, 2013. ... e 53
Extreme difference in surface wave height from inertial and linear data

outside the MCR 0n June 8, 2013........coviiiiieieieriese s 54

iX



Figure 35. Surface height spectra from WRD-B in deep water outside the MCR on
JUNE 12, 20131 .o 55



Table 1.
Table 2.
Table 3.
Table 4.

LIST OF TABLES

TSS-DL sensor specifications (from YEI Technologies 2013a). .................... 16
OPtiMal teST dALA. .....veeveecieiece e 47
SKEWE tESE AALA. ......veeeeeciieiiie e 48
F N = (TS 0 - L USSR 49

Xi



THIS PAGE INTENTIONALLY LEFT BLANK

xii



LIST OF ACRONYMS AND ABBREVIATIONS

AHRS attitude and heading reference system
COTS commercial off-the-shelf

CPSD cross power spectral density

DWR-G Datawell Directional Waverider GPS-based buoy
GPS global positioning system

GUI graphical user interface

IMU inertial measurement unit

MCR mouth of the Columbia River

MEMS microelectromechanical systems
METOC meteorology and oceanography

NPS Naval Postgraduate School

PSD power spectral density

RF radio frequency

RV research vessel

SNR signal to noise ratio

SWOMS surface wave orbital motion simulator
TSS-DL 3-space sensor data-logging

WRD wave resolving drifter

WRD-A wave resolving drifter—alpha variant
WRD-B wave resolving drifter—bravo variant
YEI Yost Engineering Incorporated

Xiil



THIS PAGE INTENTIONALLY LEFT BLANK

Xiv



ACKNOWLEDGMENTS

I would first like to thank my advisor, Professor Tom Herbers, for his guidance,
instruction, and patience throughout this process. It has been an honor to work with such
a talented mind in the classroom, in the lab, and in the field. His knowledge seems to be

without limit and I have learned a great deal from him. Thank you Sir!

I would also like to thank my second reader, James Calusdian, for his guidance,
assistance, and patience in introducing me to the world of quaternions and reference
frame transformations, no easy task to be sure. He was also instrumental in the assembly
of the technical components of the SWOMS, and for that | am very grateful. Thank you
Sir!

I would like to thank my colleague, and more importantly my friend, LCDR Doug
Pearman. He has been exceptionally helpful in providing inspiration, guidance,
assistance, and motivation throughout, and | am truly thankful to have had the
opportunity to work with him and his brilliant mind in the academic realm. 1 wish him
good fortune in his PhD work and look forward to working with him again in the fleet.

Thank you Sir!

I would like to thank Paul Jessen for all of his assistance and support with the
construction of the SWOMS and in helping me through the nightmare known as

MATLAB. It was an honor to work with him in the field as well. Thank you Sir!

To all of my professors here at NPS who have taught me, challenged me, and
made me better, thank you!

Finally 1 would like to thank my family for their support in all of my endeavors.
Most especially I want to thank my wife, Lydia, for her love, support, and patience from

beginning to end. Thanks darling, I love you!

XV



THIS PAGE INTENTIONALLY LEFT BLANK

XVi



l. INTRODUCTION

Understanding ocean surface waves is fundamental to our ability to develop
predictive models of sea state, nearshore processes, and other oceanographic and
atmospheric phenomena.  Ocean surface waves are one of the most tangible
oceanographic features and have significant societal impacts, from the safety and
navigation of all manner of ocean vessels (e.g., tankers, container ships, Naval warships,
recreational watercraft, etc.) to the transformation of the shoreline (e.g., beach erosion,
sediment relocation, impacts to jetties, etc.). Additionally, the interaction of ocean
surface waves with other oceanographic features is an area of ongoing study. How ocean
surface waves interact with currents is a topic actively being investigated to better
understand the occurrence of extreme wave events as incoming ocean swell encounter the
flow of ebb currents in coastal inlets and river mouths. Extreme “rogue” waves are
known to occur, yet the physics and dynamics of how a nonlinear wave field evolves in
space and time remains poorly understood (Janssen and Herbers 2009). In order to
further the understanding of these phenomena and develop predictive models, accurate
in-situ field measurements are needed. Collection of ocean surface wave data is also
important for real time monitoring of environmental conditions near beaches, harbors,

and inlets.

The motivation for this thesis is to enhance the ability to collect accurate, reliable,
low cost in-situ measurements of ocean surface waves. The specific objective is to
examine the use of the Yost Engineering Incorporated (YEI) 3-Space Sensor Data-
Logging (TSS-DL) in wave resolving drifters (WRDs) for the collection of surface wave
orbital motion data. To accomplish this, the TSS-DL is tested in a controlled, laboratory
setting to diagnose the accuracy of its measurements of simulated surface wave orbital
motions. In conjunction with the laboratory testing, algorithms were applied to the data
collected by the TSS-DL to determine whether we are able to improve the quality and

usefulness of the data. Finally we analyze field data collected by the TSS-DL to assess



its accuracy. In this chapter we first give some background on the importance and
challenges of collecting wave data, followed by a review of previous studies utilizing

buoys or drifters for wave measurements.

A. WAVE DATA COLLECTION IN COASTAL INLETS AND RIVER
MOUTHS

The most common method for ocean surface wave data collection is the use of
buoys, either moored or drifting. Moored buoys collect surface wave data at a single
spatial point (i.e., an Eulerian approach) and are typically larger than drifters to
accommodate batteries for longer data collection times. Drifting buoys drift along the
surface with the prevailing surface current (i.e., a Lagrangian approach), can be deployed
upstream of a desired data collection location, and must be tracked in order to know the

drifters present location for recovery.

There are numerous challenges related to surface wave data collection in tidal
inlets and river mouths via moored buoys. These challenges revolve around the
deployment, presence, and subsequent recovery of the buoys. Pearman et al. (2013)
highlight some of these challenges such as current drag on mooring lines and interference
from ship traffic. Furthermore, the occurrence of extreme wave events as ocean swell
opposes ebb flows from river mouths can complicate matters. These factors and others
hinder our ability to safely maneuver a vessel on-station, safely deploy and recover

moored buoys, and obtain accurate and reliable surface wave data from the buoys.

Another challenge for surface wave data collection involves the high costs
associated with moored buoys. The cost depends on factors such as the number, size, and
sophistication of the buoy(s) being used. For large, specialized buoys the overall cost can
increase due to the higher cost of the buoy itself, the need for a large vessel equipped
with a crane or A-frame capable of mooring and recovering the buoy, the need for a
forklift for transporting the buoy pier-side, and all of the other supplementary costs that

go with these such as the crew, fuel, food, and so on. This makes the procurement and/or



utilization of some moored buoys cost prohibitive. Therefore, the ability to reduce the
instrument unit cost and facilitate deployment/recovery from a small vessel is of high

importance.

B. NAVAL RELEVANCE

Safety and cost effectiveness are concerns for the U.S. Navy, as well. Investing
significant capital and man-hours into planning and attempting to execute exercises and
operations can be all for naught when environmental conditions prohibit their execution.
Moreover, the safety of all evolutions, from simply transiting from one point to another to
conducting complex, multi-national exercises, is paramount. The ability for naval
meteorology and oceanography (METOC) to characterize environmental conditions such
as sea state and significant wave height both spatially and temporally has direct impacts
on these two elements. The collection and analysis of surface wave data is crucial for
both environmental model input as well as validation of model output, which in turn
affects METOC s ability to accurately and reliably characterize the environment. Having
low cost, easily deployable buoys for surface wave data collection, particularly in areas
where data have not been collected, is difficult to collect, and in which the Navy
frequently operates (e.g., tidal inlets and river mouths), is an integral part of our overall

data collection strategy.

C. BUOYS AND DRIFTERS
1. Datawell Waverider Buoy

One of the standard tools for measuring ocean surface waves is the Datawell
Waverider buoy. Throughout the rest of this thesis, we will specifically refer to the
Datawell Directional Waverider Global Positioning System (GPS) based Buoy, or DWR-
G (see Figure 1). The DWR-G uses the Doppler frequency shift of the GPS signal to
calculate velocities, which are then integrated over time via patented algorithms to
calculate the motions, and hence displacements, of the buoy. The DWR-G samples at a
rate of 2Hz, which is converted to 1.28Hz for horizontal and vertical motions to
correspond to its transmitter data format, is accurate to within 0.01m for both horizontal

and vertical displacements, and is able to measure waves in the frequency range of
3



0.01Hz (100s period) to 0.64Hz (1.6s period) (Datawell 2010). Datawell Waverider
buoys are rugged, accurate, and specifically tailored for the collection of surface wave
data. The cost for one of these buoys depending on the size and options can range from
$15K-40K, and the weight can range from 37.4-209Ibs (0.4m and 0.7m diameter DWR-
G, respectively). While the DWR-G is capable of being moored, our use of the DWR-G
for the remainder of this thesis is in a surface drifting mode. Given the cost for an
individual DWR-G, along with its size and weight, the DWR-G is not ideally suited for
the coastal inlet/river mouth environment where it can be cumbersome to deploy and
recover from small vessels, is subjected to potential damage from heavy ship traffic, and

runs the risk of being damaged or stolen if beached along the nearby shoreline.

Figure 1. Datawell Directional Waverider GPS-based (DWR-G) 0.4m buoy (from
Datawell 2013).
2. Surface Drifters and GPS

The concept of observing objects floating on the ocean surface to glean
information about oceanographic phenomena dates back to Stommel in the late 1940s and

even back to Benjamin Franklin in the late 1700s (Davis 1991). In more recent history

4



the use of surface drifting objects to collect oceanographic data has become more
sophisticated as researchers seek new ways to keep costs down while incorporating the
latest in technological advances. The use of commercial off-the-shelf (COTS) materials,
hardware, and sensors has led to the development of inexpensive drifters suitable for
deployment in large numbers. In 2002 and 2003, the use of polyvinyl chloride pipe as a
durable shell and a GPS sensor for position and velocity data of a surface drifter was
successfully tested in the nearshore and surf zones (see Figure 2) (Schmidt et al. 2002;
Johnson et al. 2003). MacMahan et al. (2009) further reduced costs using hand-held GPS
receivers with internal power and data logging capability. While these drifters
successfully tracked surface currents, the GPS receivers available at that time could not

resolve the wave orbital motion.

Figure 2. At left: schematic of surf zone drifter (from Schmidt et al. 2003). At right:
Photograph of COTS GPS drifter (from Johnson et al. 2003).

At the Naval Postgraduate School (NPS) in 2010, Herbers et al. (2012) developed
a prototype wave resolving drifter (WRD) comprised of a COTS GPS receiver, a battery

pack, and a radio frequency (RF) transmitter packaged in a small Pelican case and sitting

5



atop an in-house fabricated drifting buoy made of polyethylene closed cell foam discs
and Delrin plates (see Figure 3). With this inexpensive, easily handled and deployable
drifter, they were able to resolve vertical and horizontal wave orbital displacements from
which spectral estimates of wave energy, mean direction, and directional spread could be

extracted, all of which showed good agreement with the standard Datawell buoys.

Figure 3. Prototype wave resolving drifter (WRD) (from Herbers et al. 2012).



Il.  WAVE RESOLVING DRIFTERS AND THE 3-SPACE SENSOR
DATA-LOGGING

In order to reduce the bulky footprint of a GPS unit and its external antenna such
as the one shown in Figure 3, accelerometers were investigated to resolve vertical
motions. Here we review some versions of the WRDs developed at NPS and their

associated sensors.

A. WRD—ALPHA

The first generation WRD developed at NPS, the “alpha” variant or WRD-A (see
Figure 4), was created in 2012 and consists of a spherical, hard shell closed-cell foam
core buoy 0.3m in diameter, with ballast weight suspended beneath the buoy and a
collection of sensors externally affixed to the buoy. The attached sensors include a
Locosys GT-31 GPS receiver, a Gulf Coast Data Concepts X6-2 three-axis accelerometer
mounted vertically between the buoy and the ballast weight, and a Garmin DC 40 GPS-
enabled transmitter (Pearman et al. 2013). The primary objective of the WRD-A is to
resolve as accurately as possible surface wave orbital motions while freely drifting
through tidal inlets and river mouths. To facilitate deployment in large numbers it is
important to keep costs down through the utilization of COTS components and by

creating lighter weight, easily deployable/recoverable drifters.



Figure 4. WRD-A (from Mcintyre 2013).

The function of the GT-31 (see Figure 5) is two-fold; first, as its clock is the most
precise among the sensors, it serves as the source for the time that all data will ultimately
be analyzed in; second, it serves to resolve the horizontal surface drift and wave orbital
displacements via differential position data and Doppler velocity data. Comparisons with
horizontal surface wave orbital displacements measured with a DWR-G buoy show

excellent agreement across the swell frequency range (Pearman et al. 2013).



Figure 5. Locosys GT-31 GPS receiver.

The function of the X6-2 (see Figure 6) is to better resolve vertical surface wave
orbital displacements than those obtained with the GT-31. The X6-2 is an accelerometer,
not an inertial measurement unit (IMU). As such, it is incapable of resolving its own
orientation and thus unable to remove or mitigate errors in the vertical accelerations
caused by projected accelerations from other axes induced by pitch and/or roll of the
sensor.  Results from comparisons between the vertical surface wave orbital
displacements from the DWR-G data and the WRD-A data show good agreement,
although the X6-2 has a tendency to overestimate the swell peaks and troughs. Without
another sensor such as a magnetometer or gyroscope it is not possible to resolve this
difference in amplitude (Pearman et al. 2013).



Figure 6. Gulf Coast Data Concepts X6-2 accelerometer.

The function of the DC 40 (see Figure 7) is merely to facilitate real-time tracking
of the WRD-A, which has proven necessary particularly during the recovery of the
drifter. To further aid in recovery a NaviSafe marine light (see Figure 7) is also affixed
to the drifter.

Figure 7.  (left) Garmin DC 40 GPS-enabled transmitter. (right) NaviSafe marine light.
10



The cost to produce a fully-equipped WRD-A is less than $1K, making it
approximately 15-40 times less expensive than the DWR-G and thus very attractive for
deployments in large numbers or low cost routine wave monitoring applications. While
the quality of the data collected by a WRD-A is slightly less than that from a DWR-G, it

shows good agreement overall while leaving some room for improvement.

B. WRD—BRAVO

Using the WRD-A and its primary objective as a baseline, NPS set out to improve
both the design and sensor package onboard the second iteration of the WRD; the
“bravo” variant or WRD-B (see Figure 8). Like its predecessor, the WRD-B maintains a
lightweight, easily deployable/recoverable footprint while still keeping the cost under
$1K. All of the materials used in the creation of the WRD-B (i.e., acrylic, Delrin, 316
stainless steel hardware, rubber, silicone gel, adhesive sealant, foam insulation, and
Velcro) are non-magnetic, which will be noteworthy later as we discuss the sensors. The
WRD-B is a hollow spherical buoy 0.254m (10”) in diameter created by two 0.006m
(1/4) thick acrylic hemispheres secured together. The edge of each hemisphere flares
out 90 degrees into a 0.025m (1) ring, which creates a total diameter of 0.305m (12”)
including the ring. The hemispheres are locked together at these rings, which are secured
with six bolts. Between the rings of the hemispheres is placed a 0.003m (1/8) thick
rubber gasket that is lightly coated with a silicone gel to ensure watertight integrity at the

closure point.

11



Figure 8. WRD-B.

Through the bottom of the buoy is threaded a 0.019m (3/4”) diameter eyebolt, to
which ballast weight in the form of chain-links are attached via locking carabiners.
Inside the bottom hemisphere are mounted two Delrin plates, one 0.178m (7”) in
diameter and one 0.241m (9.5”) in diameter. The smaller plate, which is mounted lower
in the hemisphere, is primarily secured with the terminating end of the ballast weight
eyebolt and adhesive sealant around the edge. Below the smaller plate the hemisphere is
filled with foam insulation that serves to additionally secure the plate and to provide
additional watertight integrity at the point where the ballast weight eyebolt penetrates the
lower hemisphere. The ballast weight eyebolts’ primary means of watertight integrity
comes from the rubber washers used in securing it. The larger plate is mounted above the
smaller plate and is secured in place by four bolts that connect it to the lower plate. This
larger plate serves as the platform on which the WRD-B’s sensors are mounted (see

Figure 9).

12



Figure 9. (left) WRD-B sensor package. (right) TSS-DL and battery pack mounted in
Otterbox in WRD-B.

The sensor package housed inside the WRD-B contains some common sensors to
the WRD-A. The GT-31 GPS receiver is utilized once again to record accurate time and
to provide quality data on the horizontal surface wave orbital displacements. The Garmin
DC 40 GPS-enabled transmitter is also incorporated for real-time tracking of the WRD-
B, along with a NaviSafe marine light. The most significant change to the sensor
package is the replacement of the X6-2 accelerometer with the YEI TSS-DL (see Figure
10).

13



Figure 10. YEI TSS-DL.

C. TSS-DL

The YEI TSS-DL (see Figure 11) is a miniature attitude and heading reference
system (AHRS). As an AHRS, it is able to resolve its absolute orientation or its
orientation relative to a reference frame. To accomplish this, the TSS-DL has at its core a
highly precise and reliable IMU. The IMU, along with onboard sophisticated, proprietary
algorithms transforms the TSS-DL from simply an IMU to an AHRS. Outputs from both
the IMU and AHRS aspects of the TSS-DL will be analyzed in this thesis.

14



Figure 11. TSS-DL features (from YEI Technologies 2013a).

The IMU is composed of multiple microelectromechanical systems (MEMS),
including a triaxial accelerometer, a triaxial gyroscope, and a triaxial magnetometer. The
triaxial accelerometer measures accelerations along all three axes in units of g-force, the
triaxial gyroscope measures angular motion about all three axes in units of radians per
second, and the triaxial magnetometer measures magnetic magnitude and direction for all
three axes in units of gauss. Table 1 gives the specifications for each of these MEMS.
The “inertial” data output from the IMU is run through the Kalman filter. The resulting
AHRS data will be referred to here as “linear”. This data transformation will be

discussed in detail in subsequent chapters.
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Table 1.  TSS-DL sensor specifications (from YEI Technologies 2013a).

The purpose for utilizing the TSS-DL onboard the WRD-B is to attempt to gain
more precise and reliable surface wave orbital motion data, particularly along the vertical
axis, than was achieved with the GT-31 or X6-2. This thesis aims to test the TSS-DL in a
controlled, laboratory setting to diagnose the accuracy of its measurements of simulated
surface wave orbital motions. In conjunction with the laboratory testing, we apply
algorithms to the data collected by the TSS-DL to determine whether we are able to
improve the quality and usefulness of the data. Finally we analyze field data collected by

WRD-Bs to assess the accuracy of the TSS-DL in a tidal inlet/river mouth region.

16



I11. DATA TRANSFORMATION

A. REFERENCE FRAMES

A reference frame, as used in this context, assigns a set of axes to a three-
dimensional space or object. There are two reference frames that must be presented in
order to understand how the data collected by the TSS-DL is transformed into meaningful

information. The first is the fixed reference frame of Earth; the terrestrial reference
frame. In the terrestrial reference frame we assign the positive <xyz> axes to
correspond with east, north, and up, respectively. This is an intuitive assignment of axes

when picturing an abscissa laid upon the earth’s surface with the x axis parallel to the

equator (i.e., latitude) and the y axis parallel to the prime meridian (i.e., longitude). The
z axis is aligned with the gravitational force; orthogonal to earth’s surface. The

terrestrial reference frame is denoted with the superscript “t” <x‘y‘z‘>. The second
reference frame is the body reference frame, denoted with the superscript “b” <xbybzb> :

The body reference frame assigns (x y z> axes to an object, in this case, the TSS-DL. As

Figure 12 shows, the positive X axis extends out of the right side of the TSS-DL, the

positive y axis extends out of the front of the TSS-DL, and the positive z axis extends
out of the top of the TSS-DL. The assignment of axes to the TSS-DL is intended to
perfectly align <xbybzb> with <xt y‘z‘> when the TSS-DL’s orientation is such that it is

sitting flat on the earth’s surface with its right side facing east and its front facing north.
The instant that the body reference frame and the terrestrial reference frame are no longer
perfectly aligned (i.e., the TSS-DL changes orientation), the data collected by the TSS-
DL no longer directly corresponds to the terrestrial reference frame, which is the desired
reference frame to analyze data in. To transform the data collected by the TSS-DL from

body reference frame to terrestrial reference frame we utilize the power of the quaternion.
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Figure 12. Body reference frame axes assigned to the TSS-DL.

B. QUATERNIONS

To rotate a vector from one reference frame to another requires a so-called

quaternion ¢. Quaternions consist of two parts, a scalar and a vector. The scalar is

composed of one real part (qo) and the vector is composed of three imaginary parts

(qlqzqs). Here q is represented as a four-element vector (Bachmann 2000).

q=[q0,q1,q2,q3] 1)

One of the pieces of data that the TSS-DL records is its own quaternion that is
used to transform its data from being body frame referenced to being terrestrial frame
referenced. As mentioned before, when the TSS-DL is perfectly oriented on the earth’s
surface, the body and terrestrial reference frames are the same. As the orientation of the
TSS-DL changes though, there is a unique quaternion at each discrete moment in time

that exactly describes how the new orientation differs from the terrestrial reference frame.
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The TSS-DL’s IMU measures inertial accelerations in its body reference frame,

so we use the inertial acceleration vector &° in pure quaternion form as the vector we will
rotate (Calusdian 2010).

a"=[0,a),a},a} | (2)

Inertial accelerations must be transformed into the terrestrial reference frame in

order for them to have useful meaning to us. Once the inertial accelerations are

transformed they are considered linear accelerations and are denoted by a'.

In this case q must be a unit quaternion where |g|=1. Along with & and g, the

quaternion conjugate g is also required, which is defined as shown (Calusdian 2010).

q° = [0y, —0, —0,,—0 ] 3)

Using the following operation we are able to transform inertial acceleration data
(i.e., body frame referenced) into linear acceleration data (i.e., terrestrial frame
referenced) while properly projecting all accelerations onto the correct axes. Details of
the quaternion multiplication required for this vector rotation are contained in the
Appendix. The evaluation of this equation involves 56 scalar operations, only two

trigonometric functions, and produces no singularities (Bachmann 2000).

a'=qa’q’ 4)

C. ACCELERATION TO DISPLACEMENT

An intuitive way to analyze data in the time domain is by looking at the
displacements. By transforming the acceleration data from inertial to linear we are now
able to appropriately transform the accelerations into displacements. To do this we
perform a double integration of the acceleration data while incorporating a band-pass

filter to prevent leakage into our frequency band of interest.
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IV. EXPERIMENTAL DESIGN

In order to validate the TSS-DL for use in surface wave data collection we must
first assess its performance in a controlled setting. This requires the ability to simulate
surface waves while controlling as many of the variables involved as possible. To
accomplish this we constructed a machine to simulate the simplest surface wave motion
possible and then conducted tests with the TSS-DL measuring the simulated wave

motions.

A. SURFACE WAVE ORBITAL MOTION

The simplest ocean surface waves that exist have a purely sinusoidal form. These
are deep water waves, defined by the depth of the water being greater than one half of the
wavelength. Assuming such waves have a constant, stationary source and that the waves
exist in the absence of any additional influences except for gravity (e.g., currents, winds,
rotations, imbalances, etc.), the motion of a particle at the surface traces a circular orbit

with the diameter equal to the wave height (see Figure 13).

Figure 13. Deep water surface wave orbital motion (from Thurman 1988).
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A particle at the surface of the wave field just described experiences accelerations
due to both the wave induced pressure variations and the force of gravity. The
gravitational force acts to accelerate the particle vertically downward at a rate of
9.81m/s?; however, as the particle is suspended by the surface of the water, it is as though
the particle is accelerating upward at the same rate. As waves progress they create
pressure variations that also accelerate the particle both vertically and horizontally. At
the peak and trough of a wave (i.e., top and bottom of the circular orbit, respectively) the
particle experiences maximum vertical acceleration and zero horizontal acceleration. At
the equilibrium or still water level the particle experiences maximum horizontal
acceleration and zero vertical acceleration. Over one full wave period a plot of the
particle’s accelerations in time traces a pure sinusoid, with the vertical component also

containing the gravitational acceleration constant (i.e., 9.81m/s?).

B. SURFACE WAVE ORBITAL MOTION SIMULATOR

The objective of the surface wave orbital motion simulator (SWOMS) is to allow
the TSS-DL to experience controlled surface wave orbital motion. While brainstorming
designs for the SWOMS we considered the Ferris wheel (see Figure 14). The Ferris
wheel has a central rotational axis and cradles affixed to the ends its arms. The cradles,
along with their payload, experience a circular orbit as the Ferris wheel rotates and, of
equal importance, they maintain approximately the same orientation throughout the orbit.
The speed of rotation of a Ferris wheel can be controlled and varied. With the Ferris

wheel framework in mind we set out to build the SWOMS.
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Figure 14. Ferris wheel (from Free Wallpapers 2013).

To simplify the construction of the SWOMS we use a single arm bisected by a
rotational shaft. For the arm we use a 0.5” x 1.25” redwood board cut to 1.1m in length.
At 0.55m we drilled a hole through the 1.25” width to insert and secure a rotational shaft

(see Figure 15).
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Figure 15. SWOMS rotational arm secured to motor shaft.

The rotational shaft is that of a Pittman series GM9000 lo-cog brush commutated
DC gearmotor (see Figure 16).

Figure 16. SWOMS Pittman DC motor.
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The motor is powered by a plug and a standard 120V/60Hz U.S. power outlet.
The motor control wires connect to a Solutions Cubed Motion Mind 3 DC motor motion

controller (see Figure 17).

Figure 17. SWOMS Motion Mind 3 motor controller.

To interface with the Win7 Motion Mind 3 ASCII Control Software we connect
the Motion Mind 3 to a desktop computer via serial cable. From the software’s graphical
user interface (GUI) we are able to select inputs to control the precise rate of rotation of
the SWOMS (see Figure 18).
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Figure 18. Motion Mind 3 GUI.

Built into the software is the following equation to convert a velocity input to a

rotational frequency for a given motor (Solutions Cubed 2013b):

V:fxCPRxGR (5)
50

Here V is the GUI velocity input, f is the rotational frequency (i.e., motor shaft
rotations per second), CPR is the counts per revolution defined by the specific motor
being used, and GR is the gear ratio also defined by the specific motor being used. For
our Pittman motor the CPR is 500 and the GR is 65.5:1. For ease of use we generate a
spreadsheet utilizing this algorithm to automatically convert desired frequencies into GUI
velocity inputs. Now that we have a precisely controllable rotational arm that at each
point on the arm experiences circular orbit, we set out to create a method for attaching the
TSS-DL to the arm.

Just as Ferris wheel cradles maintain roughly a single orientation throughout their
full circular orbit, so too should the TSS-DL and its cradle maintain a single orientation
throughout its orbit to avoid the introduction of additional accelerations beyond those
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previously mentioned. Two identical cradles are created for the SWOMS, one mounted
at each end of the rotational arm. In considering the cradle components, we strive to
avoid the use of magnetic materials (e.g., iron and conventional steel) as they can disrupt
the measurements made by the TSS-DL’s magnetometers. Additionally we aim to keep
the overall weight of the cradle low to reduce stress on the motor. For the cradle’s main
arm we use a 4” long, 0.5” diameter fully threaded aluminum screw. A hole is drilled
through the SWOMS’s main rotational arm at exactly 0.05m from the end of the arm,
placing it exactly 0.5m from the SWOMS’s axis of rotation, which ultimately creates a
simulated wave height of 1m. We insert the aluminum screw through this hole and
secure it with aluminum washers and nuts, which create the backbone for the cradle (see
Figure 19). Acetal ball bearings with glass balls are fed onto the aluminum screw to as
nearly as possible eliminate the transfer of the rotational motion from the SWOMS’s
rotational arm to the cradle and TSS-DL, thereby enabling the cradle and TSS-DL to
maintain a single orientation throughout the orbit. On the bearings we mount

approximately a 2” long section of 0.75” thick, medium-softness polyurethane tubing.

Figure 19. SWOMS cradle arm, hardware, bearing, and tubing.
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Using small stainless-steel screws we secure two 4.75” long, 0.5” wide aluminum
stanchions to opposite sides of the polyurethane tubing (see Figure 20). An additional
third aluminum stanchion is mounted orthogonal to the others and beneath the platform to
provide increased support and rigidity

Figure 20. SWOMS cradle stanchions.

Between these stanchions we secure a 3” long by 2” wide wooden platform upon
which the TSS-DL will be mounted during testing (see Figure 21).
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Figure 21. SWOMS cradle platform.

In order for the bearings to function properly in maintaining a single orientation
for the TSS-DL’s cradle, we add a small amount of ballast weight to the underside of the
cradle. The weight is provided by 15 0.375” stainless-steel hex nuts looped onto a 0.25”
wide zip-tie (see Figure 22). The rigidity of the zip-tie helps to significantly reduce a
pendulum-like oscillation of the ballast weight once the SWOMS is in motion.
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Figure 22. SWOMS ballast weight.

A platform of 0.25”-thick fiberboard approximately 8”-wide by 16”-long mounted
atop two 8”-long, 2.5”-wide, 0.75”-thick boards at either end of the fiberboard serve as
the foundation of the SWOMS. On the top of the platform is mounted the Motion Mind 3
circuitry, the Pittman motor, and the associated wiring. The motor is mounted near the
centerline of the platform via an aluminum bracket and oriented such that the rotational
shaft of the motor extends out beyond the edge of the platform, which provides the

clearance for the SWOMS main rotational arm.

For the testing we mount the SWOMS platform on the corner of a sturdy wooden
desk and secure it with clamps. Ideally we would create a stand-alone structure
specifically for the SWOMS that is both sturdy and stationary for testing, yet mobile
enough that the SWOMS can be easily reoriented or relocated. Testing is conducted in
one of the ocean laboratories at NPS. The SWOMS is in close enough proximity that we
are able to connect the Motion Mind 3 to a desktop computer via a 6’ serial cable (see
Figure 23).
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Figure 23. SWOMS setup in the laboratory.
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V. TESTS AND RESULTS

A. OVERVIEW OF TESTS
1. Test Configurations

We designed three types of tests to assess the performance of the TSS-DL. The
first test we refer to as the optimal orientation test, or simply “optimal.” In the optimal
testing configuration the SWOMS is oriented such that the axis of the rotating arm is
aligned as nearly as possible with the magnetic north-south axis to allow rotation of the
arm and sensor package only in the east-west and vertical planes. Additionally, the
ballast weight that was discussed earlier is in place to maintain the horizontal orientation
of the TSS-DL. The purpose of the optimal testing configuration is to align the TSS-
DL’s body reference frame with the terrestrial reference frame. By doing so we are able
to assess both the inertial data as well as the linear data from the TSS-DL, which should

correspond to each other fairly well, particularly in the vertical.

The second test we refer to as the skewed orientation test, or simple “skewed.” In
the skewed testing configuration the SWOMS is oriented at a random angle such that the
rotating arm and TSS-DL are now rotating in the entire three-dimensional (i.e., east-west,
north-south, and vertical) space. Ballast weights remain in place just as they are in the
optimal tests. The purpose of the skewed testing configuration is to remove the near
perfect alignment of the TSS-DL’s body reference frame with the terrestrial reference
frame. By doing this while keeping all other variables constant, we are able to assess

how well the TSS-DL is able to resolve the horizontal motions.

The third test we refer to as the altered ballast test, or simple “AB.” In the AB
testing configuration the SWOMS is oriented at the same random angle as in the skewed
tests, but now we remove the ballast weight from the cradles and allow the TSS-DL to
experience random and extreme changes to its horizontal orientation. By doing this we
are able to assess how well the TSS-DL is able to resolve large pitch/roll angles, such as

those experienced in breaking ocean waves.
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2. Test Specifications

Tests were conducted for all three testing configurations at 0.07Hz, 0.1Hz, 0.2Hz,
0.3Hz, and 0.4Hz. These frequencies were chosen to correspond to the dominant swell
(i.e., 0.05-0.15Hz) and wind-sea (i.e., 0.15-0.3Hz) frequency bands, as well as the
frequency range examined in previous field studies by Herbers et al. (2012) and Pearman
et al. (2013). The 0.05Hz frequency was initially tested; however, we discovered that the
system noise at that frequency and below made it nearly impossible to detect the slow
circular rotation signal in the noise. The 0.4Hz frequency is tested to see the results of a
1m wave nearing its limit of steepness before breaking. All tests were run for a duration
of approximately 15 minutes with the TSS-DL sampling at a rate of 10Hz. All records
were truncated such that the first full minute of the record (i.e., 600 sample points) was
eliminated, as well as a portion of the end of the record such that the total record length
for every test was exactly 8192 (i.e., 2'*) data points, or approximately 13.65 minutes.
This record length was chosen to allow for a robust sampling of the test frequency and to
yield a sufficiently high frequency resolution in the spectra.

B. OVERVIEW OF DATA
1. Data Types

For every test we evaluated the TSS-DL’s performance by comparing measured
accelerations with the known circular motion of the SWOMS. Vertical and horizontal
components of acceleration Aare purely sinusoidal oscillations with amplitudes equal to
the length of the radial arm R, which is 0.5m, multiplied by »”with the frequency of
oscillation w equal to the frequency of our given test (i.e., 0.07Hz, 0.1Hz, etc.) and phase

@ of the vertical and horizontal accelerations differing by 90 degrees.
A=-Rxw’°xC 0 s (oxt+¢) (6)

This analytic data serves as our control data for a constant, purely circular motion in the
absence of noise.

The second type of data is the inertial acceleration data recorded by the TSS-DL.

This data is TSS-DL body frame referenced and is strictly the measurements made by the
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TSS-DL, with the only modification being the removal of gravity from the z-axis. This
modification was implemented to more closely compare the inertial and linear results in
the optimal and skewed tests; however, in the AB tests with extreme angles, large gravity
contributions remain in the data. In order to maintain consistent techniques among all

tests, this modification is used for all tests.

The third type of data is the linear acceleration data recorded by the TSS-DL.
This data is the inertial data that has been transformed into linear data (i.e., terrestrial
frame referenced and gravity removed) through the use of Equation (4).

2. Data Parameters

For each type of data, four parameters are calculated to ultimately assess the

performance of the TSS-DL. The parameters assessed are the total variance o/, ,, signal

ot?

variance o’

<1, 1N the frequency band containing the circular motion, signal amplitude a

sig?
and signal to noise ratioS N Rof the signal variance to total variance. Varianceo?is
defined as the area (i.e., energy) under the spectral curve of a power spectral density
(PSD) functionG( f)

o= [G(f)df )

All parameters are calculated from the PSD, which is computed using MATLAB’s cross
power spectral density (CPSD) function with the analytic, inertial, or linear accelerations
as the input time series, each with a length of 8192 points. Default parameters were
utilized in this function, which divide the record into window lengths of 2048 points
using Hamming windows and with 50% overlap. This yields a frequency resolution A f
of 0.0049Hz for each of the PSDs. Each PSD is calculated for the frequency range of
0.03-1.0Hz. This is done in order to exclude the significant amount of system noise
present in the very low frequency range (i.e., <0.03Hz) and higher frequencies where the
WRDs do not yield usable data.
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Once a PSD was computed, the energy under the spectral curve and bounded by
0.03Hz and 1.0Hz was calculated, which giveso?,,. The signal in the spectrum of a
given test was defined by the peak centered on the input frequency, and including three

neighboring bands on both sides of the peak. The energy under this peak giveso?, .. The

sig"

amplitude of the signal was computed using the following equation

asigz\lzxo-szig (8)

The SNR was computed using the following equation

O-szig
SNR=— (9)

Jtot

C. OPTIMAL TEST CASE

To illustrate the results from a test, we will step through an optimal test run at
0.2Hz using TSS-DL 18F.

1. Accelerations

Figures 24-26 show the plots of the analytic, inertial, and linear accelerations

plotted against time for the z, x, and y axes, respectively.
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z-axis / vertical accelerations from TSS-DL 18F for optimal test at 0.2Hz.
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X axis (analytic & inertial) / easting (linear) accelerations (m/g)

Figure 25. x-axis / easting accelerations from TSS-DL 18F for optimal test at 0.2Hz.
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Y-axis / Northing Accelerations
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Figure 26. y-axis/ northing accelerations from TSS-DL 18F for optimal test at 0.2Hz.

The plot of z-axis / vertical accelerations (see Figure 24) is representative of what
we might expect to see. The analytic accelerations trace a sinusoid with a 5s period and
an amplitude of 0.7894m/s?>. The inertial and linear accelerations also both trace
sinusoids with a 5s period, but with system noise present in the signal. The inertial and
linear accelerations are in close agreement, which indicates that the pitch/roll
contributions to the vertical inertial accelerations are negligible. This confirms that the
SWOMS maintains the horizontal orientation of the TSS-DL during the optimal tests. It
also confirms that the TSS-DL accurately resolves the accelerations of the circular

motion.

The plot of x-axis / easting accelerations (see Figure 25) shows, as expected,
analytic accelerations identical to the z-axis accelerations, phase shifted by 90 degrees.

Here the inertial x-axis accelerations have no clearly identifiable sinusoidal pattern to
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them and appear to be dominated by noise. This can be attributed to multiple factors
including contamination from gravity and system noise. The easting linear accelerations
on the other hand show a distinct sinusoid pattern that mirrors the analytic accelerations
while also containing system noise and slight deviations in the amplitude. This confirms
that the algorithm transforming the inertial accelerations into linear accelerations is

working correctly. It also confirms that the SWOMS is oriented well for optimal tests.

In the plot of y-axis / northing accelerations (see Figure 26) the analytic
acceleration vanishes. The inertial y-axis accelerations show minimal noise present on a
small sinusoidal pattern. The northing linear accelerations also show a similar pattern
with even less of a sinusoidal signature. By comparing these accelerations to the x-axis /
easting accelerations we see that there is a relatively small amount of acceleration
occurring along the y-axis / northing direction that is likely the result of coherent system
noise, minor sensor calibration error, and/or a slight misalignment of the SWOMS to the

terrestrial reference frame.

2. Power Spectral Density of Accelerations

Figures 27 and 28 show the PSD of analytic, inertial, and linear accelerations for

the vertical and horizontal axes, respectively.
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Figure 27. PSD of z-axis / vertical accelerations from TSS-DL 18F for optimal test at
0.2Hz.
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Figure 28. PSD of horizontal axes accelerations from TSS-DL 18F for optimal test at
0.2Hz.

The PSD of z-axis / vertical accelerations (see Figure 27) shows energy density
spread across the frequency spectrum, with the area under the spectral curve representing
the variance. The energy density of the analytic accelerations is much lower than that of
either the inertial or linear accelerations because the analytic accelerations contain no
noise. The signal in the spectral curve for all three vertical accelerations is centered over
0.2Hz, which corresponds to the frequency of the test. The amplitude of that signal for
the analytic accelerations corresponds to the amplitude seen in the acceleration versus
time plots, which is 0.7894m/s%. The total and signal variances under the spectral curve
of analytic accelerations are 63.8371m%s* and 63.8134m?/s*, respectively, yielding a
SNR of 0.9996. The spectral curves of the inertial and linear accelerations are nearly
identical to each other, similar to the acceleration versus time plots. Further, the signal

peaks in all three spectral curves collapse nearly perfectly, with the only major difference
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between them being the noise present in the inertial and linear accelerations. The signal
amplitudes of the inertial and linear acceleration spectra are 0.7797m/s® and 0.7737m/s’,
respectively, putting them in excellent agreement with the analytic amplitude. The total
and signal variances under the spectral curve of inertial accelerations are 64.8159m?/s*
and 62.2586m?/s*, respectively, yielding a SNR of 0.9605. The total and signal variances
under the spectral curve of linear accelerations are 63.9776m?/s* and 61.3020m?%/s*,
respectively, yielding a SNR of 0.9582. While there is noise present in the inertial and
linear accelerations, for optimal tests the raw TSS-DL data accurately resolves the

vertical component of the signal.

The PSD of horizontal axes accelerations (see Figure 28) shows similar results to
those seen in the PSD of vertical accelerations. The major difference in this PSD is the
amplitude of the energy density signal from the different accelerations, and to a lesser
extent, the presence of smaller spikes at the harmonics of the primary frequency. The
values associated with the spectral curve of analytic accelerations remain the same. The
signal amplitudes for the inertial and linear acceleration spectral curves are 0.2437m/s?
and 0.6660m/s?, respectively. The total and signal variances under the spectral curve of
inertial accelerations are 9.8634m?/s* and 6.0835m?/s*, respectively, yielding a SNR of
0.6168. The total and signal variances under the spectral curve of linear accelerations are
50.8772m?/s* and 45.4205m?/s*, respectively, yielding a SNR of 0.8927. This tells us
that there is good agreement between the linear and analytic accelerations as indicated by
the signal amplitude and SNR. The agreement between the inertial and analytic
accelerations is poor, similar to the results in the time domain. The poor agreement
between inertial and analytic accelerations here makes sense as the inertial accelerations
are body frame referenced while the analytic accelerations are terrestrial frame

referenced.

3. Displacements

Analytic displacementsd were generated using the following equation where

again the phase ¢ of horizontal and vertical components differ by 90 degrees.

d=axcos (oxt+e) (10)
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Displacements from the inertial and linear accelerations were calculated using the
method described in Chapter 11 C. Figures 29 and 30 show the displacements calculated
from analytic, inertial, and linear accelerations and plotted against time for both the
vertical and horizontal (i.e., east-west) axes, respectively in the plane of the circular

motion.
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Figure 29. Vertical displacements from TSS-DL 18F for optimal test at 0.2Hz.
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Horizontal Displacements
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Figure 30. Horizontal displacements from TSS-DL 18F for optimal test at 0.2Hz.

The vertical displacements plot (see Figure 29) shows that the analytic
displacements trace a sinusoid with a 5s period and 0.5m amplitude, which is expected
and corresponds well with the vertical analytic solution. The inertial and linear
displacements are nearly identical to each other, which is expected given that the
accelerations from which the displacements were derived were nearly identical. This
further confirms that the TSS-DL can accurately resolve the simulated vertical wave

excursions in the optimal tests.

The horizontal displacements plot (see Figure 30) shows good agreement between
the linear and analytic displacements; however, the inertial displacements have no
discernable pattern to them. This further confirms that the TSS-DL can resolve
horizontal motions in a seemingly incoherent dataset after the quaternion transformation

is applied.

45



D. RESULTS

The tables in this section document the complete results of their respective tests.
Analytic data is shown for comparison. Inertial data is shown to exhibit the degree to
which this data improves when transformed to linear data. Linear data is the true

measure of the performance of the TSS-DL.

1. Optimal Tests

Table 2 shows the results from the optimal tests. The linear SNRs trend from
lower values at lower frequencies to higher values at higher frequencies. This trend can
be attributed to weaker acceleration signals (for fixed displacement amplitude) as the
frequency is reduced, whereas the noise extends across the entire spectrum, thus
degrading the SNR. The linear vertical signal amplitudes show excellent agreement to
the analytic signal amplitudes throughout the spectrum tested, with the average difference
between them across all optimal tests being+3%. The linear horizontal signal
amplitudes show excellent agreement at and above 0.3Hz, but decreasing agreement with
decreasing frequency below 0.3Hz, with the average difference between them across all

optimal tests being + 21%.
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Table 2.  Optimal test data.

2. Skewed Tests

Table 3 shows the results from the skewed tests. Similar to the optimal tests
results, these results demonstrate excellent agreement between the linear vertical signal
amplitudes and analytic signal amplitudes, with the average difference between them
across all skewed tests being +4%. Once more we see the trend of lower SNR values at
lower frequencies to higher SNR values at higher frequencies. We also see decreasing

agreement between the linear horizontal signal amplitudes and analytic signal amplitudes
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with decreasing frequency, with the average difference between them across all skewed
tests being+ 25%. These tests demonstrate that the transformation algorithm can be

applied to an arbitrary horizontal orientation of the TSS-DL.

Table 3. Skewed test data.

3. AB Tests

Table 4 shows the results from the AB tests. These tests created extreme
conditions unlikely to be seen in real world ocean conditions. The tests with the TSS-DL
highlighted by an asterisk indicate that during these tests the TSS-DL’s cradle never
righted itself during the rotations, thereby fixing the TSS-DL in a single orientation and
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causing it to invert during each rotation. Even under these conditions the linear vertical
signal amplitudes show strong overall agreement to the analytic signal amplitudes, with
the average difference between them across all AB tests being+7%. Once more the
linear horizontal signal amplitudes show decreasing agreement to the analytic signal
amplitudes with decreasing frequency, with the average difference between them across
all AB tests being+33%. SNRs continue to show the trend seen in the optimal and

skewed tests.

Table 4. AB test data.
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VI. FIELD APPLICATION

In late May through early June 2013, personnel from NPS on board research
vessel (R/V) Point Sur conducted field experiments in the vicinity of the mouth of the
Columbia River (MCR) (see Figure 31) in order to collect robust, in-situ surface wave
data to further the study and understanding of wave-current interaction. During these
experiments, WRD-Bs equipped with TSS-DLs were deployed from R/V Point Sur in the
main channel of the MCR just prior to max ebb current to collect surface wave data as
they drifted through the highly volatile entrance to the MCR, where large, often breaking
waves are generated as the fast flowing ebb current encounters the incoming ocean swell
over the relatively shallow bar. Figure 32 shows the significant wave height data
recorded by a cluster of WRD-Bs deployed on June 8, 2013. This figure clearly captures

this event where waves with heights near four meters are recorded.

Figure 31. Mouth of the Columbia River (from Google 2013).
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MCR Significant Wave Heights from WRD-Bs on 8JUN13
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Figure 32. Significant wave heights from WRD-Bs in the MCR on June 8, 2013.

Figure 33 shows a section of surface wave height data just outside the MCR
recorded by a WRD-B on June 12, 2013. This figure highlights the differences in surface
wave heights from inertial (i.e., not transformed) and linear (i.e., transformed) data,
which are seen here to differ by one meter or greater.
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MCR Surface Wave Height from WRD-B on 12JUN13
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Figure 33. Inertial and linear surface wave height data from WRD-B outside the MCR on
June 12, 2013.

Similar to Figure 33, Figure 34 shows the difference between the surface wave
heights from inertial and linear data, this time in a case of large contamination from
gravity present in the inertial surface wave heights due to extreme pitch/roll of the WRD-
B. This figure illustrates the large errors that can be present in inertial (i.e., not
transformed) data when the drifter encounters steep breaking or near-breaking waves, as
well as the TSS-DL’s ability to track the wave motion in these extreme conditions

through its transformation algorithm.
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MCR Surface Wave Height from WRD-Bs on 8JUN13
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Figure 34. Extreme difference in surface wave height from inertial and linear data
outside the MCR on June 8, 2013.

Lastly, Figure 35 shows the surface height spectra from a four hour record of a
WRD-B that was deployed and recovered in deep water outside the MCR. Plotted are the
spectral curves from the GPS receiver’s Doppler velocity data, the WRD-B’s inertial
data, and the WRD-B’s linear data. While the spectra agree fairly well at the dominant
swell frequencies, the most significant difference is in the noise between the inertial and
linear data below 0.1Hz. The inertial data contains significantly more noise as a result of
amplification due to noise associated with tilt at low frequencies, thus making it more
difficult to distinguish true wave signals from noise.

54



MCR Surface Height Spectra from WRD-B, 12JUN13, 1837-2237UTC
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Figure 35. Surface height spectra from WRD-B in deep water outside the MCR on June
12, 2013.
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VIlI. CONCLUSIONS

The need for in-situ ocean surface wave data is great, particularly in coastal inlets
and river mouths where both commercial shipping and the U.S. Navy operate. Collecting
this data with traditional bottom mounted or moored instruments can be costly and
logistically challenging owing to heavy ship traffic, energetic wave and current
conditions, and dynamic seafloor morphology. While the use of GPS drifters equipped
with COTS components has improved these collection efforts, the need for low-cost yet

accurate wave sensors requires more research that is addressed in this thesis.

The Naval Postgraduate School (NPS) has been working toward developing low-
cost and easily deployable wave resolving drifters (WRDs) for collecting surface wave
data. The earliest prototype WRD-A proved to be a capable platform for deploying
instruments to collect surface wave data; however, there remained room for improvement
in its ability to accurately resolve surface wave motions, particularly in the vertical axis.
The latest variant of this drifter, the WRD-B, incorporates Yost Engineering
Incorporated’s (YEI) 3-Space Sensor Data-Logging (TSS-DL) as the primary sensor for
recording surface wave motion. The TSS-DL is a miniature attitude and heading
reference system that is able to transform inertial data collected in its body reference
frame into linear data referenced to the terrestrial reference frame through the use of

quaternions and a specific algorithm, thereby making it useful for analysis.

To validate the TSS-DL’s performance, we created a surface wave orbital motion
simulator (SWOMS) on which to test the TSS-DL in a laboratory setting at NPS. Tests
were conducted at five different frequencies within the dominant swell and wind-sea
bands and were performed in different configurations varying the horizontal orientation
and the degree of pitch/roll noise contamination. For each test we utilized the TSS-DL
acceleration data to derive power spectral densities and displacements. From these we
specifically analyzed the total and signal variances, the signal amplitude, and the signal to
noise ratio of the total and signal variances. All parameters were then compared to the
parameters generated from the known analytic motion of the SWOMS. Results from the

test data showed that the TSS-DL is able to resolve the vertical signal amplitude to within
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+3-7% of the analytic signal amplitude and is able to resolve the horizontal signal

amplitude to within+ 21-33% of the analytic signal amplitude.

We further analyze field data collected by the TSS-DL onboard WRDs deployed
in June 2013 near the mouth of the Columbia River. Results from this data show the
TSS-DL is able to accurately resolve the vertical wave excursions it encountered even in

extreme conditions with large breaking waves.

Overall, we have shown that the TSS-DL is a capable sensor appropriate for use
in ocean surface drifters to accurately record surface waves. Future research related to
this topic may include investigation into the customizable settings for the TSS-DL to see
if there is room for improvement in noise reduction and increased accuracy of
measurements. Additional testing may also be conducted at more frequencies and at
varied amplitudes to further validate the performance of the TSS-DL in other conditions.
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APPENDIX

Multiplication of two quaternions, p=[p,p] and q=[q,q] is defined as
Pg=pdy—P-G+ PG+, P+ Pxq (11)

The product of this multiplication is another quaternion of form r = [rof] (from

Calusdian 2010).
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