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A B S T R A C T

Autonomous underwater vehicles (AUVs) use secondary velocity over ground

measurements to aid the Inertial Navigation System (INS) to avoid unbounded drift
in the point-to-point navigation solution. When operating in deep open ocean (i.e.,
in blue water—beyond the frequency-specific instrument range), the velocity mea-
surements are either based on water column velocities or completely unavailable. In
such scenarios, the velocity-relative-to-water measurements from an acoustic
Doppler current profiler (ADCP) are often used for INS aiding. ADCPs have a blank-
ing distance (typically ranging between 0.5 and 5 m) in proximity to the device in
which the flow velocity data are undetectable. Hence, water velocities used to aid the
INS solution can be significantly different to that near the vehicle and are subjected to
significant noise. Previously, the authors introduced a nonacoustic method to cal-
culate the water velocity components of a turbulent water column within the ADCP
dead zone using the AUV motion response (referred to as the WVAM method). The
current study analyzes the feasibility of incorporating the WVAM method within the
INS by investigating the accuracy of it at different turbulence levels of the water col-
umn. Findings of this work demonstrate that the threshold limits of the method can
be improved in the nonlinear ranges (i.e., at low and high levels of energy); however,
by estimating a more accurate representation of vehicle hydrodynamic coefficients,
this method has proven robust in a range of tidally induced flow conditions. The
WVAMmethod, in its current state, offers significant potential to make a key contri-
bution to blue water navigation when integrated within the vehicle’s INS.
Keywords: water column velocity, INS, autonomous underwater vehicles (AUVs),
acoustic Doppler current profilers (ADCPs), WVAM
utonomous underwater vehicles
(AUVs) are submarine robots that are
Introduction
A
able to carry out ocean sampling cam-
paigns (Curtin et al., 1993), bathymet-
ric data collections (Grasmueck et al.,
2006), and military and security exer-
cises in unstructured environments
(Paull et al., 2014). Accurate point-to-
point guidance of an AUV (i.e., naviga-
tion) as well as precise knowledge of its
position within a 3-D domain (i.e., lo-
calization) are mandatory (Paull et al.,
2014). Despite the AUVs are being
developed since the 1970s, the cur-
rent navigation and localization tech-
niques need improvement, particularly
for blue water operations (Hegrenæs&
Berglund, 2009).

Inertial navigation is one of the key
navigation techniques used by AUVs
where the rotational and translation
accelerations of the AUV are deter-
mined using the Inertial Navigation
System (INS) sensors. Inertial naviga-
tion is most effective when the acceler-
ation solution from the INS is aided
with the velocity over ground mea-
surements from a bottom-tracking
March
Doppler Velocity Logger (DVL) or a
GPS. An INS determines the position,
velocity, and orientation of the vehicle
using the data from inertial measure-
ment units (IMUs) relative to iner-
tial space. Due to inherent errors, the
INS navigation solution will have an
unbounded drift unless counteracted
with the speed over ground velocity
estimates (Hegrenæs & Hallingstad,
2011). The DVL bottom track, where
the velocity relative to the ground is de-
termined from the Doppler frequency
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shift of soundwaves reflected off the
seabed, is commonly used for this pur-
pose. This technology is limited by
frequency-specific penetration of tens
to hundreds of meters through the
water column (Hegrenaes et al., 2008).

In blue water, specifically during
deep descents/ascents, operating in
the mid-water zone and over rough
bathymetry, DVL bottom track data
may be intermittently or completely
unavailable (Hegrenaes et al., 2008).
In such cases, as illustrated in Figures 1a
and 1b, an alternative approach is to
use the DVL water-tracking mode,
that is, acoustic Doppler current pro-
filer (ADCP) mode, in conjunction
with a real-time current estimation
methods to aid the INS navigation so-
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lution (Hegrenæs & Berglund, 2009).
This method has proven to produce
better navigation solutions and less
free inertial drift compared to systems
utilizing INS alone; however, they are
inherently susceptible to instrument
noise (Hegrenæs & Berglund, 2009).

In addition to instrument noise,
ADCPs or water-tracking DVLs have
a blanking distance (i.e., a dead zone)
in proximity to the device in which the
flow velocity data remain unresolved
(Simpson, 2001). The blanking dis-
tance can typically span from 0.5 to
5 m from the vehicle depending on the
sampling frequency and selected bin
size of the instrument (see Figure 1a).
Therefore, the water velocity used
to aid the INS navigation is at least
0.5 m and sometimes even up to 5 m
from the vehicle resulting in an uncer-
tainty of the water velocity near the ve-
hicle. This can induce error and cause
adverse effects on the navigation and
localization solutions.

The authors previously introduced
a nonacoustic method to calculate the
water velocity components of a tur-
bulent water column using the AUV
motion response without the aid of
an ADCP referred to as the WVAM
method (Randeni et al., 2015b). In
this method, the water velocities are
determined by comparing the motion
response of the vehicle when operating
within turbulent and calm water en-
vironments. A key advantage of the
WVAM method is that it is able to es-
timate the flow velocities at the vehi-
cle’s center of buoyancy; however,
the authors indicated that the accuracy
of the WVAM method might vary
with the intensity of the measuring ve-
locity components (Randeni et al.,
2015b). That is, the precision of the
water velocity measurements from a
highly turbulent environment with rel-
atively large velocities may be different
than those of low turbulence con-
ditions with lower velocities. The re-
maining unanswered question was
whether the WVAM method is able
tomeasure low and high flow velocities
that are likely to be encountered in
blue water conditions.

In this context, the current work was
conducted as a feasibility study to find
the threshold limits by investigating
the variation of the WVAM method’s
accuracy in varying turbulence levels
in the water column through field de-
ployments in a river estuary that exhib-
its strong tidal currents up to 2 m s−1.
The uncertainty of the method was cal-
culated based on a direct comparison
with velocity measurements obtained
from the AUV’s ADCP at different
FIGURE 1

(a) An AUV descending to a test site in blue water where the bottom track velocities of the vehicle
are unavailable to the INS since the DVL beam span is unable to reach the seabed. (b) DVL is
incapable of providing continuous bottom-track velocity measurements when traveling over
rough bathymetry.



stages within the tidal cycle. Additional
steps to improve the applicability of the
WVAM method for blue water navi-
gation are also discussed.
Methodology
Instruments

A Gavia -c lass modular AUV
was used to test the WVAM method
(Randeni et al., 2015a), with the vehi-
cle configured to an overall length of
2.7 m, diameter of 0.2 m, and a dry
weight in air of approximately 70 kg
(see Figure 2a). The modularized vehi-
cle in the tested configuration consisted
of a nose cone, battery, GeoSwath inter-
ferometric sonar, 1,200-kHz Teledyne
RDI ADCP/DVL, Kearfott T24 INS,
and control and propulsion modules,
as shown in Figure 2b. The ADCP
module of the AUV included two
4-beam ADCPs arranged in a vertical
plane to make both upward- and
downward-oriented velocity measure-
ments (see Figure 2c). The ADCPs
were set to profile the 9.94 m of water
column in 0.5-m range bins so that the
three directional water velocity compo-
nents in the vehicle’s body-fixed coor-
dinate system are measured in each
bin. Adjacent to the transducers (both
above and below), there was a blank-
ing distance of 0.44 m, as shown in
Figure 2c. The maximum uncertainty
margin of the DVL in measuring the
speeds over ground is ±0.03 m s−1

(Hildebrandt & Hilljegerdes, 2010).
The Kearfott T24 INS together

with the ADCP/DVL module mea-
sured the orientation, velocities in 6 de-
grees of freedom (6 DOFs), and the
position of the AUV. The depth of
the vehicle was obtained from the pres-
sure sensor on-board the AUV. These
sensor measurements were recorded
in the vehicle log at a frequency of
0.87 Hz. The percentage uncertainty
March
of the pressure sensor is 0.1% giving
a depth rate uncertainty margin of
±1.0 × 10−4 m s−1 (Hildebrandt &
Hilljegerdes, 2010). The respective
uncertainties of the INS in providing
the pitch and yaw rates of the AUV
are ±7.96 × 10−5 rad s−1 and ±1.60 ×
10−4 rad s−1.

Site Description
The objective of this study was

to determine the accuracy of the
WVAMmethod in different flow con-
ditions in order to assess the feasibil-
ity of using the method for blue water
AUV navigation. To achieve this, the
WVAM method was tested in the
Tamar estuary near the Batman Bridge
(see Figures 3a and 3b), located in
Tasmania, Australia. Due to the prox-
imity to the open sea and the flow con-
striction of the river bed, the Tamar
estuary exhibits strong tidal currents
with maximum flow velocities of up
to 2.5 m s−1 (see Figure 3c).

Nine AUV runs were conducted
along the track line shown inFigure 3b.
The first five were conducted on April
14, 2015, and the last four were con-
ducted on April 15, 2015. Runs 1–3
and 6–9 were conducted during slack
water as shown in the tidal curve
given in Figure 4. The velocity of the
tidal currents during the first runs on
each day (i.e., Runs 1 and 6) was ap-
proximately 0.25 m s−1. Due to the de-
velopment of the strong flood tide, the
flow speeds increased rapidly during
the subsequent runs on each day.
Runs 4 and 5 were carried out at par-
tially and fully developed flood tide
conditions with strong tidal currents
(around 2 m s−1).

WVAM Method
For the WVAM method (Randeni

et al., 2015a, 2015b), the AUV needs
to undergo a straight line, constant
FIGURE 2

(a) Omarama Primary School (Lake Ohau, New Zealand) students inspecting the Gavia, the mod-
ular AUV that was utilized to test theWVAMmethod; (b) the tested configuration of the vehicle; and
(c) the body-fixed coordinate system (origin at the center of buoyancy—marked by the circle)
showing the ADCP beam geometry.
/April 2016 Volume 50 Number 2 3



depth trajectory through the region
where the water column velocities are
to be measured. Typically, when an
AUV is operating in an environment
with fluctuating water velocities, the
forces and moments induced by these
velocities can interrupt the control sta-
4 Marine Technology Society Journal
bility and change the vehicle speed,
depth, pitch, and yaw angles from
the desired values. In order to compen-
sate for such changes in performance,
the vehicle’s control system adjusts
the revolution speed of the propeller
and the angles of the four control sur-
faces. In response to these adjustments,
the motion of the AUV will change in
order to return the AUV to the pre-
scribed mission track unless the pro-
peller and the control surfaces are
unable to compensate for the external
forces (Kim & Ura, 2003).

TheWVAMmethod uses the com-
pensation commands given by the vehi-
cle’s control system to the propulsion
motor and control surfaces as recorded
in the vehicle log and executes these
commands within a simulation model
representing a calmwater environment.
Since there are no disturbing forces due
to flow variations in calm water condi-
tions, the simulated vehicle motion will
be different than the actual motion.
The difference between the twomotion
responses provides an estimation of the
absolute water column velocities in the
body-fixed coordinate system.

Equation 1 gives a generalized form
of the water velocity calculation used
within the WVAM method:

v⇀water tð Þ ¼ v⇀AUV turbulentð Þ tð Þ � v⇀AUV calmð Þ tð Þ
ð1Þ

where v⇀water is the velocity component of
the surroundingwater column relative to
the earth in the body-fixed coordinate
system (see Figure 2c), v⇀AUV turbulentð Þ
is the velocity component of the
AUV observed in the turbulent envi-
ronment, and v⇀AUV calmð Þ is the velocity
component obtained from the calm
water simulation when the control
commands recorded during the field
tests were simulated. Subscript t in-
dicates the time step. To estimate the
water velocity component along the
x, y, and z axes, v⇀ is replaced with
the surge, sway, and heave velocity
components (i.e., u, v, and w) of the
vehicle in the body-fixed frame of ref-
erence, respectively.
FIGURE 3

(a) The experimental field site in Tasmania, Australia (inset). (b) The Tamar estuary with a bidirec-
tional arrow representing the AUV track. (c) Due to the proximity to the open sea and the flow
constriction of the river bed, the site exhibited strong tidal currents.
FIGURE 4

The water level relative to the mean sea level (MSL) observed on April 14 and 15, 2015, with the
periods that the AUV runs were conducted indicated by filled diamond markers.



Simulation Model and
Hydrodynamic Coefficients

The simulation model of the Gavia
AUV was developed to reproduce
the vehicle’s trajectory within a calm
water environment in response to the
time series of the control commands.
It requires an accurate approximation
of the associated hydrodynamic coef-
ficients (i.e., a representation of the
forces and moments acting on the ve-
hicle at different orientations, veloci-
ties) to adequately predict the motion
of the AUV. Generally, the forces and
moments acting on submerged bodies
in 6 DOFs are highly nonlinear (Lewis,
1988). For example, the vertical hydro-
dynamic force acting on an AUV var-
ies linearly with its pitch angle up to
a value of around ±8°, beyond which
it becomes nonlinear (Randeni et al.,
2015a). Similar threshold values exist
for other hydrodynamic forces and
moments transiting between their re-
spective linear and nonlinear rangers.
Therefore, the hydrodynamic coeffi-
cients estimated for the linear ranges
are only valid up to a certain threshold
value (Lewis, 1988).

During the initial development of
the WVAM method, a basic curve fit-
ting method was utilized to determine
the hydrodynamic coefficients due to
its relative simplicity (Randeni et al.,
2015a). The coefficients obtained from
this method were limited to small angles
of incidence (i.e., generally below 8°) re-
stricting them to the linear range.When
an AUV operates in turbulent environ-
ments, its pitch and yaw angles typically
fluctuate around the baseline values.
The magnitude of these fluctuations in-
creases with increasing levels of turbu-
lence due to the inability of the AUV’s
control system to compensate for the
severe disturbance forces (Kim & Ura,
2003). Therefore, in extremely turbu-
lent water columns, these fluctuation
angles will be greater than ±8°. Thus,
a simulation model that is limited to
linear hydrodynamics data is unable
to adequately replicate the motion of
the vehicle in extreme environments.
Results and Discussion
Validation of the WVAM Method

Figures 5a, 5c, and 5e illustrate the
variations of the ADCP-measured
March
water velocity components (i.e., veloc-
ities in x, y, and z directions, respec-
tively) with the vertical distance from
the AUV. Figures 5b, 5d, and 5f pres-
ent the respective flow velocity com-
ponents estimated with the WVAM
method. The velocity data shown in
Figure 5 were recorded during Run 1
(i.e., when the AUV was moving
with the predominant tidal currents).
As seen, theWVAM velocity estimates
FIGURE 5

Panels a, c, and e illustrate the ADCP-measured variations of the water column velocity components in
x, y, and z directions (respectively)with the vertical distance from theAUV. The respectiveflowvelocity
components estimated by the WVAM method are presented in Panels b, d, and f. The illustrated ve-
locity data were obtained from Run 1 when the AUVwas moving with the predominant tidal currents.
/April 2016 Volume 50 Number 2 5



well correlate with the ADCP measurements, especially around the bins closer to
the vehicle.

The uncertainty of the water velocity measurements from theWVAMmethod
compared to the ADCP results was quantified using Equation 2 that approximates
the standard error (SE) with a percentage confidence of 99.7% (Devore, 2011).

SE ¼ 3ffiffiffi
n

p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
t¼1

vwater ADCPð Þ � vwater WVAMð Þ
� �2

n

vuuut
ð2Þ

where vwater ADCPð Þ is the water velocity measured using the ADCP, vwater WVAMð Þ is
the water velocity calculated using the WVAM method, and n is the number of
time steps. The SEs for the velocity components in the x, y, and z directions for the
first run were ±0.068, ±0.017, and ±0.045 m s−1, respectively. These numbers
represent the difference between WVAM and ADCP velocity predictions in
each of the three directions, with the greatest error seen in the x direction.

It is evident from these plots that the WVAM method provides a good repli-
cation of the flow velocities measured using the onboard ADCP. Since the vehicle
was moving with the predominant tidal flow direction, a positive water velocity
along the x direction is seen in Figures 6a and 6b. The negative water velocity
component in the y direction (Figures 6c and 6d) indicates that the transverse
flow direction is from northeast side to southwest. Although the transverse
water velocity does not follow the ADCP velocity trend for some periods, the
averaged velocities are in favorable agreement. However, further studies will be
conducted to investigate the reasons for this. The best replica between the
WVAM and ADCP velocities is seen in the vertical velocity component. The larg-
est mismatches in the vertical velocities are seen at the peaks. The hydrodynamic
coefficients of the simulation model estimated using the basic system identifica-
tion method were only valid for small angles of incidence of the vehicle, where the
coefficients are in their linear ranges. Therefore, as the yaw and pitch angle fluc-
tuations become larger, the accuracy of the simulation model decreases, adversely
affecting the WVAM velocity prediction (Randeni et al., 2015a). The disparity at
peaks of the vertical velocity component is due to the hydrodynamic coefficients
exceeding their linear ranges causing a reduction in the accuracy of the simulation
model.

A recent study (Green, 2015) compared the water velocity measurements ob-
tained from theGavia AUV ’s onboard ADCP with a stationary ADCPmoored to
the seabed. This investigation was carried out in the same test location (i.e., Tamar
estuary) with the sameGavia-class AUV as used in this study. Green (2015) found
very good agreements between the AUV-mounted and stationary ADCPmeasure-
ments. In addition, the stationary ADCP data set was used to validate estimates
with theWVAM for a period when the AUVwas in close proximity to the moored
ADCP. Similar to the findings from the AUV-ADCP and stationary ADCP com-
parison, the velocities between WVAM and stationary ADCP showed a good
agreement with differences of 0.05, 0.08, and 0.01m s−1 for the respective velocity
components in the x, y, and z directions (see Figure 6).
6 Marine Technology Society Journal
Accuracy of the WVAM Method
With the Level of Turbulence

Runs 1–3 and 6–9 were conducted
in lower turbulent environments, with
a vertical water velocity range of around
−1 to 1 m s−1 compared to the Runs 4
and 5, which were at vertical water ve-
locity range of −2 to 0.5 m s−1. Due
to the developing flood tide, the level
of turbulence increased gradually
with each run. The averaged fluctua-
tions of the vehicle’s yaw angle, pitch
angle, and surge speed from the tar-
get values are given in Table 1. If the
AUV ’s control system is capable of
guiding the vehicle accurately along
the prescribed path in turbulent envi-
ronments, these values would be close
to zero. As seen from Table 1, the fluc-
tuations have raised with the increas-
ing level of turbulence.

The SEs of the WVAM water
velocity predictions compared to the
ADCP measurements for each run
are presented in Table 1 and Figure 7.
FIGURE 6

Comparison of the horizontal water velocities
obtained from the WVAM method, stationary
ADCP, and the AUV-fixed ADCP; modified
from Green (2015).



The uncertainties of the vertical and
transverse water velocity estimates
increase with the averaged fluctua-
tions of the pitch and yaw angles, re-
spectively. For example, in Run 2, the
averaged deviation of the yaw angle is
around ±17°, and the SE of the trans-
verse velocity prediction is much larger
than for Run 1 (i.e., 0.153 m s−1).
Run 1 has a smaller deviation of the
yaw angle of around ±1.5°, which re-
sults in a much smaller uncertainty in
the vicinity of 0.017 m s−1. A similar
outcome is seen in the vertical water
velocity component. In Run 9, the
averaged deviation of the pitch angle
is ±7.5° giving an SE in the vertical
water velocity prediction of around
0.1 m s−1. However, in Run 6, the
deviation of the pitch angle is compar-
atively lower at ±3.1° resulting in a
smaller SE for the velocity of around
0.05 m s−1. Although the tides were
not fully developed during the Runs 2
and 8, the yaw angle deviations are rel-
atively higher. This could be as a result
of a strong crosscurrent acting on the
vehicle at the particular water height.
March
Generally, an SE between theADCP
andWVAM that results up to 0.1 m s−1

is acceptable as the uncertainty of the
measurements from an AUV-mounted
ADCP is of similar magnitude (Fong
& Jones, 2006). The threshold aver-
aged deviation of the pitch and yaw
angles that provide the water column
velocities with an SE below 0.1 m s−1

is around 7°–8°. Above this threshold
angle, the hydrodynamic coefficients
usually become nonlinear. The hydro-
dynamic coefficients estimated for the
simulation model using the curve fit-
ting method are only valid for small
angles of incidence of the vehicle,
that is, when the coefficients are in
the linear range (Randeni et al., 2015b).
Therefore, when the pitch and yaw
angles are above the linear range, the
accuracy of the simulation model
decreases, and the uncertainty of the
vertical and transverse water veloc-
ity components obtained from the
WVAM method increases. Hence,
the WVAM method, in its current
state, is less accurate in determining
transverse and vertical water velocities
in high turbulent environments.
TABLE 1

SEs of the water velocity components determined from the WVAM method compared to the onboard ADCP measurements and the associated
averaged deviations for the prescribed parameters.
Run Number
SE
 Averaged Deviation From the Prescribed Value
u
 v
 w

Yaw Angle
(Degrees)
Pitch Angle
(Degrees)
/April 2016 Volume 5
Surge Speed
(ms−1)
1
 0.068
 0.017
 0.045
 ±1.5
 ±3.6
 ±0.2
2
 0.029
 0.153
 0.075
 ±17.4
 ±7.1
 ±0.6
3
 0.041
 0.095
 0.108
 ±3.5
 ±7.5
 ±0.7
4
 0.063
 0.061
 0.241
 ±2.8
 ±9.2
 ±1.6
5
 0.035
 0.079
 0.191
 ±5.6
 ±9.7
 ±1.6
6
 0.042
 0.063
 0.052
 ±3.1
 ±3.1
 ±0.1
7
 0.048
 0.058
 0.067
 ±2.6
 ±6.4
 ±0.3
8
 0.025
 0.104
 0.092
 ±14.5
 ±7.4
 ±0.4
9
 0.054
 0.082
 0.097
 ±5.8
 ±7.5
 ±0.6
FIGURE 7

The variations of the WVAM method’s SEs with the averaged fluctuations of the vehicle surge
speed and yaw and pitch angles from the prescribed values. The water velocity components in
x, y, and z directions correspond with the surge speed, yaw angle, and pitch angle, respectively.
0 Number 2 7



The accuracy of the water velocity
component in the x direction remains
generally the same for all the runs re-
gardless of the averaged fluctuations
of the surge speed (see Figure 7). During
the development of the simulation
model, the hydrodynamic coefficients
dominating the motion in the x direc-
tion were estimated for a propeller
speed range of 525–825 RPM (i.e.,
an approximate vehicle speed range
of 1.43 to 2.46 m s−1 in a calm water
environment). During this study, the
AUV field runs were conducted at
700 RPM providing a mean forward
speed of around 2.04 m s−1 in calm
water conditions with a standard devi-
ation of 0.01 m s−1. The observed
speed during the runs varied as much
as ±1.6 m s−1 from the calm water
speed of 2.04 m s−1, especially during
Runs 5 and 6 due to the strong drag on
the vehicle imparted by the strong tidal
currents. Although the actual vehicle
speed deviated from the simulated
speed, the prescribed propeller speed
of 700 RPM provides a calm water
simulated speed of around 2.04 m s−1,
which is within the identified forward
speed range of 1.43–2.46m s−1. There-
fore, the simulationmodel provided an
accurate representation of the forward
speed of the AUV in calm water. It can
thus be concluded that the SE results
between the WVAM and ADCP in
the x direction generally remained un-
related to the turbulence level of the
water column.

Applicability of the
WVAM Method for Blue
Water Navigation

The outcome of the above analysis
shows that the WVAM method cap-
tures the water velocity up to around
1–1.5 m s−1 with an acceptable accura-
cy. Therefore, it can be used to aid the
INS navigation solution for the situa-
8 Marine Technology Society Journal
tions discussed in Figure 1 without fur-
ther improvements. However, the
threshold of the WVAM method in
measuring velocity components in
the y and z directions can be improved
for higher turbulent environments by a
more accurate estimation of the vehicle
hydrodynamic coefficients within
their linear as well as nonlinear ranges.
Captive model experiments and com-
putational fluid dynamic (CFD) simu-
lations are capable of determining the
nonlinear hydrodynamic coefficients
of AUVs with a greater accuracy; albeit
the associated experimental costs and
the computational times are higher
(Randeni et al., 2015c). The coeffi-
cients obtained from such methods
are only valid for the vehicle configura-
tion that was tested during the experi-
ments. However, the arrangements of
modular AUVs change with the mis-
sion and addition/removal of payloads
occurs frequently. As it is not feasible
to conduct cost-intensive experiments
and simulations for each alteration, es-
timating the nonlinear hydrodynamic
coefficients using a system identification
method such as least squres optimiza-
tion is more suitable (Ljung, 1998).

Ascend and Descend Parallel
to Sea Currents

Gavia-class AUVs are under-
actuated vehicles (i.e., they have a
lower number of actuators than the
vehicle’s DOF). Its actuator control is
limited to the surge speed, roll angle,
pitch angle, and yaw angle of the vehi-
cle. Depth and transverse displacement
is obtained by changing the pitch and
yaw angles, respectively. Generally, un-
deractuated underwater vehicles are dif-
ficult to control when external forces
such as currents are acting parallel to
the underactuated directions (Aguiar
& Pascoal, 2007). For example, the
control system of theGaviaAUV strug-
gles to maintain the trajectory when
crosscurrents are acting perpendicular
to the AUV ’s motion.

In such situations, the vehicle tends
to oscillate, resulting in higher unbound
drifts in the INS navigation solution
compared to normal operations, unless
properly counteracted with the velocity
over ground measurements from the
DVL bottom track. These drift fluc-
tuations are considerably less when the
vehicle is traveling in line with the cur-
rents (i.e., currents are acting along the
x axis of the AUV). A positive outcome
of this study is that water column veloc-
ities in x direction obtained from the
WVAM method were accurate for all
turbulence levels present during the
field campaign in the Tamar estuary.
The results suggest that deep water as-
cents and descents should be carried
out with the vehicle in line with the cur-
rents to improve the accuracy of the
WVAM-INS navigation solution (i.e.,
as seen in Figure 5, the accuracy is high-
er in the flow measurements along the
x direction compared to y direction),
although this may be challenging
in unknown environments. Occasion-
ally, a reconnaissance mission may be
conducted over the test site prior to
the deep dive to ensure the safety of
the vehicle and to adjust instrument
settings, for instance, sonar parameters
of the multibeam unit. In such cases,
the main flow direction could be sim-
ply and accurately determined using
the WVAM method during this mis-
sion, and an algorithm can be created
to autonomously decide the direction
of ascent/descent.

Velocity Overground
Measurements for the
WVAM Method

During the vehicle operations out-
lined in Figure 1, continuous velocity
measurements of the AUV relative to



the ground are not obtainable from
DVL bottom tracking to assist the
INS navigation solution. Therefore,
the INS could be aided with velocity
estimates from secondary instruments
or methods, although this does not
represent typical operations. An accu-
rate simulation model is able to predict
the vehicle velocities in real time when
the control commands of the AUV are
provided (Hegrenæs & Hallingstad,
2011). The hydrodynamic coefficients
of simulation models generally repre-
sent the calm water operational condi-
tion of the AUV. Therefore, vehicle
drift resulting from currents in the
water column will not be included in
the velocity predictions, causing in-
accuracies in the AUV position esti-
mated by the INS (Augenstein &
Rock, 2008; Hegrenæs & Berglund,
2009). The results discussed in the
above sections show that the WVAM
method could be successfully utilized
to determine the water column veloci-
ties that can be used in conjunction
withmodel-predicted vehicle velocities
to aid the INS navigation solution.

A disadvantage of the WVAM
method is that it requires an estimation
of the vehicle velocity relative to the
ground in order to measure the water
column velocities. The position and
velocity estimates of the vehicle can be
determined using acoustic transponders
(i.e., ultra short baseline or long base-
line), albeit with an infrequent update
rate. The intermittent velocity updates
from the transponders will be used for
theWVAM to determine the water col-
umn velocities, and the estimated flow
measurements will then be assumed to
remain constant until the next reliable
velocity update is received.

As an alternative to the velocity es-
timates from acoustic transponders,
the velocity of the AUV relative to
the ground can be computed in a prop-
agative manner starting from the initial
measurements taken at the beginning
of the process when DVL bottom
track or GPS data are available. That
is, the initial vehicle velocity measure-
ments will be used to determine the
water column velocities using the
WVAM method and will be used in
conjunction with the velocities pre-
dicted from the simulation model to
recalculate the vehicle velocities rela-
tive to the ground. The initially mea-
sured and calculated vehicle velocities
will be compared, and, if the correla-
tion is satisfied, the computation will
be iteratively updated by obtaining
the velocity solution of the current
time stamp using the previous time
stamp’s velocity information. How-
ever, further measures should be taken
to reduce the error accumulation. The
INS navigation solution is more robust
and less prone to errors when velocity
overground readings from various sen-
sors and estimates are considered, for
example, by using a Kalman filter,
since the signal outputs from indi-
vidual sensors can be discontinuous
(Hegrenæs & Hallingstad, 2011).
Thus, the INS aidedwith the vehicle ve-
locity estimates determined from the
proposed method is expected to pro-
vide a better localization performance.
Conclusions
The WVAM method is a non-

acoustic technique to determine the
water velocity components of a tur-
bulent water column using the motion
response of an AUV. The accuracy of
the WVAM method was examined
at different turbulence levels of the
water column. Nine AUV runs were
conducted along the same track line
at different times in the tidal cycle
in the Tamar estuary in Tasmania,
Australia. Typically, when an AUV
March
undertakes missions in rough water
environments, the pitch and yaw an-
gles of the vehicle fluctuate around
the target values due to the inability
of the AUV’s dynamic controller to
adequately compensate for the external
disturbing forces. The greater the tur-
bulence level of the water, the larger
the fluctuations. The estimated water
velocity components in the y and z di-
rections using the WVAM method
agreed well with the experimental mea-
surements obtained from the AUV ’s
onboard ADCP for low turbulent con-
ditions (with a vertical water veloc-
ity range of around −1 to +1 m s−1),
where the averaged deviations of the
vehicle’s pitch and yaw angles are
below 7°–8°. The correlation reduced
when the averaged deviations were
above 7°–8°. The accuracy of the water
velocity component in the x direction
remained generally the same for all the
runs regardless of the turbulence level
of the water column.

The hydrodynamic coefficients for
the simulation model utilized in the
WVAM method were determined
using a curve fitting technique. These
estimated coefficients were only valid
for small angles of incidence of the ve-
hicle, where the coefficients are within
their linear range. Therefore, as the
pitch and yaw angle fluctuations be-
come larger, the accuracy of the sim-
ulation model decreases adversely
affecting the prediction of the vertical
and transverse water velocity com-
ponents obtained from the WVAM
method. During the AUV missions,
the vehicle speed remained within the
identified forward speed range of
1.43–2.46 m s−1. Therefore, the simu-
lation model was able to provide an ac-
curate prediction of the forward speed
of the vehicle enabling the WVAM
method to accurately determine the
water velocities in the x direction.
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The WVAM method is capable of
capturing the velocity up to around 1–
1.5 m s−1 with an acceptable accuracy.
Therefore, it could be incorporated to
aid the INS navigation solutionwithout
further improvements for situations
where the DVL bottom track is inter-
mittently or completely unavailable
or ineffective. However, the accuracy
of the method will be increased by up-
grading the simulation model to repli-
cate the motion response of the vehicle
in both the linear and nonlinear ranges.
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