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Abstract: Underwater glider is an emerging platform to explore the ocean with remarkably
long operational endurance up to several months. Underwater glider navigation systems have
significant limitations, on the other hand, in keeping the navigation error small. There is no
reference coordinates information for position estimation and not enough immediate orientation
reference for attitude estimation under the sea. Moreover, external disturbances including the
sea currents make the navigation error increase further. In order to reduce the navigation error,
we exploit a priori knowledge on the average current over the operation area. The performance
and the robustness of the proposed algorithm are demonstrated using an experimental data
obtained by Korea Institute of Ocean Science & Technology. The algorithm can be used to
reduce the navigation error for one glider and also for multiple gliders by fusing the estimated
errors. It can be also directly used to predict floating object path in order to use the prediction

to design a collision avoidance path.
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1. INTRODUCTION

There has been a growing awareness of the ocean’s roles in
our life over the past few decades. In expanding our capa-
bilities to acquire the knowledge of the world’s oceans, the
traditional observation platforms, for example, ships and
mooring systems, have shown some limitations, which stem
from high operation cost and some safety issues (Eriksen
et al., 2001). On the other hand, UUV (Unmanned Un-
derwater Vehicle) has proven to be an efficient tool for
offshore resources exploration, maritime management, and
naval defence with a lot less operation cost and almost free
from any safety issues.

Two typical types of UUV are the one using screw pro-
pellers and the one using environmental energy, e.g., wave,
wind, buoyancy gravity. UUV with propellers has ac-
curate navigation capability and horizontal manoeuvra-
bility but its operation time and the range are rather
short, a few hours and less than 100km. UUV without
propeller is called autonomous underwater glider. It has
the global navigation and the vertical profiling manoeu-
vring capabilities with the monthly operation time and
the long range over 1000km. Underwater gliders have
clear advantages over the profiling floats because of active
position control. Underwater gliders perform saw-tooth
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trajectories from the surface to depths of 1000-1500m,
along re-programmable routes using two-way communica-
tion via satellite. They can reach the forward speeds up
to 40km/day, thanks to wings and rudders, and can be
operated for a few months before they have to be recovered
(Davis et al., 2002; Griffiths et al., 2001).

Gliders can record physical quantity, e.g., temperature
and salinity, and biogeochemical quantity, such as pH,
oxygen, and nitrate. At each surfacing, the collected data
is sent to the land operation centre and new commands are
received, if necessary, via the bidirectional Iridium satellite
communication system at the rate of 30 to 60Kbytes for
5 minutes in every 4 to 5 hours. Underwater glider has so
many advantages including long term mission, controlled
navigation, profiling capabilities, easy deploy & recovery
operation, and satellite communication. They could be
used to monitor key regions in the world, where one needs
to collect data with a higher resolution than presently
available (Testor et al., 2009).

Despite of these advantages of underwater glider, its navi-
gation system inherently includes large propagation errors,
which present for almost all underwater vehicles. Just in a
few meters below the surface of water, no reference signals,
e.g. GPS (Global Positioning System), are available for
correcting navigation system error. To reduce the navi-
gation errors in the dead-reckoning navigation, the usage
of regional current model was presented in (Smith et al.,
2010). We further develop this idea by establishing the
navigation error models and implementing algorithms to
compensate the errors. The accelerometer bias error is to
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1. The experiment was performed in East Sea in-
dicated by the rectangular box. The arrows are the
average current velocity at each location for seven
different dates from 11th to 17th March of 2011 (Ko-
rea Hydrographic & Oceanographic Administration,
2011). The red circles in the inset box are the position
information from GPS and the black thick line is the
path obtained by the estimator designed in Section 3.

Fig.

be completed and the position is obtained by correcting
the acceleration measurement further using an average sea
current velocity data.

KIOST (Korea Institute of Ocean Science & Technology)
has been operating underwater gliders since 2011. The
first flight was crossing East Sea during 6 days, where
the eddy current of 1kt was present, and touching down
200m depth while sound velocity and temperature profiling
at every 5 seconds (Imlach and Mahr, 2012; Park et al.,
2012). All the experimental data presented in the following
were obtained during this operation in the region shown in
Figure 1 using Exocetus Coastal Glider, LG19 (Exocetus,
2013; Imlach and Mahr, 2012). Its diameter and length are
32.4cm and 2.87m, respectively, and its weight is 109kg.
It is equipped with an IMU (Inertial Measurement Unit),
which provides heading, roll and pitch angles, position,
velocity, and acceleration of the glider.

In the following, Section 2, the navigation equation is
derived and the navigation sensor output is characterised.
In Section 3, the major navigation error sources are mod-
elled and the error correction algorithms using the built-
in navigation system output and the average sea current
data are presented. The performance of the algorithms
are demonstrated using a field data collected by KIOST.
Finally, the conclusions are presented.

2. NAVIGATION SYSTEM
2.1 Relative Motion Equation
The relation among the position vector of the underwater
glider, ry, the sensor position in the body-coordinates (B),

rs, and the one in the reference-coordinates (R), r, is
shown in Figure 2 and given by

r=ry,+r, (1)
More explicitly with the coordinates expressed,
r, =15 —r8 (2)

where ry, is the position vector expressed by two vectors in
the right hand side, and B in the superscripts is indicated
that both vectors are expressed in the body-coordinates.

Fig. 2. The origins of the reference-coordinates and the
body-coordinates are indicated by O and B, respec-
tively. The body coordinates is attached to the glider
and rg is the sensor position vector relative to the
origin of the body-coordinates. g is the gravitational
acceleration vector.

Take the time-derivative of (2) and obtain the velocity,

Vp=—Ip=—I —WXTr 3
YT at "t dt . )
where #2 is zero because the glider is assumed to be a

rigid-body, and the following transport theorem is used in
the derivative (Schaub and Junkins, 2009).

Theorem 1. (Transport Theorem) The time derivative of
a generic vector, x, which is expressed in the rotating
coordinates with the angular velocity, w, with respect to
the inertial coordinates is

dr dB
EXB = EXB +wB X XB
or simply
d’R

where X is the vector cross product.

Proof: The proof is omitted and it can be found in (Schaub
and Junkins, 2009). H

Note that the first term in the right-hand side of (3) is not
expanded using the Transport theorem. Later, it will be
directly obtained from the accelerometer attached at ry in
the glider.

Take one more time-derivative of (3)

d i w X w X (w X ry) (5)
= —Vp=—5r— rg — r

dt " de s i
where the superscript, B, in the terms in the right hand
side is dropped for brevity, and they are all expressed in

the body-coordinates.

ay

2.2 Navigation Equation
The following quantity, a5, ,
accelerometer in the glider:

ag. =1+ CR(1,0,0)g" (6)
where a2 is the acceleration information expressed in
the body-coordinates, i is equal to d*r/dt?, C5 (1,0, ¢) is
the direction cosine matrix, which changes the coordinates
from the reference to the body with the rotating sequence
given by yaWW)a pltCh(9)7 and roll(¢), gR = [0,07 7g]T,
the gravitational acceleration expressed in the reference
coordinates, and g = 9.821 m/s?.

Substitute dr/dt? in (5) by the expression in (6)

can be measured by the 3-axis

d
ab:£vb:afcc—cfggn—wxrs—wx(wxrs) (7)
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Fig. 3. The norms of angular acceleration and squared
angular velocity cross product operator are about
100 times or 100 million times smaller than the
gravitational acceleration.

In a matrix operation format, it can be written as

B

ay=—vy=a,,. — Cf,ggR — Jwx]rs — [wx]2 rs (8)

dt
where
0 —Ww3 Wo
[(.UX] = [w3 0 —wll s

—W2 W1 0
w; for i = 1,2,3 is the angular velocity for each axis in
the body-coordinates, and [wx] is defined in the similar
manner.

(9)

Rotational angular velocity of underwater vehicle is, in
general, very slow, i.e. ||w]|| and ||w|| are much smaller than
|lg|l- Figure 3 shows that in the experiment the magnitudes
of two terms are at least 100-times smaller than the
magnitude of the gravitational acceleration. Note that the
angular acceleration is calculated by finite-difference using
the angular rate measurement. In addition, ||rs| is less
than 1m and ||CE| is equal to 1. Hence, the angular
velocity related terms in (8) can be ignored and the
acceleration becomes

~ B B, R
Ay N Ay T CRg

(10)

After transforming the coordinates of (10) into the
reference-coordinates, integrating it with respect to time
provides the velocity expressed in the reference frame as
follows:

t

Vi (t) = CF (to)vg (to) + [ CE (T)ag (r)dr
to

where ¢ is the initial time, C% (to) is the initial attitude,

vB(to) is the initial velocity, and in order to emphasise the

dependency to time each term in the above is written as a

function of time. Note that C’g is equal to the transpose

of Cg.

Finally, the glider position in the reference frame is ob-
tained by

(11)

TR (1) = xR (to) + / vE(r)dr

to

(12)
where r[¥(to) is the initial position of the glider.
2.8 Navigation Algorithm & Sensor Output

Exocetus Coastal glider has a built-in navigation algo-
rithm and it records various navigation data. The following

discussions are based on the log-file obtained from the
glider navigation system. The 3-Axis Acceleration mea-
surements expressed in the body-coordinates, a2, are
directly available from the log-file and it can be expressed

as follows:
€iaucc = ;‘+ C’]%,(¢v 97 (b)gR + bacc + Naee (13)

where 1 is the measured quantity by the calibrated ac-
celerometer if there is no stochastic noise and bias error,
b..c is the accelerometer sensor bias error, n,.. is the white
noise, and the accelerations caused by the control forces
and the external disturbances are all included in ¥. Usually,
in the estimation problem, r is assumed to equal to ¥,
which presumes infinite resolution and infinitesimal time
constant, i.e. a perfect sensitivity. In reality, including the
limitations in the resolution and the finite response time,
and some unknown error sources, r will be different from
# (Ulanov, 2006).

The navigation algorithm provides the attitude informa-
tion, which includes some errors, d1, 66, and d¢, then

CR = CE (5, 80,66) CR (11,0, 9) (14)
where B’ is the body-coordinates that the navigation
system calculated, v, 0, ¢ are roll, pitch and yaw angles
returned from the navigation algorithm, and 0%, §6, d¢ are
the attitude angles of the true body-coordinates, B, with

respect to the calculated body-coordinates, B’. With the
small angle assumption, i.e., §y < 1, 660 < 1, and ¢ < 1,

1 6 66
C?(éw,ae,w)zlaw 1 6¢] (15)
80 —6¢ 1

In addition, the navigation system log-file provides the
velocity and the position estimations in the reference
coordinates, i.e., v[*(¢) and £} ().

3. NAVIGATION ERROR REDUCTION

There are three major error sources in the acceleration esti-

mation: physical sensor limitation in the accelerometer(Ar);

orientation error (AC); and the accelerometer bias (bacc)-
The detail algorithm of the glider navigation system is
unknown but in general the orientation error can be kept
quite small. The glider has the magnetometer and it could
provide reasonably good heading information. Moreover,
whenever the angular velocity remains roughly constant
during a certain time interval, then the direction of the
gravitational vector can be estimated. Using these two
vectors, the standard orientation estimation algorithm,
e.g. QUEST (Quaternion Estimation) (Shuster and Oh,
1981), with Kalman Filter (Lefferts et al., 1982), would
work very well in minimising the attitude estimation error.

Hence, the navigation system returns reasonably accurate
orientation information, C’E, ~ I3, where I3 is the 3x3
identity matrix. For example, the Slocum glider attitude
error is around £1° in heading accuracy and +0.2° in roll
and pitch accuracy (Smith et al., 2010). In addition, the
accelerometer sensor bias, b,c.., would be well-estimated a
priori and compensated during a sensor calibration proce-
dure. Hence, the velocity and the position estimation from
the built-in navigation system would be free from the ac-
celerometer bias. However, the navigation log file does not
provide the bias corrected accelerometer measurements
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Fig. 4. Raw accelerometer measurements output

Fintegrationa,
40 60 80 100 120 140 160 180

o.’TNv,‘,\hN,,+‘“m.‘,v‘,.g;»,«+,‘w‘mw-}»;ww,~mu‘ﬂw"wvmxmﬁ.mur/m;mmw‘rw.».a‘,x“

navigation ¥
avigation v/

S integration a,
-0, 20 40 60 80 100 120 140 160 180

integrationa, |

W% 40 & % oo

time [minutes]

80

Fig. 5. Comparison between the integration of the ac-
celerometer measurements output and the velocity
information from the navigation system

but the raw measurement including the gravitational ac-
celeration. Therefore, b,.. and A¥ are the unknowns to be
estimated.

In the following, firstly, we estimate the bias in the
acceleration measurement using the navigation system
output and secondly, Ar will be reduced using the average
sea current data. The performance of the algorithms will
be verified using the GPS updated position information.

3.1 Accelerometer Error Model

The acceleration of the glider, (10), is calculated as follows:

ap = éfcc - CR/gR (16>
where the raw measurement from the experiment, a5, , is
shown in Figure 4.
The error between (10) and (16) is defined by
Sap =4y —ap = AF + AC g% + bace + Daee ~ (17)
where
Af =F —§ (18)
0 oy 60
AC=|-0¢y O 5(;5] , (19)
080 —dé¢ 0O

gB/ is the gravitational acceleration expressed in B’ , and
01, the yaw angle error does not affect to the projection
of the gravitational vector on the body-coordinates (B’).

Hence,

g =y [—sin 6, sin ¢ cosf, cos ¢ cos f ]T (20)

where ()T is the transpose of the vector.
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Fig. 6. Bias corrected acceleration measurement
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Fig. 7. Comparison between the integration of the cor-
rected acceleration and the velocity information from
the navigation system

8.2 Error Correction Using Navigation Data

If the accelerometer output is directly integrated after
the gravitational effect is removed using the attitude
information, the velocity is still very different from the
one from the navigation system as shown in Figure 5.

Using the accelerometer output, the velocity can be writ-
ten as follows:

v =CRa, = CECE (4, + 0ay)
= CF (I +AC) (&, + day)
and it can be further expanded

(21)

v = CF (a, + ACay + day, + ACday) (22)
Let
w = —CF (ACa, + day + ACSay) (23)
then,
v=CFa —w (24)

Assume w be approximated as a piecewise constant, i.e.,
the following is satisfied almost every instant:

w0 (25)
Hence, the navigation equation for each axis is given by
%X = Ax + Bu (26)
where u is the i-axis component of C% 4,
T
x = [pi vi W) (27)

for ¢ = x,y or z, p; is the i-axis coordinate of the glider
in the reference frame, v; is the i-axis velocity of the
glider in the reference frame, w; is the i-axis error in
the accelerometer measurement projecting on the reference
frame, and

01 0 0
A=100-1|, B=|1 (28)
00 0 0
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Fig. 8. Paths obtained by integrating the bias error only
(black solid line), and the bias with the sea current
drag fixed (red dashed line) accelerometer measure-
ment. Initial and the final position update using GPS
are indicated by the red circles and the coloured ar-
rows are the average current for seven different dates.

Hence, the corresponding estimator is

X = A% + Bu+ Kops (CXx — §) (29)
where K5 is the observer gain to be designed,
_jroo| . _ |p™
C= |:O 1 0:| , Y= |:,Uzrllav:| (30)

v av

and p’*¥ and v;™Y are the position and the velocity
information of ¢-axis from the navigation system. In order
to make the error dynamics of the estimator stable, i.e., the
real parts of all eigenvalues of A + K,,sC' being negative,
the following gain is chosen by trial and error:

11
01 ]
0 -1
Using w from the estimator, (29), the acceleration, v,
is calculated from (24) and it is shown in Figure 6. In
order to verify whether these acceleration would be close
to the true, the acceleration is numerically integrated
and it provides the velocity. The velocity is compared
with the velocity information from the navigation system
in Figure 7. As shown in the figure, two quantities are
almost identical and we can conclude that the acceleration
calculated is at least as much accurate as the acceleration
information that the navigation system has.

Kops = =5 (31)

3.8 Error Correction Using Average Sea Current

Once the bias correction is completed, the position in-
formation can be obtained by integrating the corrected
accelerometer output twice. The integrated path is shown
in Figure 8 indicated in the black solid line. The starting
position was initialised by the GPS signal and it has an
accurate starting position information. However, because
of A¥ error effects accumulated during the diving, the
position at the end just before it is updated by GPS again
has several km error after about 3 hours operation under
the water, as shown in Figure 8. The main cause of this
error might be the current as the final position is almost
exactly drifted towards the directions where the average
current flows. The similar drifts are observed in another
three diving (Alaks Native Technologies, 2011).

The question is why the force caused by the current
is not included in the accelerometer measurement. To
quantify how much acceleration would be generated from

0.02
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Fig. 9. Acceleration in the East and the North directions
caused by the current drag force

the current, the following equation is used (Sherman et al.,
2001):

1
D= p [AvIP ApCo (32)

where p is the sea water density, which is around 1020
kg/m3, Av is the relative velocity of the glider in the
horizontal plane, i.e.

Av = [og" of* 0] — [ve vy O]T, (33)
crt crt

vy’ and wy' are the sea current velocity in the east
or the north direction, respectively, whose magnitude is
around 1kt (= 0.5 m/s) in the maximum, Ap is the cross
section area of the glider hull, which is about 824 cm?,
and Cp is the drag coefficient set to 0.4, which is adopted
from (Sherman et al., 2001). Unlike the example shown
in (Sherman et al., 2001), the glider has a small wing and
the induced drag is ignored. The drag is about 4N with the
values in the above when v = 0 and it corresponds to the
acceleration of 0.04 m/s? (= 4N/109kg). The acceleration,
0.04 m/s?, is the possible maximum value when the glider
is stationary. The acceleration caused by the current would
be much smaller than the maximum as the glider usually
does not fly in the exact opposite to the current. Then,
these tiny current effect would be completely blocked by
the sensor noise and the external fluctuations.

}T

After the bias error in (23) is corrected in the previous
section, given that the attitude error is small compared
to the bias and the current effect on the acceleration
measurement, the remaining uncorrected error in (23) is

w~ —CEAY = %eD (34)

where m is the mass of the glider and ep is the unit
vector towards the current direction. Sea current near the
surface is mainly caused by wind and the temperature
differences. Hence, the vertical direction is negligible in
the near surface depth compared to the magnitudes of the
horizontal direction components (Park et al., 2013). Hence,

Av
——, for ||Av|| >0
ep =1 AV [Av]

0, otherwise

(35)

Compare the scales of acceleration in Figures 6 and 9, the
one from the current drag is about 10-times smaller than
the one from the accelerometer measurements. Hence, the
effect of the current cannot be sensed by the accelerometer
as it is completely submerged inside the sensor noise.
However, its effect on the path are accumulated in the
several hours of diving.
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Table 1. Final position error ([km]) for the bias
only fixed (B) and the bias with the sea current
fixed using seven different current data

Day 1 2 3 4 5 6 7 B
Err 273 273 273 273 273 272 272 | 4.85

The path comparison between the one obtained by inte-
grating the bias fixed only acceleration and the one by
integrating the bias and the sea current fixed acceleration
is shown in Figure 8. The total distance is shortened about
30% but the direction is correctly pointing toward the
final position provided by GPS. The paths calculated using
different current data are compared in Table 1 in terms of
the distance from the estimated at the final and the one
from GPS. The error reduced about 43% compared to the
one without the current drag compensation.

4. CONCLUSIONS & FUTURE WORKS

Algorithms to correct various errors in the accelerometer
output of underwater glider are presented. The algorithms
do not require to investigate the built-in navigation sys-
tems of the glider, which is normally provided by the man-
ufacturer or already installed on the glider. The algorithm
corrects the bias error using the navigation system output
and corrects further using the a priori information about
the average current data over the operation area. The cal-
culation results using the experimental data collected by
KIOST in East Sea, Korea, demonstrate the performance
of the algorithms.

The uncertainty boundary of the final GPS update po-
sition could be obtained by providing the ranges of sev-
eral physical parameters, e.g., drag coefficient, mass, sea
current changes, etc. The proposed algorithms can be
implemented in on-board computer without requiring too
much computational power. Moreover, for the case without
having the current information, it can be still used recur-
sively by estimating the current based on the position error
measured every diving. Finally, the proposed algorithm
could be used the predict the path of floating objects
and the prediction would be exploited in the glider path
planning to avoid any collision.

Although the algorithm shows some robustness towards
the uncertainties in sea current data, it is, however, ideal to
have more accurate and up to date information. In future,
some real-time current data, e.g. OSCAR (Ocean Surface
Current Analysis - Real time) project (National Oceanic
and Atmospheric Administration, 2013), would be avail-
able and this could improve the algorithm performance in
reduction the navigation error.
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