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Abstract

Underwater gliders have proven to be a powerful
tool in oceanography because they are reusable,
inexpensive and achieve a high duration. These
qgualites have made the acquisition of
oceanographic data sets more accessible. The
purpose of this article is to present a study aimed
at modelling an underwater glider in the
longitudinal and lateral plane. The proposed
glider possesses a single stroke ballast pump, a
moving internal mass and a symmetrical rudder
design. It has an operational depth of 200m and is
geared for coastal and estuarine environments. To
provide the vehicle with navigation, a localisation
algorithm capable of tracking an underwater
glider and estimating ocean currents is proposed.
The glider design is evaluated in simulation and
results are presented illustrating the anticipated
behaviour of this system.

1 Introduction

Understanding the oceans is not only scientifically
relevant, it is also critical to human endeavohrsugh its
influence on climate, and as a provider of natural
resources, recreation, tourism and fishing. Cdhect
sufficient and accurate data for marine-based rekea
remains a pressing need given the domain's scale an
harshness. Gliders operating in wider networks sagh
AOSN [AOSN, 2008] and IMOS [IMOS, 2008], are
proving to be one of the most effective means obreing
in-situ measurements of the water column on a alpatid
temporal resolution that are necessary for undedstg
the oceans.

Underwater gliders are a class of autonomous
submersibles approximately 2 metres in length which
weigh around 50 kilograms and resemble sailplanes.
Gliders are typically capable of extremely long sioss
(months to years), and may travel many thousands of
kilometres in a single deployment.

Early oceanographers were only able to observe the
depths of the ocean by deploying sensors from relsea
ships. Although this method allows scientists toess the
interior of the ocean, it is labour intensive, exgige and
can only provide observations with a limited tengd@nd
spatial density. Ship surveys are restricted irgeaand
time by the needs of the crew and ship. As a resuical
ship surveys can only last a month or two [Daviglet
2002]. This reliance on human intervention and ship
created a need for autonomous oceanographic devices
which could reduce the capital and labour cosbtiécting
data.

Floats and drifters represented the first greap liea
autonomous oceanography. Drifters are floating absyvi

which provide real-time oceanographic data as tiéy
with ocean currents. Floats also drift with ocearrents
but cycle from the surface of the ocean to a pterdaned
depth, taking measurements of temperature, salamty
depth as they drift [Gould, 2002]. These devicesghzeen
deployed in large numbers to allow ocean circutatio
models to be validated. Despite this, the locatbtheir
measurements are uncontrollable and, to a ceridéng
unpredictable.

In 1989, Henry Stommel published a visionary aeticl
in Oceanography. Written from the perspective of an
oceanographer in 2021, he envisioned the use letadf
“Slocums”. He described them as floats that “migrat
vertically through the ocean changing ballast, #uey can
be steered horizontally by gliding on wings” [Stoslm
1989]. In the following years, these devices becknuavn
as underwater gliders.

Gliders proved to be the next natural step in the
development of autonomous oceanographic instruments
What distinguishes gliders from floats is that thane
controllable. Oceanographers can determine whete da
will be collected by programming gliders to perform
controlled ‘flights’ through the ocean.

Underwater gliders are useful for taking long-term,
in-situ measurements of conditions within the water
column. This application is particularly well sudtdo
managing coastal resources and providing data wdaoh
be used to establish circulation and climate models
Multiple gliders can be deployed simultaneouslyrder
to gather a wide range and high density of spaira
temporal data, and can be deployed relativelyybgitwo
people in a small vessel [Davis et al., 2002].

The remainder of this paper is organized as follows
Section 2 presents more detailed background rewardi
modern day gliders and their use in oceanography;
Section 3 focuses on modelling the equations ofanan
the longitudinal plane for the case of an undernglider
with a single stroke ballast pump and a movingrirdaé
mass; Section 4 investigates the modelling andrebot a
glider in the lateral plane, as well as presenéingnalysis
of a glider’s heading actuation system; Sectiomagppses
a localisation algorithm capable of tracking an emehter
glider and estimating ocean currents; and Section 6
provides concluding remarks and directions for feitu
work.

2 Background

2.1 Modern Underwater Gliders

Currently, three notable underwater glider designs
widely used; Slocum [Webb et al., 2001], Spray f&ian
et al., 2001] and Seaglider [Eriksen et al., 2001].

Table 1 summarises the differences between therturr
glider designs. The information presented is sunsadr
from [Davis et al., 2002] and [Rudnick et al., 204



Attribute Sllggtu”rg Spray Seaglider
Hull (and %‘fﬂﬁngth’ 2 mlength, 20 | 1.8 m length,
Fairing) dia{meter cm diameter 30 cm diameter|
Mass 52 kg 51 kg 52 kg
. 52 lithium CSC o
. 260 alkaline C 81 Lithium D
Batteries | cells, g M3 | D @IS 13 cells, 10 M
520 cc, 90 W | 900 cc, Motor | 840 cc, Motor
Volume single stroke | & reciprocating| & reciprocating
Change pump, 50% pump, 20-50% | pump, 8-40%
efficiency efficiency efficiency
Horiz
Speed 0.4 m/s 0.45 m/s 0.45 m/s
3232 émégo 7000 km, 330 | 4500 km, 220
. days, @ 18 days @ 18
Range g]“/ge‘ 0.25 glide, 0.25 m/s | glide, 0.25 m/s
horizontally horizontally horizontally
Max
Depth 200 m 1500 m 1000 m
98 cm span, 120
14 em chord cm span, 100 cm span,
Wings (MAC), 45° 10 cm chord 16 cm chord
sweep' (MAC) (MAC)

Table 1 - Glider Comparison

The gliders, Spray and Seaglider, are designed to
operate at maximum depths from 1000 to 2000 metres.
They have been optimised for minimal energy
consumption and drag, and maximal range and mission
duration. Conversely, the Slocum Electric is intethdor
shallow operation with a maximum depth of only 200
metres. Extended range is not the Slocum Elestric’
primary goal, but rather it has been optimised & b
manoeuvrable for coastal and estuarine environments

2.2 Operation

The physics behind underwater gliders is analogotisat
of sailplanes. Wings on the glider create a lificéothat
acts perpendicular to its glide path and allowsgliger to
convert buoyancy into horizontal translation. Tlusce is
sufficient to overcome the drag force experiencedhe
vehicle and provides it with propulsion.

Gliders use buoyancy as their primary means of
propulsion. The bulk of energy for gliding is suipplat the
bottom of each dive cycle, where work is perfornied
increase the vehicle’'s volume to make it positively
buoyant. At the apex of each dive cycle, the vehicl
volume is decreased to make it negatively buoyant.

By concatenating a series of downwards and upwards
glides, called yos, gliders can induce horizorhslation
during their sawtooth glide (Figure 1).

Since drag is a quadratic function of velocity and
gliders operate at relatively low speeds, they e
efficient than faster submersibles. However, tlhimes at
the cost of lower speed and manoeuvrability. Tlias®rs
allow for the long-range deployments seen withctingent
generation of underwater gliders [Graver, 2005].

Figure 1 - The saw tooth glide path

2.3 Buoyancy Control

Buoyancy control is achieved by changing the vefscl
displaced volume. Different methods of controlling
buoyancy in gliders exist. Reciprocating hydraplionps,
as used in Spray and Seaglider, inflate and deflatadder
with hydraulic oil to change the glider's buoyandhese
devices are small and light, but are relatively pboated

to design. They have the added complexities ofesabnd
plumbing, and are susceptible to more complex erabl
such as vapour lock when operating at high pressure
These mechanisms are most appropriately used &p de
sea gliders [Geisbert, 2007].

Single-stroke piston pumps rely on gearing to abtai
high mechanical advantage to rotate a screw arahe>dr
retract a piston in a cylinder. This approach isfgmrable
for shallow-water operation, where rapid manoeulitgb
and good two-way buoyancy control is important. sThi
method is difficult to accomplish for deep sea,
high-pressure, operation [Graver et al., 1998].

2.4 Pitch Control

Pitch, and consequently dive angle, is typicallptonlled
by shifting an internal mass fore and aft withie tjider.
In most cases, this internal mass is made up dfdkteries
on a moveable sled. In some gliders, the primaighpig
moment required between upward and downward glides
may be achieved by locating the bladder or varibhltast
at the nose of the glider. When the vehicle’'s buoyais
changed, the relative change in the positions efcéntre
of buoyancy and the centre of gravity creates a emm
that pitches the glider. Fine control of the piegle is
then achieved by shifting the internal mass.

2.5 Heading Control

Two methods for controlling heading are currentbed.
The most intuitive means of changing heading is by
deflecting a rudder to induce a yawing moment. gsle
intuitive method is to rotate an eccentric massualloe
glider’s longitudinal axis. This causes the glitteroll and
allows a component of the lift force to act latbral
producing a spiral motion. Gliders that roll tortiachieve

a turning radius of 20 to 30 m. Rudders are moiteduo
shallow operation and can induce a tighter tureingje of
about 7m [Davis et al., 2002].

2.6 Localisation Methods Used in Modern Gliders

Several broad descriptions of how Slocum, Spray and
Seaglider navigate are found in the 2001 seriemtafles
published in the IEEE Journal of Oceanic Enginegrin
[Webb et al., 2001; Sherman et al., 2001; Erikseal.e
2001].

Slocum does not estimate water currents. To naajigat
heading and glide angles are calculated betweenfig&S
on the surface and are maintained during dives.gliler
dead reckons whilst submerged using heading, weértic



velocity, pitch and buoyancy [Webb et al., 2001].

Like Slocum, Spray uses a simple navigation alpaorit
to compute the heading and dive angle requireddolr a
desired location from its current position. Spraglects
any currents and assumes a constant pitch, headidg
angle of attack during its transit [Sherman et2001]

Seaglider is unique in its ability to estimate wate
currents using a Kalman filter. Actual surface poss and
those projected by dead reckoning during dive cyeale
fused by the filter to estimate water currentsfgen et al.,
2001]. Target heading and glide angle are adjusted
compensate for the estimated water currents.
Compensation minimises power consumption and egasure
that the vehicle approaches its target destination
accurately.

The articles indicate that a GPS receiver, a degisor
and a digital compass are available for navigatiorall
current gliders. However, it is clear from thesctes that
the majority of gliders do not compensate for water
currents. Furthermore, only a scant descriptiohaf the
gliders navigate has been provided in each article.

3 Buoyancy Engine and Pitch Control

This section focuses on a glider designed for djmeran
shallower coastal waters or estuaries with a maximu
depth of 200 m. It employs a single stroke syrimgpme
ballast pump located at the nose. Pitch is cowriroby
moving an internal battery mass fore and aft invistgcle.

3.1 Glider Dynamicsin the Longitudinal Plane

The following assumptions are used when modellirgy t
buoyancy and pitch systems in the longitudinal @ian

1. The glider is designed symmetrically through itedal
and longitudinal body coordinate planes.

2. The mass moment of inertia of the vehicle about the
y-axis is assumed to remain constant.

3. For the longitudinal model, the glider only travielshe
vertical x — z plane (Figure 2) with no yaw moment.
As a result, hydrodynamic effects such as sideeforc
and induced rudder drag are neglected in the model.

4. The added mass of accelerating fluid during unstead
(non-equilibria) glider motion is assumed to be
negligible. This is a simplifying assumption and a
factor which should be kept in mind when basing any
design decisions on the unsteady vehicle model

The positioning of ballast pump at the nose pravide
some of the nose-up/down moment required for
ascent/decent. In texts such as [Graver, 2005glter’s
ballast system is modeled as a non-moving, varipbiet
mass. This simplification omits the fact that tieatroid of
the buoyancy system moves. The centroid of thealbbgi
mass is dependent on the amount of fluid in theopiand
on the moving, constant-mass assembly which pussiees
piston back and forth. These factors were detertnioe
have a significant impact on the pitching momenthaf
glider.

CB
variable’_ MO T .A{mo\h\b. Ms
ballast Mm -
movable stationary
battery pitch mass

Figure 2 - Mass definitions, centroid locations andles for
longitudinal model

The following equations describe the dynamics ef th
glider in the longitudinal plane:
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Where theK terms denote the constant hydro dynamic
coefficients as per [Graver, 2005]. The angtes,6
represent the angle of attack, the glide-path aagtethe
pitch angle, respectively. The mass,, m, terms are as
outlined in Figure 2. In additiom,,, is the constant mass
of the moving piston assembly ard is the constant
moment of inertia of the glider about the y-axig,,, 1,0,
are thei"components of the location to the movable mass
and the piston under neutrally buoyant and zerohpit
conditions. The piston parametekg,V, represent the
piston’s maximum stroke length and volume measured
from the neutrally buoyant positios; andS,, are the
positions of the piston and of the movable mass,
respectively.p andg are the density of the fluid and the
acceleration due to gravity.

Much of the glider's motion is actually in steady,
un-accelerated gliding when the net forces and nmdsne
on the glider balance out to zero i.€,7,6 = 0. In order
to maintain a steady glide, the pitch angle mustaia
constant, s@ = 0. Equilibrium conditions are denoted by
the subscriptéq”.
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We can also compute:

+

geq = feg + deq

If values for ¢, andV,, are nominated, the only
unknowns in these equations are the angle of aftagh,
the pitch angle,,), the stroke position of the pistoﬂ,gq)
and the position of the movable ma§§1e(?). There are
now four equations and an equal number of unknowns.

Using the quadratic equation, it is possible taobthe
following solutions fora,,:

1 2
Ueq = m<—KL tané,, + \/(KL tan g’eq) - 4‘(KD)(KL0 tan§,q + KD0)>

It should be noted that these solutions are only
realisable if¢,, satisfies the discriminant condition, so if

we restrict the values of the glide-path angle éarbthe

range ¢&,,€ {—gg } it becomes apparent that the

permissible glide-path angles are:

i 2 2, T
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It is optimal to have a smaller angle of attackerms
of the hydrodynamics because it reduces drag-duiét-to
[Graver, 2005]. Therefore, the solution to equafame,,
which vyields less drag is chosen. During ascentnwhe
& > 0, the angle equilibrium angle of attack is:

1 2
Ueq = m<—KL tan g +J(KL tan feq) —4-(KD)(KLD tané,q + KDO)>

During descent whed < 0, the equilibrium angle of
attack is:

1 2
Ueq = m<—KL tan g —J(KL tan feq) —4-(KD)(KLD tané,q + KDO)>

Now, the stroke position of the pistoﬂbe(q) required
for a steady state glide at a specified angle peddcan be
solved:

L,V2
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The equilibrium position of the movable ma§$he(q)
can be written as:
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From the equations presented above, it is now plassi
to determine more specific operational requiremehthe
actuators based on the acceptable glide-path amgles
velocities.

3.1 Simulation Resultsfor the Longitudinal
Plane

Figure 3 shows how the steady glide velocity vavigh
the equilibrium glide-path angl€ ;) for several piston
stroke positions, using the longitudinal glider rabdnly
upward glide angles are shown. For a symmetrigeléeqg|
downward glide speeds are the same as upward glide
speeds.

It can be seen from Figure 3 that the horizontidaity
reaches a maximum at a specific glide-path angibotit
35°, irrespective of the piston position for this glid
design. This result is useful as it implies thatieg a
constant piston stroke, a glide-path angle whickimaes
horizontal velocity can be nominated.

However, it should be pointed out that maximisihg t
glider’s horizontal velocity is not analogous toximaising
the glider's horizontal range. The range of thelgliis
limited by its power capacity.

Steady Eqilibrium Glide Velocities (constant piston positions)

Velocity (m/s)

Glidepath angle & (°)
Figure 3 - Equilibrium glide velocities with seledtpiston stroke
positions

During deep sea operation, the piston must do
substantial work when pumping the ballast mass allsm
amount. At a steeper glide-path angle, the buoyancy
actuator is required to operate at a higher frequen
increasing the average power required by the sydtem
also possible to regulate the glide-path veloaityrsat the
power consumed by the piston pump is constant theer
range of glide-path angles. This is useful for pcat
operation of the glider as it provides a prediaabl
endurance measurement based on a glider’'s desigh a
energy specifications. Substituting the average gwow
equation

_ Veq sin feq pgvpsbeq

av L
P

into the preceding equation fdg,eq, it is possible to obtain

the piston stroke position which is required far tonstant
power condition:

Py,

1
3

L Py \
Sbeg = v, 7)9 <<smb_?eq> ((KDO + KDagq) sinéq — (KLO + KLaeq) cos g’eq))

Figure 4 shows how the glide velocity varies with
respect to the glide-path angle for a few selectatstant
average power outputs of the piston.
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Figure 4 - Equilibrium glide velocities with seledtpiston power

outputs

As a result, the choice of a steady glide-path engl
should lie in the rangé e {6°, 35°}. Glide-path angles
steeper than35° are achievable (depending on the
actuation hardware), however it becomes inefficient
terms of reduced range and decreased horizontatitsel
The final choice is ultimately a trade-off betwebha speed
of the glider, energy conservation and the desiieuksity
of oceanographic observations.

Glider speed is important in determining what
environments the glider is capable of operatingTihe
expected currents during operation provide a design
constraint for the glider's achievable speed. Tlideg
should, at least, be able to overcome the averguected
currents in the intended area of operation. Trdegican be
designed to go faster by adjusting the relative sizthe
piston ballast and using a low-drag hull design.

From these results, it is possible to design actsat
capable of meeting the requirements for efficient
operation.

4 Heading Control

Manoeuvrability is important for an underwater glid
when operating in depths of less than 200 metérall&v
mission gliders require a tight turning radius kattlittle
altitude is sacrificed during turns. This increased
manoeuvrability allows gliders to avoid obstacldence a
rudder is an appropriate choice for heading control

In this section the effects of various non-lineéme
variant aspects of a glider’s design on the rolesstrof a
linear PID controller are investigated. Furthermarérief
investigation is made into energy efficient compeed
transient response criteria of the control systéhis will
increase the deployable duration of the glider aiadin
future control system design.

4.1 Glider Dynamicsin the Lateral Plane

Before the rudder and heading control system can be
designed and analysed, the dynamics that deschibe t
motion of a glider in the lateral plane must besd®ined.

For the purposes of this analysis the followingifging

assumptions were made for this section:

Assumption 1: Added mass and inertia contributions of the
fluid surrounding the glider are initially assumedbe
negligible.

Assumption 2: The sideslip angleg, is assumed to be
negligible in order to aid in decoupling the latera
equations of motion from the longitudinal plane nde
all side forces and yawing moments due to sideskp
negligible.

Assumption 3: Rudder deflection does not induce any roll
rate or angle since the rudder will be designetiéo
symmetrical about the centre of buoyancy (CB).

Using these assumptions, and the standard
aerodynamic equations that describe the six degoées
freedom of a glider presented in [Graver, 2005] and
[Geisbert, 2007], the following equations that diseside
force, SF, and dragD, experienced by the glider in the
lateral plane (wind frame) were derived:

[‘DJ —1,8 [Vz[—(cuo +Cpa® +CDSF5E)]
2 P° re,
SF CsrsSr

Here p is the density of sea watef,,, is the wing
planform area) is the glider speed along its glide-path,
6, is the rudder deflection angle, ag,, Cp., Cpsr,
Csrs are the coefficients of constant drag, drag-dukftto
drag-due-to-side force and the side force-curveestid the
rudder respectively.

s f/f

Figure 5 - Lateral plane forces

The hydrodynamic yaw moment was found to be:

My=1 05 10rC 2V (C o Q23) + 1pS,opV? (Cas5:)
= %p‘s‘refEZV(CnrQB ) +SF Ur

Where ¢ is the mean aerodynamic chot@; is the
lateral angular velocity of the glider in the bddgme, L.,
is the distance between the rudder aerodynamicecantd
the glider CB, and’,,, and C,5 are the yaw rate damping
and yaw moment due to rudder deflection coeffident
respectively. These forces are illustrated in Fedair

To study the controllability and efficiency of adgr,
the following lateral plane equations of motion wer

derived using kineticgM; = /305, and Assumption 3,
Q3 =y cosd —



2 =2 '
_ %pV SrEfCSF6§r Dr +%pV5refC Cn,wcosg
/3 cosé

And from kinematics:

x\ _(Vcosycosé
34 V siny cosé

Here i is the glider heading ang is the inertia of the
glider in the lateral plane. These equations fdnm lasis
for the design of the rudder and heading contrstesy.

By omitting angle of sideslip effects (Assumption i
is expected that the sum of moments presenteciglither
equations of motion may be over- or under-stated.
Furthermore, some lateral sideslip due to sidesfanay be
present in the actual glider's motion when changing
heading, as mentioned in [Graver, 2005]. Similaitlyis
expected that failing to account for added maskleat to
an overestimation of the system’'s natural transient
response frequency. Precisely determining the adudess
is beyond the scope of this study.

Despite these simplifying assumptions, a lineadiren
controller will be designed in the hope that furthmsights
into the controllability of a glider will be provét.
Furthermore, these simplified dynamics should still
provide useful information about feasible ruddesiges,
and the energy consumption of the rudder actuator.

4.2 Heading Controller Robustness

This section summarizes a study of the robustneg$tD
controller for use in controlling the glider’s héag.

Firstly, the open-loop transfer function that déses
heading as a function of rudder deflection needbdo
found. Taking the Laplace transform of the kinégading
equation:

y(s) _ W (s)1,Cops sect(s)
5, (s) ;5—{:;52 -V(s)e%C s

This is a second order time-variant system, which
exhibits a very underdamped natural response. iBhis
due to the fact that the poles of its closed-lampfhave a
very small magnitude, but stable, real componént.
should be noted that including sideslip effects idanake
this transfer function non-homogenous which could
potentially lead to an unstable natural response.
Furthermore, the rudder actuator has a maximum
deflection rate and the rudder lifting-surface wshall
beyond a certain deflection angle. These havefthetef
making the transfer function non-linear. A PID cofier
operates on the principles that the natural responshe
system to be compensated is linear and time-invaria
Hence to facilitate controller design the glidelpatlocity
and pitch angle are assumed constant, and thensyste
assumed to be linear.

Using standard root locus methods [Nise, 2004], a
controller can be designed based on desired transie
response criteria, then tested for robustness ljgsting it
to the non-linear and time-variant properties & gfider.
Two controllers, designated controller 1 and cdiar®,
are designed in this manner. Controller 1 exhéigttling
time of 15 seconds and an overshoot of 208 €

0.9152,K, = 0.6156). Controller 2 exhibits a settling
time of 30 seconds and an overshoot of 5%, &
0.4353,Kp = 0.0672). It should be noted that initially the
effects of added mass/inertia are ignored as per
Assumption 1.

Adding in the non-linear attributes of the rudder
actuator and varying pitch while subjecting theteysto a
step heading change only marginally affects the
compensated response of both controllers. However
changing the glider’s velocity and pitch, which o
during an inflection, while subjecting the systematstep
heading change noticeably increases the settlingstiand
overshoots of both controllers, as can be seenguré 6.
Controller 1 degrades the most in all test scesario

StepResponse

— Transient Response
RudderCreflection
ForcedResponse

heading, defiection [rad)

10 2‘0 3‘0 4‘0 50
tirne (]
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——— Transient Response
FudderDeflection
Forced Response

0EH. .........

heading, defiection [rad)

] 1;0 2;0 3;0 4iD 50
tirne (5]
Figure 6 - Compensated transient response of dtartfo(top)
and controller 2 (bottom) during an inflection.

The results suggest a PID controller is an appatgri
control method, however longer settling times amren
robust, and it would be wise to adjust the glidéesding
during steady glides only. Furthermore, as an eiderthe
effects of added mass were approximated. This redde
shorter settling times unachievable since the imeftthe
system overcomes the rudder’'s ability to compensate
Hence longer settling times may be more appropvidien
designing a controller.

4.3 Heading Transient Response Efficiency

Now that the robustness of the PID control methad h
been verified, reasonable compensated transiepbmes
criteria that enable energy efficient heading aantan be
found, while still providing adequate manoeuvrapili

The power required to rotate the glider's ruddes wa
estimated as follows:

P1'nput =%KS|§1'| EIH.I"



Wheren is the efficiency of the actuator, aid is the
spring coefficient of the seal (2.29 Nm/rad). Themgy
required to change heading is simply the integfathe
power equation:

E Input = IPinput Latt

In order to determine desirable compensated transie
responses, a scenario was simulated in which tidergl
travelling at 0.4m/s along a glide path of #2{&s to make
a 90° heading change after 1 second. It is es$émdithe
controller can manoeuvre the glider within the &g a
detected obstruction, which is taken to be appreadty
20 m.

The following table is a summary of the compensated

transient responses tested — where the manoeuvring

distance is the distance taken to execute the hgadi
change along the glider’s original heading:

Settling Overshoo Energy Manoeuvring

Time (%) Consumed (. Distane (M)
15 20 0.897 1.99
15 1 0.474 2.89
30 1 0.097 5.27
45 1 0.073 7.72

Table 2 - Results of energy consumption and mamroegitest

As can be seen from Table 2, large overshoot in a
transient response is undesirable because it lealdsge
rudder adjustments which consume a significant arnof
energy. Transient responses with settling timeatgrehan
about 45 seconds only consume marginally less gnerg
than 30-40 second settling times, however the
manoeuvring distance still shows a distinct inceeas
(Figure 7) — which may not be worth the marginadrgry
savings.

Glider Latersl Plane Simulation Glider Lateral Plane Sirnulati o
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Figure 7 - Manoeuvring distances, as given byxttestance, for
the 30 second (left) and 45 second (right) trarisiesponse tests

Furthermore, it was found that the exact amount of
energy consumed when controlling heading is a fancif
rudder design. The greater the side force-curvaestd the
rudder, Cgrs, the less the rudder will have to be deflected
to generate the same force, hence requiring lesgggn
However drag-due-to-side force is a function of #ige
force-curve slope, as demonstrated in the following
equation:

2
Csrs 3Sr
”Are Sref

Cpsr =

Where 4, is the aspect ratio of the rudder,is the
efficiency of the rudder, andl, is the rudder planform
area. Similarly, while a larger rudder area witti@ase its
side force per deflection angle, it will also cdpdite more
to the pressure and skin drag of the glidgy,J. Hence a
trade-off is encountered in the design of the rudde
between maximising the efficiency of heading colntad
of drag contribution to the glider. Conversely,
manoeuvring distance exhibits a kinematic relatigms
with the chosen transient response and will belaimfbr
all rudder designs which can overcome the totatimef
the glider to achieve the desired transient regaons

5 Underwater Glider Localisation

Although gliders have provided oceanographers \aith
convenient method for collecting high resolutionadadhe
majority of underwater gliders are unable to estinmeean
currents in real time [Webb et al.,, 2001; Shermaale
2001]. This weakness places a limit on the spatialiracy
of the oceanographic data sets produced by thater gl

Real time estimation of water currents will allow
gliders to more accurately locate where oceanodgajatia
were sampled and permit higher level planning meslib
synthesise routes which minimise navigational error
created by water currents. In turn, this will redwenergy
spent on course corrections and allow gliders toeiase
their endurance. Estimating the location of undéewa
gliders is a challenge as they:

* have a small set of sensors available to describe
their environment

» operate for extended periods without direct
measurements of their location

* have limited power and memory resources

5.1 Localisation Algorithm Design

Localisation of autonomous underwater vehiclesheen
extensively studied in the literature [Roman, 2005;
Williams and Mahon, 2004; Yun et al. 2000]. Dragyin
inspiration from these techniques, it can be shokat
more accurate localisation of underwater glidens ba
achieved using the limited navigational sensorslavie

on underwater gliders.

Vehicle Model

From a mechanical design point of view, it is neaeg to
understand what forces will act on the vehicle. idogr,
localisation is generally only concerned with positand
motion. The relatively slow motion of the gliderggests
that kinematic models may be sufficient to capttire
motion of the vehicle.

Only velocity @), roll (¢), pitch @) and yaw ¢) are
necessary to describe the change in vehicle dispiant
over a small time period\¢) as show in Figure 8.



Figure8 - Geometry of Vehicle Trajecto

Water Current Model

To allow the localisation filter to estimate waterrents, a
model must be established to represent the hidoleed
resulting from them. The assumptions used to modédr
currents are adopted from [Graver, 2005]. These are

« Water currents will be modelled in the world
frame

e Gliding motions with water currents can be
modelled as the superposition of water current
velocities onto gliding motions without water
currents

Water currents can be broken down into an easting (
current which represents the component of water
velocity and a northing curreny) which represents the
component, as shown in Figure 9.

y
A

dy

» X
»

Figure 9 - Water Current Model in XY plane

The displacement due to the water current is shiown
light blue. The displacement due to gliding motwithout
water currents are shown in gray. The superpositibn
these displacements is shown in black.

Dead Reckoning M odel

If the geometry from Figure 8 and Figure 9 is géli, the
following discrete dead reckoning equations can be
composed:

n-1

Xp = X + Z v;At; cos 8; cos; + At;g;
=0

n-1

Yn = Vo + Z v;At; cos 0; siny; + At;n;
=0

n-1

Zn = Zy + z ViAti sin 91:

i=0

Since the estimate of vehicle pose at timnelies on the
prior estimate at time-1 and a noisy vehicle model, the
uncertainty in the estimated state will grow withbound
using dead reckoning alone. Absolute position
observations, such as those provided by a GPS wigen
vehicle is on the surface, can help to bound thisvth in
uncertainty.

Fortunately, these equations can be represented in
state-space and implemented in an Extended Kalrtign F
(EKF) [Gelb, 1974]. Using an EKF as a navigaticfiltdr
is an ideal way to manage system model error aseldata
from sensors into the system.

Correlation between states allows the EKF to preduc
estimates of unobserved processes. Two processte on
glider are unobservable and will be estimated lpyfilter:
the glider’s velocity and the effect of water cuntiee

Establishing an Extended Kalman Filter

Using state-space notation, the process stateecdafined

using the variables presented in Figure 8 and EiQur
x=[x y z ¢ 6 ¢ v e n]

To propagate the state, the dead reckoning eqation
can be written in vector notation to compose thaest
transition model and stated in a way that is céestavith
the EKF equations:

[x + vAt cos @ cosp + Ate] Wi

y + vAt cos 0 siny + Aty Wy

z + vAtsin @ W,

¢ Yo

flx,t) = 0 +|We
Y Wy

v Wy

& We
1 LWy |

These equations assume that linear and angular
velocities are constant over the observed timeopgtit).
Under this assumption, accelerations are consicterée
nonexistent or negligible between samples and @an b
omitted from the model. This simplifies the modegatly
by reducing the number of variables in the system.

For the proposed localisation algorithm, sources of
error will be considered uncorrelated and the distnce
matrix will be defined as:

2 2

Q = diag([ox* 0,2 o, 062 oy’ 0,2 gt 0y?])

Conveniently, all the sensors typically employed on
gliders are absolute sensors and present theiridlate
inertial frame. These include GPS for positioregsure
sensors for depth, and attitude heading refereansoss
for heading, roll and pitch. This simplifies the
measurement models as no transformations are egiair
fuse the data with the estimate. To allow asynobusn
measurement, individual measurement models and thei
respective uncertainty models are created for sanbor:
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The localisation algorithm will assume all bias and
scale factors have been calibrated out of the sersa
that all sources of error are uncorrelated. Thésuamgption
allows measurements to be fused asynchronously.

5.2 Results of Testing L ocalisation Algorithm

A kinematic model of an underwater glider was deped
to test the proposed algorithm. Testing revealed the
localisation algorithm is able to track the glidgecurately
in the presence of water currents over a rangeradiions
(Figure 10).

The tests performed were relatively simple simaofai
of real world processes. The biggest weakness én th
testing process was the method used to generater gli
data. Since a simple kinematic model of the glidess
used to generate trajectory data, the localisalgarithm
is highly representative of the input process. Huisuracy
inflates the overall success of the localisatiggoathm.
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Figure 10 - Glider Tracklines (Glider heading ofedfd pitch of
30° @ 0.3m/s in a water current with a 45° head@@.1m/s)

A more thorough method for testing the filter woblel
to run the localisation algorithm on the outputaoimore
accurate dynamic glider simulation. Alternativetgsting
the proposed algorithm on real data, collected ldecs
operating in the field, would serve to validate pineposed
approach. This would help determine whether a kat&m
localisation algorithm is able to properly trackider
motion.
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Despite simplifications in the testing process, the
localisation algorithm proves several importaninsi

1. A Kalman filter is able to resolve water currents
by exploiting the difference between dead
reckoned positions and GPS positions

2. A GPS receiver, a depth sensor and a digital
compass are sufficient sources of external data for
localisation and estimation of water currents
when the system process model closely matches
the real world process

Even if the kinematic assumption used does noterov
to be valid in more realistic scenarios, a suffitig
detailed dynamic system model ought to producerateu
localisation.

Recommendations for future work include more
rigorous experimental validation of the localisatio
algorithms. The localisation algorithm presentedoigs
the effect of control input. Localisation can benoved by
including the effects of actuation in the systemcpiss
model. Unless the effects of actuation are ovepkfiad,
they can only really be described by resorting dy@amic
representation of the process model. Adopting adya
model would allow the internal states of the systerhe
included in the system process model such as tatidm
of the pitch mass and the amount of buoyancy peaVigy
the buoyancy engine.

6 Conclusion

The body of work contained in this paper presezdgearch
carried out on three interesting aspects of undermwa
gliders. Underwater glider models are presentedcb@h

the lateral and longitudinal plane. These modedsuaed to
validate hardware designs capable of providing an
underwater glider with buoyancy, pitch and heading
control. To enhance navigation, an EKF capable of
tracking an underwater glider and estimating ocean
currents is proposed.

Future work will include unification of the longiinal
model presented in Section 3 and the lateral pfaodel
presented in Section 4 to fully incorporate thedagrees
of freedom of the glider's dynamics. This model Icou
provide further insight into the controllabilitytability and
performance of gliders. The complete dynamic system
model could also be used to include the effectanftiol
input in the localisation algorithm which may impeo
location estimates.

The abilities of underwater gliders can be extenoyed
adopting technologies used in larger AUVS. A mated
hybrid glider would possess a unique mixture oflitjes.
The hybrid vehicle would conserve energy by emplgyi
conventional glider behaviour to reach target desions.
Unlike conventional gliders it would be capablel@fel
flight at these destinations which would permit tise of
sensing payloads such as those used for benthieyéng.

These vehicles hold much promise, particularly the
potential to revolutionise the way oceanographiweys
are executed. An AUV capable of long range missions
could be launched and recovered from the coasnhor i
sheltered coastal bays. This convenience wouldirsdita
the need for a dedicated and costly support shipnglu
deployment and recovery. Eliminating the need éqp®rt
ships will reduce the cost of benthic surveys, mise
human intervention and reduce in-water risk.
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