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Abstract: Underwater gliders are recent innovative types of autonomous underwater vehicles (AUVs) used in
ocean exploration and observation. They adjust their buoyancy to dive and to return to the ocean surface.
During the change of altitude, they use the hydrodynamic forces developed by their wings to move forward.
Their flights are controlled by changing the position of their centers of gravity and their buoyancy to adjust
their trim and heel angles. For better flight control, the understanding of the hydrodynamic behavior and the
flight mechanics of the underwater glider is necessary. A 6-DOF motion simulator is coupled with an unsteady
potential flow model for this purpose. In some specific cases, the numerical study demonstrates that an
inappropriate stabilizer dimension can cause counter-steering behavior. The simulator can be used to improve
the automatic flight control. It can also be used for the hydrodynamic design optimization of the devices.
Keywords: underwater glider; hydrodynamics; potential flow; 6DOF; Newton-Euler equation; AUV's
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Center of buoyancy'
Main wing drag force
Stabilizer drag force
3x3 Identity matrix

Torsor of force and moment
Center of gravity
Gravitational acceleration (9.81 m/sz)

Matrix of moment of inertia defined in body
reference frame

Main wing lift force

Stabilizer lift force

6x6 Matrix of inertia
6x6 Matrix of estimated added inertia

Glider mass
Normal vector
Origin of the body reference frame

Origin of the Galilean reference frame

Force
Moment

Body reference frame
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superscript dot
subscript ext
subscript fic

Galilean reference frame
Torsor of glider velocity in body reference frame
Velocity of center of gravity with respect to

origin of body reference frame
Glider velocity in body reference frame

Total velocity = (VX2 +V + sz)m

Position vector from O, to glider center of
gravity in body reference frame

Body reference frame coordinates

Glider volume

Glider angular velocity

Water density (1025 kg/m’)

Roll, Euler angle around x-axis

Heel command angle

Pitch, Euler angle around y-axis

Trim command angle

Yaw, Euler angle around z-axis
Time derivative

Reference to external
Reference to fictitious

1 Introduction

Underwater gliders are a recent innovation of Autonomous
Underwater Vehicles (AUVs) used in ocean exploration and
observation. This type of AUVs allows for long-range and/or
extended duration deployments; see its missions as in



Bachmayer et al. (2004), Frajka-Williams e al. (2009) and
Ramp et al. (2009). Today there are three well-known
underwater gliders on the market: Seaglider, Slocum and
Spray (Eriksen et al., 2001; Rudnick et al., 2004). However,
the underwater gliders are still under development worldwide,
for example the Folaga (Alvarez et al., 2009). In France, there
are also developments of this AUVs type. Sterne (Moitie and
Seube, 2001; Phoemsapthawee ef al., 2011) is the underwater
glider developed by Ensta-Bretagne (formerly Ensieta).

The underwater gliders use small changes in their buoyancy
to dive and to return to the ocean surface. During the change
of altitude, the underwater gliders, like air gliders, use the
hydrodynamic forces generated by their wings to move
forward to the desired location. Since underwater gliders use
the buoyancy and the gravity force to propel themselves, the
propulsion system consumes very low energy compared to the
other types of AUVs. The low energy consumption of the
propulsion system enables long duration operations. Studies
are also being conducted to utilize ocean thermal energy to
propel underwater gliders in order to extend the operation
time, as noted by Kong et al. (2010). In spite of no external
moving part, apart from the Slocum Electric, which is
equipped with an adjustable rudder, the underwater glider
flights are controlled by changing the position of the center of
gravity and/or buoyancy to adjust the trim and heel angles;
(Bender et al., 2008).

Several research studies with respect to the automatic flight
control of underwater gliders have been examined, as in the
studies conducted by Bhatta and Leonard (2002, 2008).
However, most (if not all) of the underwater glider automatic
flight controls employ a quasi-static empirical hydrodynamic
model (Graver et al., 2003; Kan et al, 2008) and need
hydrodynamic coefficients identifications (Graver, 2005;
Geisbert, 2007).

Sterne, the glider named after the seabird Sternula
superciliaris and developed by Ensta-Bretagne, showed
unexpected behavior when equipped with a too small vertical
stabilizer at its stern. As the center of gravity was relocated to
starboard in order to make the glider heel and turn to the
starboard direction, it did heel as expected but turned to port.
The standard parametric model initially used did not
anticipate such behavior. Since the vertical stabilizer generates
the moment, which allows the glider to align with the circular

trajectory, the simple practical solution was to increase its size.

However, a research team of hydrodynamicists formed by the
authors of the present paper attempted to find an explanation
in order to correct the pilot and avoid future
unexpected-behavior problems which may cause the loss of
the device.

Firstly, a new parametric model was developed with a solid
and fluid inertia matrix (mass and added mass) which was
properly computed according to the geometry and the mass

distribution. The Euler-Newton equations solver was then
coupled with a true unsteady hydrodynamic solver. The
employed hydrodynamic solver is an unsteady potential flow
solver, usually used for foil and propeller applications.
Although the potential flow model has a strong hypothesis
and it is, in principle, possible to couple the motion solver
with a RANSE solver, such a simulator consumes a lot of
computation time and resource, see for example Murman ef al.
(2003), and is not suitable for simulations of longer duration.
Moreover, the glider always operates at small angles of
incidence and is not subject to significant flow separation. The
assumptions of potential flow theory are thus respected and
the friction forces are computed from the potential flow
velocities. The computing time taken by this solver is of
course imperative compared to the negligible time involved in
the parametric model but remains reasonable.

Most simulations utilizing the both approaches produce
comparable results. However, the counter steering behavior of
the glider equipped with a too small vertical stabilizer can
only be obtained when the real hydrodynamic solver is used.

2 Numerical models

Since it is the principal aim of the numerical model to
simulate the trajectory of the Sterne glider, the models and
numerical tools have been especially developed for that
purpose. In particular, the glider is a fully rigid body without
any external mobile part. Like most gliders it is piloted using
a ballast tank and a mobile inner mass to control its heel and
trim angles.

2.1 Dynamic model

The equations of motion, also known as, the Euler-Newton
equations are developed for a glider whose center of gravity,
mass and moment of inertia can vary in the body reference
frame. Since the variation of the glider inertia and center of
gravity with respect to the body reference frame can be
determined from the flight control command, the unknowns
of the system are the translation and the angular

accelerations (Voh 1, and ‘QR,, sz, ) of the body reference

frame. The Euler-Newton equations can be written in matrix
form as

mE, —mS, || Vo, _[=zp, P, M
mS; 1,0 QR,, I», 20, 20,

0 -z Y
where S, =| z, 0 —x;| 1is the skew-symmetric
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defined as

and @, are the fictitious force and moment and
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The external forces and moment ( P,

ext 2

Q,.) of the glider are

the gravity, the buoyancy and the hydrodynamic forces and
moments ( Phydm > thdro )-

I)exl =m g - p Vg + P hydro (4)
Qexl:mexg_pVXGxg+thdr‘o (5)

Because of the mobile inner mass and the ballast tank, the
mass can vary with time and the inertia matrix 1, hasto

be recomputed at each time step. Since the ballast water has
an impact on the mass but not on the outer body geometry,
the added mass matrix and center of buoyancy do not
change.

2.2 Hydrodynamic model
An unsteady flow Boundary Element Method (BEM) code

is used to compute the hydrodynamic forces ( P, ,,, > @), )-

In such methods, the flow is assumed potential, i.e. inviscid
and irrotational. The boundary condition on the surface is a
slip condition (¥ >#=0). In order to model lifting bodies
such as the sharp-trailing-edge wings, the Kutta-Joukowski
boundary condition is applied. The spatial and time
discretization sensitivity of the code is well mastered. The
code has been verified and experimentally validated several
times in the past, for example Phoemsapthawee et al,
(2009). The code belongs to what Hoeijmakers (1992)
referred to as “Second generation” panel methods involving
a Dirichlet condition. The surfaces of both lifting and
non-lifting bodies are discretized into first order panels
carrying constant source ¢ and doublet g  distributions.
The wakes developed behind the lifting bodies are formed
with sheets of first order panels carrying constant doublet
distribution. The wings wake geometry is naturally
described since it is generated in a Lagrangian manner.

In regard to the viscous effects, only the friction force is
taken into account. Neither separation flow nor boundary
layer effect is taken into account. The local friction
coefficient C, 1is defined as a function of the local

Reynolds number Re, :V(s—so)/v where s is the

curvilinear coordinate, s, the stagnation location and v

the kinematic viscosity. If the local Reynolds number is less

than 5x10°, the flow is supposed to be laminar and the
friction coefficient is taken from the Blasius solution,

C,:0.664/./Res . Else, the flow is supposed to be
turbulent and the friction coefficient is determined from the
Prandtl turbulent skin friction, Cf:0.027/ {/Re, . By

integration over the panels, the resultant friction forces and
moments are added to the hydrodynamic forces. Unlike the
wings, the body does not present a sharp trailing edge,
therefore it is assumed to be non-lifting. No wake develops
behind it and the integrated pressure forces and moments are
nil. To account for the flow inertia forces and moments, the
added mass matrix is computed previously using a dedicated
potential flow code. The added mass forces and moments
are then computed from this matrix and the acceleration
vector. Finally, the Ist-order Euler explicit numerical
scheme is applied for the time variation in the potential flow
computation.

As mentioned in the introduction, most of the underwater
glider flight controls use a quasi-static empirical
hydrodynamic approach for which the hydrodynamic
coefficients were identified from experimental results. A
quasi-static hydrodynamic model approach has also been
written. In the simple hydrodynamic approach, the lift L
and the drag D forces of the lifting bodies (main wing and
stabilizer) are calculated from

L= CL% pV’4 and D= CD% pVia (6)

where V' is the foil incident velocity and A is the foil
planform area. The lift coefficient C, and the induced drag

coefficient C, are estimated wusing the Prandtl
approximation:
A c’
C,=2ra—— and C,=—- 7
t A+2 P 7\ (0

where « is the angle of attack in radian and A is the
aspect ratio. When the glider rolls around its axis, the angles
of attack seen by the sections along its wing span do not
have a uniform distribution. The induced hydrodynamic
moment O, ., . can be estimated from the integration of

2D section lift as

T
Q[mluced = _EpVWCbZ (8)

where @ is the glider angular velocity along the glider axis,
¢ is the foil chord and 5 is the foil span.

In addition to the pressure forces, friction forces must be
taken into account. The principal drag force of the glider is
the friction on the glider surface along the glider axis. The
friction force is computed using the same formulae as



previously but applied to an equivalent flat plane since the
body geometry is not explicitly represented by a surface
mesh. The added mass forces and moments of the main
body are computed as for the BEM code and are ignored for
the lifting bodies (wings and stabilizer).

In summary: the simple parametric hydrodynamic model
includes lift and drag generated by the lifting bodies (main
wing and stabilizer) for a steady state flow. The main wing
spanwise hydrodynamic moment generated by the glider
heeling motion is also included. The friction forces on the
lifting bodies are ignored. The axial friction force on the
main body is computed as a function of the Reynolds
number and is applied to the center of buoyancy. The added
mass matrix is computed with a dedicated potential flow
code and the added mass forces only depend upon the
acceleration vector. Gravity and buoyancy forces and
moments are included in the dynamic model.

The potential model computes lift, drag and moment
generated by the lifting bodies (main wing and stabilizer)
including the unsteady component and the friction. The
friction force and moment on the main body are computed
by the integration of the friction force over the panels
computed as a function of the Reynolds number. As for the
parametric model, the added mass matrix is computed with
the dedicated potential flow code and the added mass forces
only depend upon the acceleration vector. Gravity and
buoyancy forces and moments are included in the dynamic
model.

The main difference between the two hydrodynamic codes
lies in the way the lifting bodies (wings and stabilizer) are
modeled: fully unsteady in the potential flow code and
quasi-static in the parametric code. The main body is
explicitly modeled in the BEM code. Hence its effect on the
wing is taken into account and the friction forces and
moments can be computed while the friction effect is not
much more than a drag coefficient in the parametric model.

2.3 Dynamic-hydrodynamic coupling method

The simulation scheme is explained here. The parametric
simulator can easily start with a zero initial velocity. At first,
only the gravity force causes the motion but the
hydrodynamic forces build up once the glider starts to move.
Starting the potential solver with a zero initial velocity is
also possible but unnecessarily time consuming. The best
method is to initially set the glider with a small non-zero
velocity to mimic the operator pushing it to launch it. The
hydrodynamic model is solved first in order to obtain the
hydrodynamic forces in the initial conditions. Starting from
the initial conditions (positions, velocities, hydrodynamic
forces), the Euler-Newton equations are solved to obtain the
new positions and the new velocities using the 4th-order
Runge-Kutta method. After the Euler-Newton solver, the
hydrodynamic forces are calculated from the new positions

and the new velocities using the potential flow solver. The
two solvers are independent from each other. Once the
hydrodynamic forces are updated, the next time step is
considered and the Euler-Newton equations are recalculated.
The process continues in this way until the end of simulation.
Fig.1 presents the flow chart of this simulation procedure.
The size of the time step is dictated by the potential flow
code requirement.

The error of the added inertia calculation in the hydrodynamic
forces can cause the instability of the motion calculation
(Floc’h et al. 2008). This numerical error can be reduced by
adding the added inertia on both sides of the Euler-Newton
equations as shown in a torsor form as
F

n T fie

(M+M,)U| =F,

Xt

+MHU

©)

n—1

where M, is the estimated added-inertia matrix with respect

to the body reference frame and » is the time step number.

Initial conditions

|Euler-Newton calculation]

[Updating positions and velocities

[Potential flow calculation]

[Updating hydrodynamic force

Fig.1 Simulation scheme chart

The stability of this numerical error reduction scheme is
discussed in Floc’h et al. (2008). The article demonstrates that
a large range of estimated added inertia produces the same
motion as the genuine added inertia. In this paper, the
estimated added inertia is pre-calculated by a non-lifting
potential flow code using Rankine singularities.

3 Numerical simulations

The glider geometry is presented in Fig.2. The glider body
can be separated into three parts: the head, the main body and
the tail. The main body is a cylinder with a 0.2 m diameter
and 1 m length. The head and the tail are hemi-ellipsoids with
the same diameter as the main body and have a length of
0.5m. The wing and the stabilizer section profiles are
NACAO0005. The volume and the mass of the lifting parts are
neglected in the simulations. Hence, the glider volume and the



displacement mass are solely calculated based on the glider
body and the center of buoyancy B is positioned at the
middle of the glider body. The ballast can take in or drain off
the water of + 0.5% of the glider volume. The glider moment
of inertia is defined to be equal to the moment of inertia of a
0.2 m diameter and 2.0 m length cylinder of which the mass is
equal to the glider displacement.

Zh N \\\'\
Stabilizer

Body (0.2m diameter)

Fig.2 Glider model geometry

The position of the center of gravity of the glider is the
resultant of the fixed mass, the mass of ballast water and a
moving mass. In the model, the resultant center of gravity G
is directly considered. The moving mass can rotate around the
glider axis at the fixed radius. It can also slide along the glider
axis. As a result, the distance between the resultant center of
gravity and the glider axis is constant. The glider flight control
command consists therefore of two components: the
buoyancy control and the position of the center of gravity
control. The position of the center of gravity can be
represented by two angles: the heel command angle ¢, and

the trim command angle 6, . The definitions of the two

angles are illustrated in Fig.3. In all simulations, the glider is
initially launched with a 0.2 m/s horizontal velocity in the
x," positive direction.

Starboard view

Front view

Fig.3 Definition of heel command angle ¢, and trim command

angle 6,

3.1 Sawtooth trajectory

First, we simulate the glider advancing in sawtooth
trajectories. The ballast and the trim command angle are
varied alternatively. When the ballast takes in the water
(+0.5%V ), the trim command is positive; we call these

conditions the command state I. When the ballast drains out
the water (-0.5% V), the trim command is negative; we call
these conditions the command state II. Each command state
lasts 99 seconds. The gliders conditions are varied between
the commands state I and II in a sinusoidal manner to avoid
a sharp variation. The transition time lasts 1 second. The
variation between state I and II is illustrated in Fig.4. This
sawtooth trajectory is simulated for different trim command
angles 6, of 10, £20, £ 30 and + 40 degrees.

State 1 _

State 2

99s 1s 99s 1s

t=0
Fig.4 Variation between command state I and 11

Both hydrodynamic approaches yield comparable results.
Fig.5 shows the pitch response corresponding to each trim
command angle. The pitch angle oscillates before reaching a
steady state. In the case of the simple approach, the steady
pitch angle is a little larger than the trim command angle due
to the hydrodynamic moment generated by the main wing.
However, in the case of the potential flow approach, the
interaction between the main wing and the glider body
produces a smaller steady pitch angle than the trim
command angle.

80
40

—40

Pitch 6 (deg)

—80

—120

Pitch 0 (deg)

0 100 200 300 460 500
Time (s)
Fig.5 Pitch & responses for different trim command angle 6, ;

top with potential flow approach, bottom with simple approach

The glider velocities are presented in Fig.6 and Fig.7. The
simulation results confirm the relationship between the trim
command angle and the steady velocity. As expected, the
glider velocity increases with the trim command angle. The



effect asymptotically converges for trim command angles
between 30 and 40 degrees. Both hydrodynamic models agree
that the horizontal velocity limit is reached when the trim
command angle is around 40 degrees. However, the
parametric model predicts a smaller horizontal velocity limit
since it does not increase beyond a trim command angle of 30
degrees. The velocity differences between the two approaches
depend without any doubt on the friction computation.

0.8 T T T
0.7F E
0.6
0.5
0.4
0.3
0.2
0.1F E
0

Vx (m/s)

0 100 200 300 400 500
Time (s)
0.8 T T T
0.7F E
0.6 F E
0.5
0.4
0.3
0.2
0.1F E

0

Vx (m/s)

0 100 200 300 400 500
Time (s)

Fig.6 Horizontal velocity ¥, responses for different trim

command angle 6, ; top with potential flow approach, bottom

with simple approach
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The angles of attack of the main wing presented in Fig.8
confirm the small incident flow assumption for both
approaches. In this case, for the potential flow approach, the
angle of attack is less than 6 degrees at the beginning of the
simulations and less than 3 degrees at each command state
variation. When utilizing the simple approach, the angles of
attack are even smaller.

=50 8, = £10°]

i Gy = £20°
-==0, = £30°
— 0, = +£40°

_]00 1 1 1 1 I I

0 50 100 150 200 250
z4 (m)
50 T T T T T T

=50 9, = £10°|
—= 6, = £20°
- =0y = £30°
— 0, = +40°
_]OO 1 1 1 1 I I
0 50 100 150 200 250

z4 (m)
Fig.9 Sawtooth trajectory during 500 seconds for different trim
command angle 6, ; top with potential flow approach, bottom

with simple approach

Fig.9 presents the sawtooth trajectories obtained by the two
approaches for a 500 second simulation. Both approaches



produce very similar results as expected. This will be the case
for most trajectories simulations but in the next section, we
will present a case where both approaches yield very different
results.

3.2 Helical trajectory

In this section, an examination of the helical trajectory is
explored and tested by commanding the glider to dive with
positive trim and heel command angles with the intention to
change the glider direction. In the example presented here,
trim and heel command angles are both equal to 10 degrees.
Three different geometries of the stabilizer are considered.
The dimensions of the three stabilizers are illustrated in
Fig.10.

Stabilizer I1

_ Body

0.3m

Stabilizer 111

0.1m

Fig.10 Dimensions of stabilizers

0.6m

The glider is expected to turn because of the lateral
component of the main wing lift force when the glider is
heeling. In the case of a positive heel angle as in these
simulations, the glider is then expected to turn to the starboard
direction. The obtained trajectories for both approaches are
presented in Fig.11. Unlike the sawtooth simulations, the two
approaches produce very different results.

According to the numerical results of the simple approach, the
glider moves to starboard as expected. The stabilizer size is
only of little effect; the three trajectories are almost the same.
The glider turns with the steering force generated by the main
wing and the stabilizer generates the hydrodynamic moment
to adjust the glider orientation to the incident inflow. However,
this behavior is not always observed in reality. The glider
Sterne (Ahmed-Ali et al. 2003) which was developed at
Ensta-Bretagne experienced counter-steering behavior. The
first Sterne model was lost during an experiment at sea
because of this unexpected behavior. It was suspected that the
stabilizer size was responsible for this. The new Sterne model
equipped with a larger stabilizer does not present any
counter-steering behavior. This is the reason why, in order to
confirm the role of the stabilizer, we decided to cover
different stabilizer geometries in this study.

stabilizer
ihilizer
izer

——
—
T

50| )

Yg (m)

—200 ]

—50 0 50 100 150 200
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izer
ilizer 11 1
izer 1

0r

g (1)

[}

= _100}

—200 - :

150 200

—50 0 :3I0 HI)O
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Fig.11 Top view of helical trajectory during 1000 seconds for 10°
trim and 10° heel command angles; top with potential flow
approach, bottom with simple approach

The potential flow results retrieve the experimentally
observed counter-steering behavior. The turning equilibrium
conditions of the three stabilizers are compared in Table 1.
These numerical results confirm that the stabilizer size plays
an important role in this behavior. The smallest stabilizer
(stabilizer I) causes the glider to turn to the counter-steering
direction (the port direction in this case) while the other two
do not. When the stabilizer is large enough (stabilizer III), the
glider behaves as expected and predicted by the simpler
approach. In the case of the intermediate size (stabilizer II),
the stabilizer is not large enough to steer the glider properly.
When the stabilizer is too small, it cannot produce enough
hydrodynamic moment to counteract the counter-steering
hydrodynamic moment. The counter-steering hydrodynamic
moment is generated by the main wing lift lateral component
pointing to starboard (see Fig.12) and the lateral force due to



the body drifting pointing to port. If not sufficiently countered,
the moment will make the glider Sterne turn to port because
the body drifting drag force center is situated well in front of
the wing.

Table 1 Turning equilibrium conditions from the potential
flow approach results; the gliding diving with 10° trim and
10° heel command angle

Stabilizer I I I
Turning radius (m) 22 171 39
Turning rate (deg/s) 0.88 -0.11 -0.48
Advance speed (m/s) 0.334 0.339 0.329
Diving speed (m/s) 0.062 0.058 0.056
AOA of stabilizer (deg) 8.85 3.95 2.35
AOA of main wing (deg) 1.68 1.55 1.63
Heel angle (deg) 12.56 9.68 8.51
Trim angle (deg) 7.08 7.51 7.67

Fig.12 Force diagram in steering mechanics

In this case the source of the counter-steering moment was
hence generated by the lateral friction force on the drifting
body. The simple hydrodynamic model does not have this
lateral force because as described in section 2.2, in this simple
parametric model, the friction is only applied along the main
axis. Once it starts to turn to port, the stabilizer sees a flow
from the port direction and its lift points to starboard
generating a moment at port helping the glider to find a stable
route in the port direction.

With higher accelerations, the added mass tensor could take
over this effect. The way the body added mass tensor is taken
into account is the same for both models. In such cases, both
models would see the same counter steering moment but it
does not necessarily imply that they would predict the same
trajectory because of the fluid inertia effect on the lifting
bodies. In the simple model, the hydrodynamic moment
generated by the stabilizer is fully perceived as soon as the
glider heels without any delay. In the potential flow
simulations, there is a delay between the geometric position
and the hydrodynamic response. This delay exists because of
the fluid inertia applied by the stabilizer. Because of this delay,

if the stabilizer counteracting moment is not strong enough,
the glider could find the time to position itself in the other
equilibrium state causing the counter-steering behavior.

In principle, it is possible to add such effects and other effects
in a parametric model. For instance, we could add the
interaction between the glider body and its appendages using
a correction factor as suggested by Caldeira and Clarke (1988).
Adding some of these parameters would not significantly
increase CPU time, but it would rapidly make the parametric
model look like a patchwork difficult to control and maintain.
Before any additional parameter is included within the
parametric model, its importance and effect have to be clearly
identified. Furthermore, not all effects are easily replaced by a
simple model involving a single parameter. The lateral friction
drag for instance depends on the Reynolds number but also on
the body geometry. Although the potential flow simulator
does not take all the physics into account, it can be used as a
numerical towing tank facility to improve the simulator, i.e.
the parametric model. Its CPU time is not negligible
compared to the simple hydrodynamic code but it consists of
a stage between the parametric model and the experimental
trials.

4 Computation resource consumption

We now consider the underwater glider equipped with the
stabilizer III to simulate a non trivial trajectory. The objective
is to simulate a helical diving trajectory followed by a
surfacing contra-rotating helical trajectory. As in the previous
simulations, the glider is launched with a 0.2 m/s horizontal
velocity in the x, - positive direction. The heel command

angle is fixed at 20 degrees. The trim command and the
ballast are varied alternatively every 1100 seconds. For the
first 1100 seconds, the trim command angle is 10 degrees and
the ballast takes the water in for diving. For the next 1100
seconds, the trim command angle is -10 degrees and the
ballast drains the water off for surfacing. The total duration of
the simulation is 2332 seconds and takes 20000 time steps.
This simulation involves about 24 hours of computation time
on a standard workstation (CPU 4 cores with 2.66 GHz).

5 Conclusion and perspective

An Euler-Newton equations solver is coupled with a potential
flow code to simulate 6-DOF trajectories of underwater
gliders. This simulator can be used to study the hydrodynamic
behavior of gliders in order to improve the automatic flight
control and to optimize the geometry of the glider. A
numerical study of the hydrodynamic behavior of an
underwater glider has been conducted. All results are
compared with a simple parametric simulator. A series of
simulations considering sawtooth trajectories was first
conducted. In this case both simulators presented very similar
trajectories. As expected, the glider velocity varies as a
function of the trim angle. To confirm a behavior observed



experimentally, a second series of simulations examining the
glider steering was conducted. The potential flow simulator
shows that the stabilizer geometry plays an important role in
steering control. Inappropriate stabilizer geometry can cause
counter-steering behavior that the parametric simulator cannot
anticipate. A non trivial case was finally presented to
demonstrate the capabilities of the potential flow based glider
simulator. Enhancing the parametric model with additional
features is easy, but simple models are the best way to
determine which physical effect is really important. The
potential flow code is a good practical tool to simulate
complex trajectory patterns and to verify whether the
parametric code predicts the same trajectory. However, further
validations utilizing real data and experimental model testing
are necessary to increase confidence in the potential simulator
before it can be adopted as a template for the parametric
model enhancements.
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Fig.13 Example of trajectory simulation for a real-time duration
of 2332 seconds, of which the CPU time is about 24 hours on a
standard PC (the glider appears 10 times bigger than it is)

Good quality experimental results will be extremely difficult
to obtain. The behavior of the Sterne glider has been obtained
from sea trials. The onboard instruments record the velocities,
depth, heel and pitch angles. The trajectory is deduced from
these data. There is no information concerning the
environmental conditions at sea. To conduct a proper
experimental investigation at scale 1, we would need a calm
pool of water with very large dimensions. Although the glider
is only 2 meters long, its gyration radius is about 30 meters. In
Fig.13, the glider appears much larger than in reality as stated
in the caption. We plan to perform some experimental trials
on a reduced size model at the Ifremer tank facility in Brest.
Since the scale cannot be too small, we will not be able to
conduct anything resembling the case of Fig.13 in the tank.
However, a full gyration is not necessary to study the
counter-steering behavior. The scale of the experimental
model is the key issue since it will be a compromise between
several factors including the Reynolds number, manufacture
and the observable trajectories in the Ifremer towing tank

facility.
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