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Abstract— A mechatronic project that integrates 3 different
courses from a Master Sciences curricula is presented. This
project was considered as final project for evaluating the
courses Real Time Programming, CAD/CAM/CAE, and
Modeling and Simulation of Mechatronics Systems. The
project’s goal is to model, simulate and control on real time
an Autonomous Underwater Vehicle (AUV), besides validation
of the model and control through computer assisted software.
To keep autonomy of the AUV visual servoing is considered
for determining the position and orientation of the system at
the X-Y plane. The project was physically implemented using
a LINUX platform, a SONY digital camera of 640x480 pixels
and a micro radio control submarine Sea Scout of the brand
Hobbico(TM). The experimental results proved to be on the
range of resolution of the setup, besides the project was well
taken by the students as a challenge and opportunity to
applied the knowledge and theory reviewed at the courses.
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I. INTRODUCTION

This manuscript describes a project oriented Autonomous
Underwater Vehicle (AUV) that integrates three different
courses in a Mechatronics Master Sciences academic pro-
gram. The postgraduate program in Mechatronics at CIN-
VESTAV includes the courses: Real Time Programming,
CAD/CAM/CAE, and Modeling and Simulation of Mecha-
tronics Systems. The students simultaneously pursue these
three courses that last 14 weeks in two weekly sessions of
two hours each. It is intended that the students develop a
final project per course to apply the acquired knowledge.
However during the first term of 2006, it was proposed to
integrate the final project, such that it involves goals and
tasks of the three courses.

For integration purposes it was though to take a radio
control system which could be modeled and modified to

apply reverse engineering and real time control. Looking at
commercial radio control mobile systems it was selected a
micro submarine as it requires a small working area and
presents challenging issues such as hydrodynamic effects
and under-actuation in some degrees of freedom (Gianluca,
2003), moreover this system has developed lots of attention
at the mobile robotic community nowadays because of the
applications that such systems have; on the other hand the
remote control unit included at the commercial system can
be modified to be interfaced to a PC through the parallel
port to implement real time control.

A major advantage of a radio control system is the auton-
omy yielded by absence of cables and physical connections
between the control and controlled systems, looking to keep
this autonomy and based on previous experiences of one of
the involved professors, it was chosen to use a servo visual
closed loop system. Thus the original ”human” radio control
system shown in Figure 1 was modified to the servo visual
control layout of Figure 2.

Once the components of the project were selected it
was presented to the students with the commitment to
be accomplished in 8 weeks. The project was divided
into several subsystems, and each subsystem was assigned
to a group of students among 10 enrolled students. The
groups were organized by the student themselves, but it
was encouraged to be multidisciplinary groups according to
their undergraduate background (electronics, mechatronics,
systems and mechanics engineers). It was also provided a
minimum number of goals to be fulfilled at the evaluation
of the project.

II. GENERAL LAYOUT OF THE PROJECT

The challenges and goals of the project were designed to
include the three involved courses. The minimum project’s
goals requested to the students were:
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Figura 2. Servo visual radio control system

• Reverse engineering of the commercial radio control
AUV system to characterize it and be able to propose
modifications.

• Modeling, design and validation through simulations
of the servo visual control for the AUV using CAE
tools.

• Implementation of a real time control for the servo
visual AUV in C-language on a LINUX platform.

• Modification of the electronics of the commercial AUV
to design an interface with the PC.

• Position and orientation regulation of the servo visual
AUV system in X-Y plane.

Due to the limited performance of the commercial AUV
system and the goals of the project the students faced the
following challenges:

• Image processing to determine position and orientation
of the AUV.

• Under-actuation and limited response and control of
the motors at the AUV.

• Limitations at the commercial radio control system
provided with the AUV.

• Design of the multi task real time control implemen-
tation.

• Modeling and simulation of the AUV dynamics.
• Servo-visual problems in fluid environments, such as

reflection and distortion.

The project was divided on the following subsystems:
AUV, Radio-control and electronics, real time control and
visual servoing.

A. AUV system

The main component of the project was chosen as a
micro radio control submarine Sea Scout of the brand
Hobbico(TM). This submarine has a radio control unit

working at 49 Mhz, and is provided with 3 DC motors
as actuators to generate the motions up/down, left/right and
forward/backward. However two of the motors are coupled
to provide the motions left/right and forward/backward, thus
the AUV is under-actuated. Moreover the power electronics
in the AUV blocks the signals such that only one of the
motions left/right and forward/backward can be generated
at a time. Another major constraint on the AUV is that the
DC motor power electronics in the AUV works as on/off
control, which limits the possible resolution and accuracy
of the closed loop system. Therefore the performance and
possible trajectories for the AUV are highly constrained.
To keep water resistance at the AUV, this was not mod-
ified at its electronics, and for project purposes was only
modeled and characterized by disassembling a second AUV
purchased for reverse engineering purposes.

B. Model of the AUV

One of the major goals of the project was to model the
AUV. The kinematic and dynamic models of the AUV were
used for control design and validation through simulations
with MATLAB SIMULINK and Visual Nastran. At the
course Modeling and Simulation of Mechatronics Systems
several works related to the modeling and parameter iden-
tification of underwater vehicles were reviewed, compar-
ing different approaches and simplification hypothesis, and
particularly for modeling of the hydrodynamic effects. In
the next subsections the model of a general AUV and the
particular model of the Sea Scout AUV are presented.

1) AUV’s kinematics: A rigid body that moves in a 3D
space has 6 degrees of freedom denoted by q=[x y z φ θ
ψ]T y where x, y and z are the position coordinates of the
mass center with respect to a fixed coordinate frame; φ, θ
y ψ are the Euler angles, which define the roll-pitch-yaw
of the body, see Figure 3. Notice that the X axis is defined
along the movement of the AUV, Z is defined downward,
which follows the notation of the SNAME (Society of Naval
Architects and Marine Engineers).

Figura 3. Generalized coordinates and reference frames
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2) AUV’s dynamics: By considering the Newton-Euler
approach, (see (Gianluca, 2003), (Smallwood and Whit-
comb, 2004)), the dynamics of a 3D rigid body is given
by

Mq̈ + C(q̇)q̇ = τ M,C ∈ �6x6 τ ∈ �6x1 (1)

where M is the constant, symmetric and positive definite
inertia matrix. The matrix C(q̇) is antisymmetric and rep-
resents the Coriolis and Centripetal forces. Finally τ is the
vector of external forces.

The AUV being immerse in a water environment is
subjected to hydrodynamic and buoyancy effects (Jordán
et al, 2005). For the study of a rigid body moving in
an incompressible fluid an analysis based on the Navier-
Stokes equations is considered. Since the density of the
fluid is comparable to that of the body, then additional
inertia effects must be taken into account, for that an added
inertia matrix MA > 0 is introduced, which depends on the
geometry of the body and the velocities of the system

MA = −diag{Xẋ, Yẏ, Zż,Kφ̇,Mθ̇, Nψ̇} (2)

Due to the fluid there is also a centripetal and Coriolis
contribution, that is represented by the added Coriolis
matrix CA(q̇) = −CTA(q̇), of the form (Gianluca, 2003)

CA =⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 0 −Zżż Yẏ ẏ
0 0 0 Zż ż 0 −Xẋẋ
0 0 0 −Yẏ ẏ Xẋẋ 0
0 −Zżż Yẏ ẏ 0 −Nψ̇ψ̇ Mθ̇θ̇

Zż ż 0 −Xẋẋ Nψ̇ψ̇ 0 −Kφ̇φ̇

−Yẏ ẏ Xẋẋ 0 −Mθ̇θ̇ Kφ̇φ̇ 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

The viscosity of the fluid generates dissipative effects
on the AUV, such as hydrodynamic damping and dragging
forces, which are represented by a damping matrix D(q̇),
(Jordán et al, 2005). The hydrodynamic damping and drag-
ging forces acts against the movement of the AUV and are
collinear to the fluid direction. For simplicity only dragging
forces are considered, furthermore the effects are assumed
to be decoupled along the d.o.f. of the AUV, such that
the matrix D(q̇) is diagonal. Since the dragging forces are
external, they are included like the vector τ in a form of
a dragging vector force τD . Therefore the dynamics of the
AUV of equation (1) can be rewritten as

Mq̈ + C(q̇)q̇ = τ + τD (3)

where τD = [τDx, τDy, τDz , τDφ, τDθ, τDψ ]

τDi = −12
Aiμui
di

− 1
2
CDiAρui |ui| (4)

with ui the incidence velocity (Olguin, 1999) at the di-
rection i = x, y, z, φ, θ, ψ, Ai and di are the transversal
section and characteristic dimension perpendicular to u i, the
fluid density is denoted by ρ, CDi is a damping coefficient

depending on Reynolds number, and μ denotes the fluid
dynamic viscosity. The hydrodynamic effects depend on the
fluid regime and thus on the incidence velocity u i. The first
term on ( 4) corresponds to laminar regime and the second
term to turbulent regime (Olguin, 1999), being one of them
zero depending on the regime. Then in matrix form τD is
rewritten as the matrix D given by

D = −diag{τDx, τDy, τDz , τDφ, τDθ, τDψ} (5)

Finally the fluids effects related to buoyancy and grav-
ity of an immerse body have to be taken into account.
Considering the gravity acceleration g= [0 0 9.81]T and
bouyancy B = ρV ‖g‖, with V the body’s volume, then
the body weight is W = m ‖g‖, with m the body mass.
The gravity forces are external forces included the same
way as τ through the vector G(q)

G(q) =

⎡
⎢⎢⎢⎢⎢⎢⎣

(W −B)sen(θ)
−(W −B)cos(θ)sen(φ)
−(W −B)cos(θ)cos(φ)

G4

G5

G6

⎤
⎥⎥⎥⎥⎥⎥⎦

(6)

G4 = −(yGW − yBB)cos(θ)cos(φ)+
(zGW − zBB)cos(θ)sen(φ)

G5 = (zGW − zBB)sen(θ))+
(xGW − xBB)cos(θ)cos(φ)

G6 = −(xGW − xBB)cos(θ)sen(φ)−
(yGW − yBB)sen(θ)

Then the dynamics of a general AUV is given by

M
′
q̈ + C

′
(q̇)q̇ +D(q̇) +G(q) = τ (7)

where M ′ = M +MA and C ′ = C + CA.
3) Dynamic model of the Sea Scout AUV: The Sea Scout

us limited to 3 DC motors, which allows the up/down,
forward/backward and left/right turn motions. So the al-
lowed movements are highly constraint. Moreover only one
camera for visual feedback is considered, such that only
plane movements can be covered. Therefore only the X-Y
horizontal position and yaw orientation are to be controlled,
that means that the camera stands over the working area of
the AUV, see Figure 4. Thus, the generalized coordinates
reduce to q = [x, y, ψ].

There are some assumptions about the modeling of the
Sea Scout, first of all it has a maximum forward velocity
of 0.25 m/s approximately and its body is completely
immerse, thus laminar regime is considered. For geometry
and parameter estimation a cylindrical approximation of the
AUV is taken. Finally, since the camera covers the X-Y
plane, the Z- motion is let out, so that the AUV works
at its neutral buoyancy point, thus neglecting the gravity
effects (6).

The control forces acting on the AUV, i. e. τ , are related
by a Jacobian to the forces exerted by the DC actuators
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Figura 4. Structure and working space

(Morel and Leonessa, 2003). One of the actuators is entitled
to the up/down motion, such that there are 2 motors left for
the forward/backward and left/right turn motion. However
because of construction of the AUV, these 2 motors are
coupled implying that the left/right turn depends on the
backward/forward motors, as a result the yaw angle ψ and
only one motion direction X or Y can be controlled. Along
this work the X direction is considered independent and
the Y direction is result of a combination of x, ψ motions.
Because of this the control action τ and actuators torques
τx, τψ are related by the Jacobian B given by

B =

⎡
⎣ 1 0.182

−0.153 0.116
−0.223 L

⎤
⎦

which has been determined experimentally and through
geometrical projections.

Finally it is obtained that the dynamics of a general AUV
(7) is reduced for the Sea Scout to⎡

⎣ m+Xẋ 0 0
0 m+ Yẏ 0
0 0 Izz +Nψ̇

⎤
⎦

⎡
⎣ ẍ
ÿ

ψ̈

⎤
⎦ +

⎡
⎣ 0 0 −2mẏ

0 0 2mẏ
2mẏ −2mẏ 0

⎤
⎦

⎡
⎣ ẋ
ẏ

ψ̇

⎤
⎦

+

⎡
⎣ τDx 0 0

0 τDy 0
0 0 τDψ

⎤
⎦

⎡
⎣ ẋ
ẏ

ψ̇

⎤
⎦ =

⎡
⎣ 1 .182

−.153 .116
−.223 L

⎤
⎦ [

τx
τψ

]

where m = 0.065 [Kg] denotes the mass of the Sea
Scout, L = 0.118 and R = 0.019 [m] are the dimensions
of the cylindrical approximation, see Figure 5

Figura 5. Cylinder approximation

such that fgollowing (Olguin, 1999) it is obtained

Izz =
1
12
m(3R2 + L2)

Xẋ = −0.1m
Yẏ = −πρR2L

Nψ̇ = − 1
12
πρR2L3

(8)

with ρ = 1000 [kg/m3] the water density.
The dragging forces τDx, τDy y τDψ are obtained from

equation (4) and the parameters Ax = πR2, Dx = 2R,
Ay = L2R, Dy = L, Aψ = L32R

8 , Dψ = L
2 and μ = 0.001

[Pa sec]

C. Radio control and electronics system

The commercial AUV includes a 49 MHz amplitude
modulated radio control transmitter based on the integrated
circuit TX6 ATS306T, which sends codified 2 Hz PWM
signals corresponding to the on/off control of the actuators.
The receptor in the AUV works with the integrated circuit
RX6 ATS306R, which demodulates the PWM signals to the
drivers of the motors that are based on transistors working
in cut and saturation regimes. The transmitter was modified
to be interfaced to the PC through the parallel port. Also
an amplification stage based on a bipolar transistor 2N3866
and operational amplifier NE5539N was implemented to
increase the power of the transmitted signal.

D. Real time control system

As at this stage of the curriculum the graduate students
only have background on linear controllers design, it is
proposed that PD controllers be implemented in order to
control each actuation motor. A strong limitation we found
is that a single motor can be controlled each time interval
of 250 ms. Moreover as it was stated in section 2.1 the
on/off limitation on the CD motors power electronics led
the students to implement Pulse Width Modulation (PWM)
based controllers which are fully digital in the sense that
one PWM output for each motor is obtained as a bit of
the parallel port. In order to obtain a well synchronized
carrier signal, it was decided to use a hard real time system
which was implemented on a RTAI platform. The real time
system was designed to include two kernel (real time) tasks
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-one for each CD motor controller-, and two user tasks;
one for image acquisition and another for image processing.
In Figures 6 and 7 we present simulation results of the
switched PD controllers for position error and yaw angle
error respectively.

Figura 6. x position error

Figura 7. yaw angle error

E. Vision based control

A SONY digital camera of 640x480 pixels and a 8 bits
gray scale resolution was used for visual feedback of the
position and orientation of the AUV. This camera was given
to the student with the routines for capturing and processing
image, therefore they used the camera as position sensor
and no particular knowledge of visual control was required.
Once the image was captured and processed, to differentiate
the tones at the image, an algorithm to compute the centroid
and orientation of the AUW was implemented.

III. RESULTS

The PD control for regulation of position and orientation
of the camera was programed in pixels. The camera covers

an area of 86 [cm] x 64.5 [cm], such that there is a ratio
of 7.44 [pixels/cm].

Notice that the AUV has singularities at ψ = 90o, 270o,
that correspond to the AUV being parallel to the X axis.
These singularities were confirmed experimentally and re-
ported the larger position error for the system, 50 pixels
(6.5 cm) at position and 3o at orientation, Meanwhile, far
from this singularities the average errors were of 25 pixels
(3.25 cm) at position and 3o at orientation, which are in
the limits of resolution and performance of the servo visual
AUV system.

In Figure 8 an experiment with x(0) = 67 pixels and
ψ(0) = 182o as initial conditions is presented. The desired
values are xd = 400 pixels and ψd = 20o, while the final
values for this experiment are x = 425 pixels and ψ = 39o.

The above results are highly satisfactory since the
goal was to integrate the AUV visual-servoing platform,
rather than to design a high performance controller, which
nonetheless could be considered as an extension for further
development of the AUV system. Concerning to the original
goals of the project, they are fully satisfied since the integra-
tion of the AUV, the real time control and visual servoing
are achieved. Furthermore, the students went farther than the
original goals by introducing an algorithm for determining
the minimum error direction when regulating the position
of the AUV, and designing a GUI (graphical user interface)
for the system, that is shown in Figure 9.

Figura 8. Results from an experiment.

IV. CONCLUSIONS

From the results it is concluded that this project en-
forced the integration of three courses in a Mechatronics
curricula. The project resulted to be low cost and gives the
opportunity to the student to practice the theory reviewed
at the classroom. The students commented that the project
was very useful and give suggestion to improve it, such as
modifying the electronics of the AUV to obtain proportional
control actions at the CD motors, and even to design
and build their own AUV. They also concluded that the
servo-visual feedback loop could be applied to other non
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Figura 9. GUI for the AUV system.

invasive autonomous applications like mobile robots and
ship systems.
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