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Université de Toulon, COSMER

Toulon, France

Van Hien NGO

hien.ngovan@hust.edu.vn

Hanoi University of Science and Technology

Hanoi, Vietnam

Abstract—The aim of the present work is to analyze coordina-
tion modes for multiple unmanned underwater vehicles (UUV)
which are an open-source and low-cost platform based on the
Model Driven Architecture approach. The medium-term goal
should be to transform an existing remote control system into
an autonomous control system capable of multiple missions.
Specially, we describe the general re-engineering process in the
use-case of a coordination of two UUVs. The abstract model is
studied and verified based on Matlab/Simulink. Furthermore, we
propose a framework, which is able to support the development
towards the real platform thanks to Robot Operating System
(ROS) middleware and Gazebo simulator.

Index Terms—MDA approach, cooperative multi-robot sys-
tems, complex environment, unmanned underwater vehicles,
ROS/Gazebo simulation

I. INTRODUCTION

In recent years, there has been a rapid increase in the

distributed cooperative control for multiple robots which serve

many military and civilian applications. Moreover, the robots

platforms used for research may be commercial products or

open-source. According to Oh et al [1], there are some ap-

proaches of a coordination control as following: position-based

control, displacement-based control, distance-based control.

In many applications, a group of UUVs are intended to

follow a predefined trajectory while maintaining a desired

spatial pattern. Due to uncertainty in the UUVs dynamics

for ware disturbances and communication constraints in the

acoustic medium, it is difficult to control UUVs [2], [3]. To

control a group of UUVs, it is possible to suppose a model

of vehicles as single or double-integrator dynamics which

are applied by a consensus algorithms [4], [5], [6]. Several

recent surveys of cooperation control of multi UUVs are found

in [1], [7] and [8]. However, starting from the number of

existing solutions, it is necessary to have a methodology to

rapidly, modularize the components of vehicles so that it can

be reused in changing algorithms, changing constraints or

changing specific vehicle platform.

Up to date, the Object Management Group (OMG) has

standardized the Model-Driven Architecture (MDA) [9] which

proposes a methodological framework and architecture for

systems development that focuses first on the functionality

and application behavior. The MDA process can be divided

into two phases: the first phase builds a platform-independent

model (PIM), which is a high-level technology independent

model, the previous model is then transformed into one or

more platform specific models (PSMs); these models are lower

level and describe the system in accordance with a given

deployment technology. Finally, the source code is generated

form each PSM. Beside, the Object-Oriented Methodology

(OOM) is a common system development approach encour-

aging and facilitating re-use of software components. It has

four mainly principles which are abstraction, encapsulation,

modularity and hierarchy. The fundamental idea behind OOM

is to decompose software, and it breaks the complex software

into objects, and combines data and the functions that operate

on the data into a single unit.

In this paper, we applied the MDA with OOM approach

to BlueROV-1 [10] which is one of the unnamed underwater

vehicles and is an open-source platform. From this platform,

we firstly studied the components of PSM level to back it up in

the PIM level, then at PIM we refine the study of the combined

modes of operation such as teleoperation, maintenance and

autonomous operation. The autonomous operation consists of

two modes: formation control, collision avoidance. With this

approach, we can quickly develop test-driven algorithms that

does not depend on a particular platform, such as collision

avoidance algorithms, high-level control algorithms. Then, at

the PSM* level, we developed a tool to rapidly test algorithms

for a specific UUV platform such as BlueROV-1. Advantages

here in this case, Matlab/Simulink development algorithms

can directly communicate with ROS/Gazebo simulator objects,

saving development time and testing time. In addition, with the

use of the Matlab/Simulink with ROS/Gazebo, it is possible to

quickly apply these algorithms to specific robotics platforms.

This paper contributes to the introduction of a complete

approach from research to development of algorithms to a

real-world system that is fast, clear, able to inherit and reuse

components what has been developed previously.

The paper has been divided into five sections. Section 2

begins by describing the model PSM of BlueROV-1 with

its components. Section 3 discusses the overview of UUV

dynamics and the model PIM with several modes. Section

4 proposes the simulation results with the framework of the

transformation model from PIM to PSM. Finally, section 5

provides conclusions and future works.
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II. MODEL PSM OF BLUEROV

A. Existing system - BlueROV-1

The BlueROV-1 is the open source and low-cost platform

used. The figure 1 shows out the components of BlueROV-

1 with the architecture control. The BlueROV frame and

thrusters were included in a package from Blue Robotics.

In addition to the BlueROV frame, a Raspberry Pi was used

as an on-board computer (high-level control) and a HKPilot

Mega 2.7 was used as an input/output unit (low-level control).

The BlueROV’s I/O consists of an HKPilot Mega 2.7 which

is based on Ardupilot Mega. The HKPilot Mega 2.7 has

the following on chip sensors: Magnetometer - HMC5883L,

Barometer - MS5611-01BA, Inertial measurement unit (IMU)

- MPU6000. An external pressure sensor MS5837-30BA

which was encased in a watertight case by Blue Robotics was

connected to the HKPilot Mega 2.7 by I2C. The HKPilot Mega

2.7 also controls the six ESCs.

High-level Control
      Raspberry Pi

Low-level Control
3DR Pixhawk Autopilot

Thrusters
T200 Motors

Sensors
Magnetometer
 (HMC5883L)

Sensors
Barometer

(MS55611-01BA)

Sensors
Pressure sensor

Sensors
IMU

(MPU6000)

Figure 1. Physical structure of the existing system

B. General Model Driven Engineering and transformation of

models

From the software point of view, the re-engineering strategy

is translated into three phases on two levels of abstraction. The

two level of model abstraction correspond to the traditional

layers resulting from the approaches in a Model Driven Engi-

neering (MDE). At the first level is the PSM, whose behavioral

characteristics are profoundly dependent on the hardware and

software platform and whose portability to another application

is limited. The second level is the platform independent model

(PIM) whose behavioral characteristics make it possible to

extend it and bring it to new applications.

Meanwhile at the first phase, the extraction of a PIM model

from the existing platform (in this case is BlueROV-1). The

enrichment of this abstract and portable model with new

extensions which are formation control, collision avoidance

are added and researched in the second phase. Finally, the

realization in a new platform PSM is implemented. The figure

2 shows out two levels and three phases in the general model

driven engineering and transformation of models.

Figure 2. Model driven re-engineering of the unmanned underwater vehicles

III. MODEL PIM OF BLUEROV-1

A. Overview of UUV dynamics model

From the large field of guidance, navigation and control of

underwater vehicles, the 6 degrees of freedom (DoF) dynamic

model of AUVs in body frame [11], can be written in the

following form:

{

η̇ = J (η) ν

Mν̇ + C (ν) +D (ν) ν + g (η) = τAct + τDist

(1)

Where: η = (x, y, z, φ, θ, ψ)
T

is the position (NED: North,

East and Down) and orientation (Euler RPY: Roll, Pitch, Yaw

angles); ν = [u, v, w, p, q, r]
T

is the velocity and angular

velocity; J (η) is the Jacobian matrix typed 6 × 6 for η;

M =MRB+MA is a matrix, which denotes the 6×6 system

inertia matrix containing MRB - the generalized constant

inertia matrix, and MA - the added mass inertia matrix;

C (ν) = CRB (ν)+CA (ν) is the 6×6 Coriolis and centripetal

forces matrix including added mass; linear and nonlinear

hydrodynamics damping are contained within the 6×6 matrix

D (ν) = D + Dn (ν), D contains the linear damping terms,

and Dn (ν) contains the nonlinear damping terms; g (η) is the

6× 1 vector of gravitational and buoyancy effects; τAct is the

6× 1 control input forces and torques; and finally τDist is the

6× 1 vector external disturbances caused by wind, waves and

ocean current.

It is assumed that the external disturbances can be neglected,

τDist = 0. Furthermore, neglecting the motions in heave, roll

and pitch, w = p = q = 0 and z = φ = θ = 0 . From

the equation (1), the simplified equations of motion for surge,

sway and heading in the body-fixed reference frame are given

as

u̇ = −
duu

mu

+
mυrv

mu

+
τu
mu

(2)

υ̇ = −
dυυ

mυ

−
muru

mυ

−
τυ
mυ

(3)

ṙ = −
drr

mr

+
muvuv

mr

+
τr
mr

(4)

Where mu = m−Xu̇, mv = m− Yv̇ , mr = Iz −Nṙ,

and muv = mu − mv capture the effect of mass and

hydrodynamic added mass terms, and du = −Xu −Xu|u| |u|,
dv = −Yv − Yv|v| |v|, and dr = −Nr −Nr|r| |r| capture the

hydrodynamic damping effects.
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B. Architecture: From a tele-operation circuit to an au-

tonomous

According to Yokokohji et al [12], the different control

circuit architectures supporting several combinations of tele-

operated or autonomous modes can be distinguished. A clas-

sification which seems interesting to us is that proposed in

[12] which replies on series, parallel or mixed serial/parallel

circuits. Four modes and associated circuits are described in

Figure 3.

• In manual control, the control system supported by the

embedded cards to perform continuous transformations

of signals and models without making any decision.

• In serial type, manual mode and autonomous are switched

in serial. Either the robot is entirely manual that found

the previous case or it operates autonomously.

• In combined case, control inputs both from manual

control and from autonomous control are mixed. This

case is used when the autonomous function modifies the

commands by the operator or when the operator want to

modify the motion by autonomous functions.

• In shared case, the given task is shared among the manual

control and autonomous control.

Figure 3. Four different configurations of modes and associated circuits

C. Equation dynamics of multi-UUV

In a study of the motion control system, Fossen [11] showed

that the kinematic equations of motion of the vehicle in the

inertial reference frame can be written as

ẋ = ru cos (ψ)− rv sin (ψ) ≈ ru0 cos (ψ) (5)

ẏ = ru sin (ψ) + rv cosψ ≈ ru0 sin (ψ) (6)

ψ̇ = rr (7)

From the equation (5), (6), and (7), the kinematic equations

in the inertial reference frame for the ith UUV are

ẋi = rui
cos (ψi) (8)

ẏi = rui
sin (ψi) (9)

ψ̇i = rri (10)

Where (xi, yi) ∈ R
2 is the Cartesian coordinates for the ith

vehicle, ψi ∈ [0, 2π) is the orientation of the ith vehicle with

respect to the world frame and ui, ri are the linear and angular

velocity inputs, respectively.

It is possible to feedback linearization for a fixed point off

the center of the vehicle denoted as (ξi = (ξxi, ξyi)
T , where

ξxi = xi + di cos (ψi) (11)

ξyi = yi + di sin (ψi) (12)

Letting
[

rui

rri

]

=

[

cos (ψi) sin(ψi)

−1/di sin (ψi) −1/di cos (ψi)

] [

κxi
κyi

]

(13)

gives
[

ξ̇xi
ξ̇yi

]

=

[

κxi
κyi

]

, for i = 1, 2..., n (14)

Where κi = [κxi, κyi]
T

is the signal control input for ith

vehicle.

In this paper, we focus on the serial type, which includes the

following modes: formation control and collision avoidance.

Specific state transition steps are presented as figure 4.

Formation control

Avoidance
collision

Avoidance
obstacles

Autonomous mode

Figure 4. Flow chart of modes of vehicles

According to Wei Ren [5], let G = [gij ] ∈ R
n×n be the

adjacency matrix. ξi− ξj → δi− δj if and only if the directed

graph of G has a directed spanning tree. A consensus algorithm

with a time-varying reference state is given as

κfoi = −
n
∑

j=1

gij (t) [(ξi − δi)− (ξj − δj)] (15)

Where ξi ∈ R
m are the state of the ith vehicle which are

defined in the equations 11, 12; δi − δj , ∀i 6= j, denotes

the desired separation between the information states; gij is

1 if information flows from vehicle j to vehicle i and 0

otherwise, ∀i, j ∈ {1, ..., n}. For more details on the consensus

algorithms that are presented in [4], [5], [13] and [14].

Remark. In this paper, the desired formation shape δ∗ =
[

(δ1)
T
....(δn)

T
]T

∈
(

R
d
)n

is fixed overtime.

When the vehicles are in autonomous mode, if the distance

between vehicles < R, the collision avoidance will be acti-

vated. According to Mondal et al [6], when a vehicle is inside
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the collision avoidance region of another vehicle, a strictly

decreasing smooth potential function V (ξ) can be introduce

into action to avoid collision.

The function g(x) which helps to vary the potential function

smoothly, is defined as

g (x) =











k1 if x ∈ (0, din),

k2 (x) if x ∈ [din, Dout],

0 if x /∈ (0, Dout).

(16)

Where k1 = 1, x = ‖ξi − ξj‖ (x is the distance between

vehicles) and

k2 (x) =
1

2

[

1 + Cos

(

π
x− din

Dout − din

)]

To generate a gradient based the collision avoidance region, a

smooth collective potential function is defined as

V (ξ) =
1

2

∑

i

∑

j∈Ni

ψc (‖ξi − ξj‖) (17)

Where

ψc (x) =

x
∫

Dout

φ (s) ds

With

φ (x) =























−x

σij + x2
if x ∈ (0, din),

−x

2 (σij + x2)
[1 + cos (πh)] if x ∈ [din, Dout],

0 if x /∈ (0, Dout].

h =
x− din

Dout − din

According to Mondal et al [6], finally, the collision avoidance

term κcai can be written as

κcai = −∇pi
V (ξ) =

∑

j∈Ni

φ (‖ξj − ξi‖)
ξj − ξi
‖ξj − ξi‖

(18)

IV. FRAMEWORK OF A MODEL FROM PIM TO PSM

To apply the MDE method, we have introduced a framework

to study as shown in Figure 5. The framework consists of two

parts: PIM and PSM. For the PIM layer, the algorithms which

do not depend on a particular model, such as collision avoid-

ance algorithms, collision avoidance algorithms, and high-

level control algorithms are developed on Matlab/Simulink to

quickly verify the performance of the algorithms. The UUV

operation modes which are developed and controlled based on

Stateflow as shown in Figure 6 are including: teleoperation,

autonomous and maintenance mode. It is noteworthy that

within this paper, we did not investigate the depth control

issues but rather focus on the problem of the position and

attitude of unmanned underwater vehicles. To transfer the

control signals κfoi and κcai of the equation (15) and (18)

<<

Matlab/Simulink

Description
Task/Mode High level-control Model in

Simulink

>>

PIM

PSM using ROS/Gazebo

Model in
Gazebo

Real model

Low level-
control Thrust Allocator Thrust Model

PSM for simulation model 

PSM for real model 

 Observer
model 

 Observer model 

 Observer model 

Figure 5. Flow information between PIM and PSM

from the PIM model to the PSM model, according to Chen et

al [15] the following consensus control is designed

τi =−RT
i

((

κfoi + κcai

)

+ sgn (Riνi)
∥

∥

∥
κfoi + κcai

∥

∥

∥

)

−RT
i Riνi + gi

(19)

Where τi ∈ R3 is the control force vector for vehicle

i, Ri is the transformation matrix from the body-fixed

reference frame to the inertial reference frame and gi =
[(Wi −Bi) sθi ,− (Wi −Bi) cθisφi

,− (Wi −Bi) cθicφi
]
T

,

where Wi and Bi represent the gravitational and buoyancy

forces, respectively. ν = [u, v, w, p, q, r]
T

is defined in the

equation 1.

V. SIMULATION OF RESULTS

A. Model of PIM in Matlab/Simulink

Before transferring the algorithm (15) and (18) to a low-

level model, we made the model of the simulation in Mat-

lab/Simulink to verify the theoretical results and demonstrate

the effectiveness of formation control and collision avoidance

of multiple platform-independent models. The desired forma-

tion configuration δi is predefined by orthogonal coordinates

as (δx1, δy1) = (6, 6), (δx2, δy2) = (0, 0) and the initial states

of the vehicles are (ξx1, ξy1) = (0, 0), (ξx2, ξy2) = (6, 0). The

parameters of the simulation are chosen as follows: αij = 1,

kij = 1. The outer region Dout = 2m, the inner region

din = 1m. In figure 9 illustrate the distances among the

vehicles without the collision which gradually converges to the

value 8.484m. This value guarantees the achievement of the

desired formation and without collision between the vehicles.

B. Model of PSM in ROS/Gazebo

After verifying the effectiveness of the independent-model

algorithms in Matlab/Simulink, we transfer the algorithms to

a specific physical model. In this case, it is the platform

BlueROV-1 with the parameters such as linear damping,
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Figure 6. Stateflow of a cooperation of two low-cost UUVs on Matlab/Simulink

Figure 7. Simulation model of PSM in ROS/Gazebo

quadratic damping, inertia and increased inertia, mass added

and 3D geometric are determined in [17], [18]. Beside, ac-

cording to Manhães [16], we have developed the model of

simulation for BlueROV-1 in ROS/Gazebo which simulates

dynamics models using Simulation Description Format (SDF)

or Unified Robot Description Format (URDF) is shown as the

figure 7 and the figure 8. It can be observed from the figure

10 the control forces of two UUVs gradually converge on the

value 0. Although affected by momentum inertia on specific

platforms, the distance among vehicles is also reached and

oscillates around the value 8.48m (as shown in figure 11). It

is clear that this value is as close as the simulation results of

section V-A.

Figure 8. The initial position (left) and the formation position (right) of two
BlueROVs in RViz

VI. CONCLUSIONS AND FUTURE RESEARCH

In this paper, we have studied the analysis of coordination

modes for multi-UUV based on Model Driven Architecture

approach. Specially, we made the use-case of formation con-

trol and collision avoidance for multi-BlueROV-1. We then

transformed from PIM level to PSM level as figure 2. Research

extending the experiments to multi-BlueROV platform will

also be conducted where the issues of time delay, effects of the

external disturbances caused by wares and ocean current. In

addition, the depth control issues will also be incorporated

into the scenarios. We will also extend the application of

the framework to various robot platforms as well as the

change of control algorithms and the effects of underwater

communication constraints.
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Figure 9. The distance among vehicles without the collision avoidance on
the PIM layer

Figure 10. The control force of two UUVs on the PSM layer
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