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Abstract

A novel hybrid control model is proposed to implement cooperative controllers, which permit an Unmanned
Aerial Vehicle (UAV) coordinated with the Autonomous Unmanned Ship/Multiple Autonomous Underwater
Vehicles (AUS/MAUVs) team to effectively perform missions of ocean exploration in the wide range. This
model is based on hybrid automata and the Real-Time Unified Modeling Language (Real-Time UML) for
capturing the whole development lifecycle of cooperative controllers. The paper shows out stepwise the
main research contents as follows: the coordinated structure and scenarios are define to gather the
requirements of control analysis; hybrid automata’s features are specialized to model the coordination
behaviors of UAV/AUS-AUVs; the real-time communication pattern is created by using the ‘capsules, ports
and protocols’ notation of Real-Time UML for depicting in detail the design components. The detailed design
components are then converted into the implementation model by using open-source platforms such as
OpenModelica in order to quickly simulate the cooperative controller. Following this proposed model, a
cooperative controller permits a quadrotor UAV combined with a pair of small-scale AUS/03-AUVs to
perform pre-determined search scenarios with the coordination mechanisms for ocean exploration, was
designed and simulated with good reliability and feasibility.

Keywords: UAV/AUS/MAUVSs, Cooperative Control, Team-Based Operations, Hybrid Automata, Real-Time

UML.

Tém tat

Mét mé hinh diéu khién lai méi duoc dé xuét trong thurc thi b diéu khién phdi hop; né cho phép mét phuong
tién bay khéng ngudi 1ai (UAV) lién két véi nhém tau thiy khéng ngudi Iai tw hanh va da phuong tién khong
nguai 1ai tw hanh dwéi nwée (AUS/MAUV) thure hién mét cach hiéu qua céac tac vu tham do dai dwong trong
pham vi réng. Mé hinh nay dwa trén Automate Jai va ngén ngir mé hinh héa hop nhét trong thoi gian thuc
(Real-Time UML) dé mo ta toan b6 vong doi phét trién cta bo diéu khién phdi hop. Bai bao trinh bay tirng
bwéc cac néi dung nghién ctru chinh nhw sau: Céu tric va kich ban phdi hop duoc xac dinh nham duwa ra
céc yéu céu vé phan tich diéu khién; Cac ddc trung Automata lai duoc cu thé héa nhdm mé hinh héa (g
xtr phéi hop cia UAVIAUS-MAUVs; M4u két néi truyén dat trong thoi gian thurc duoc thiét 1ap théng qua st
dung goi, céng va giao thirc ctia Real-Time UML nhdm mé ta chi tiét céc thanh phén thiét ké. Céc thanh
phén thiét ké chi tiét sau dé dugc chuyén déi thanh mé hinh thuc thi bang céch st dung céc nén tdng méa
ngudn mé nhwr OpenModelica dé mé phéng nhanh chéng bé diéu khién phéi hop. Duwa theo mé hinh dé xuét
nay, mét bé didu khién phdi hop da duoc thiét ké va mé phdng véi do tin cdy va tinh kha thi cao; né cho
phép mét quadrotor UAV két hop véi mét cap AUS/03-AUVs c& nhd thuc hién kich ban tim kiém xéc dinh

triéc theo co ché phéi hop trong khao séat dai duong,

T khoa: UAV/AUS/MAUVSs, Biéu khién phdi hop, Hoat dong theo doi hinh, Automate lai, Real-Time UML.

1. Introduction

The study of oceans needs underwater vehicles
such as AUS/MAUVs with concrete aims to enhance
the effectiveness of civil society in economic as well
as in other naval facilities, e.g. the biological
discovery of ocean resources, disaster and tsunami
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warnings, self-operated underwater military means,
etc. In fact, the AUS/MAUV development is often
limited to the sensors and  underwater
communications, so the information processing
speed, autonomy duration and zone of actions of
AUS/MAUVs are also restricted. In addition, UAVs
have seen unprecedented levels of growth over the
last decade. Even though UAVs have been mainly
used for military applications, there is a considerable
and increasing interest for civilian applications. It is
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postulated that UAVs will be used in the future
extensively for environmental monitoring, search and
rescue, etc. UAVs with their ability to travel at
greater speeds and can be used to cover a large
region; but they can only gather the information
through the surface and cannot provide insight into
the ocean life, so that needs to develop new control
mechanisms and system structure for improving the
mission performance. Therefore, we could build a
UAV and AUS/MAUVs team, which cooperatively
function in order to achieve this goal.

Starting from the above considerations, we have
developed a cooperative control model, which
permits a UAV combined with the AUS/MAUVs
group to be deployed for performing quickly missions
in the wide range of actions in order to improve the
efficiency of ocean exploration and survey. In our
model, the physical control structure and coordination
scenarios are specified to gather the requirements of
control system; Hybrid Automata’s (HA) [1-3]
features are specialized to model the behaviors of
UAV and AUS/MAUVs coordination, as well as the
real-time capsule collaboration performed by using
the Real-Time UML [4] in order to indicate the
detailed design model. Then, this design model is
converted into the implementation model with open-
source platforms such as OpenModelica [5] based on
Modelica language [6] to quickly carry out the
simulation model for the controller. Finally, a
cooperative controller of a quadrotor UAV combined
with a pair of small-scale AUS/03-AUVs was
designed and quickly simulated to perform
predetermined cooperative scenarios for ocean
exploration and search.

2. Control configuration of a coordination of UAV
and AUS/MAUVs team

2.1. Coordinated Structure and Scenarios

Fig. 1 shows out a coordinated structure for
presenting the cooperative model to implement the
controller of a UAV and AUS/MAUVSs team. Here,
the Command and Control Station (CCS) periodically
requires the gathered information from the UAV and
also commands the AUS/MAUVs to survey some
particular regions of interest. The MAUVS carry out
the exploration mission and periodically provide the
information to an AUS. Then, a UAV will be flying
over the AUS. Once the information is transferred
from AUS to UAV, the UAV may provide a new path
to the MAUVs through the AUS for exploration. The
UAV periodically meets the AUS/MAUVSs, collects
the information, and returns to the CCS to provide the
acquired information. The communication links
between the CCS, UAV and AUS can be carried out
by RF XTend combined with the Differential Global
Positioning System (DGPS) [7]. Furthermore, the

AUS is also considered as an acoustic navigation
vehicle combined with one higher cost central AUV
(Master AUV) based on DGPS Intelligent Sonobuoys
(DIS) to provide several different types low-cost
AUVs (Slave AUVs) with navigation information.
Using the underwater DGPS concept together with a
set of intelligent surface sonobuoys, the precise
position of the master AUV carrying an acoustic
pinger, could be estimated by the measured time of
arrival of acoustic signals and the DGPS positions of
sonobuoys. Hence, the AUS always conveniently
moves above to the master AUV that permits the
master AUV to remain inside the projected area of
communication of the AUS, and to get the precise
position from the AUS. With this coordinated
structure and scenarios, the master AUV could get
accurate position from the CCS, UAV and AUS,
without coming up to the surface. The above
coordinated structure and scenarios also permit the
master AUV to calibrate its positions (e.g. the
trajectory-tracking) which would severely disturb or
even deteriorate the whole strategy of the team
coordination and formation, besides the unwanted
energy consumed to emerge to the surface [7].

\ UAV

Communication links
(e.g. RF XTend)

=

Command and

o
Control Station
(CCs)

Fig. 1. Coordinated structure of a UAV and
AUS/MAUVS team.

2.2. Cooperative control architecture of UAV and
AUS/MAUVs team

Control systems of actual machines or actuators
generally take account of models with discrete events
and continuous behaviors that are called Hybrid
Dynamic Systems (HDS) [2]. These behaviors are
distributed on different operating modes, which are
associated with processes related to the interactivity
with users. Furthermore, controlled systems do not
always have the same behavior because they are
associated with validity hypotheses to check at any
moment. In the industrial control context, a HDS can
contain two parts with theirs interactions that are the
HDS controller and the controlled HDS. These parts
mutually exchange periodic signals and episodic
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events, which are either external or internal. Fig. 2
shows out the block diagram of an Industrial HDS
(IHDS). Here, E, and E; are respectively output and
input events; S, and S; are respectively output and
input signals; AT is a sampling period of the
evolution model for control; and Actor;, Actory, ...,
Actory, are descriptions of a coherent set of roles that
users (i.e. persons or involved external systems) play
when they interact with the developed IHDS.

Industrial HDS
(IHDS)

HDS Controller

Controlled HDS

Actor, Actor; Actors

Fig. 2. Block diagram of IHDS.

From the above coordinated structure and
scenarios of a UAV and AUS/MAUVs team, the
dynamic models for control of the individual UAV,
AUS and AUV described in [8, 9] together with the
above characteristics of IHDS, we find that
controllers of the UAV and AUS/MAUVSs team are
IHDS whose dynamic behaviors can be modeled by
HA. These controllers have the continuous/discrete
parts and their interactions such as the motional
components of each vehicle in the team, the external
interacting events from the CCS, guidance/navigation
system and environment disturbances. The behaviors
of such systems are thus complex; they can be
modeled by HA [3, 10] for modeling completely
requirements in the development lifecycle of these
systems.

Actory

3. Model-driven development of cooperative
controllers for a UAV and AUS/MAUVSs team

3.1. Hybrid Control Model (HCM) for a UAV and
AUS/MAUVs team

Starting from the above discussed points, the
problem of coordinated UAV and AUS/MAUVSs team
must have a hybrid control characteristic [11, 12],
which has both global discrete model combined with
the coordination strategy and global continuous
model issued from local continuous/discrete parts and
their interactions related to the individual UAV, AUS
and AUV.

The global continuous model of this team is
generally built by considering a set F = {F1, Fa,...,

Fn} of n > 3 Autonomous Vehicles (AVs) comprising
at least the 01 UAV, 01 AUS, 01 master AUV and n-
3 other slave AUVSs; the dynamic properties of Fi can
be not similar as that of F;, (i, j = 1,2,...,n), i.e. these n
AVs also set up a heterogeneous system in the UAV
and AUS/MAUVs team. The dynamic model for
control of each AV can be modeled as the following
nonlinear system (1).

Fi(t) = fi(Fi(t), ui(t) 1)

Here, Fi(t), ui(t) and fi are respectively the
continuous state, the admissible control value or state
feedback and a vector field which defines the
dynamic model of the i individual AV. With the soft
computing technique combined with various control
laws [8, 11], AVs could arrive at the desired position
from one waypoint to another.

The global discrete model of a UAV and
AUS/MAUVs team can be realized by an event-based
controller, which has an applicable state machine
issued from the coordinated scenarios described in
Section 2.1. This model generates a set W={W;,
Wo,..., Wi} of waypoints. The team coordination is
defined and updated by the following law [12]:

Wi(t+1) = #(Wi, t, e) (2)

Where: e is an event that is triggered when all
AVs arrive at the desired position; t is the time step;
W(t+1) indicates the next value of W; finally, ¥is the
team coordination strategy, e. g. the coordinated
scenarios. The control u; is derived for the i" AV
based on W;(t) and Wi(t+1).

An interaction between the global discrete and
continuous models can be carried out by the control u;
[12] because it depends on both the continuous
behaviors and the state of in the discrete model; the
interaction is determined by event e as well as
providing a set of coordination commands (3)
corresponding to waypoints W.

Ui = gi(Wi, e) (3)

Here, ¢ is the interaction function in the team
coordination strategy. It should be noted that all AVs
observe the same enabling event e which is triggered
when all AVs have reached their previously
computed waypoints.

3.2. Hybrid Automata (HA) specialization for a
UAV and AUS/MAUVs team

The evolution of the above defined HCM for a
UAV and AUS/MAUVs team can be carried out by
using the HA’s formalism because HA has only one
global continuous behavior at time given, contains the
invariant notation to verify hypotheses on the
continuous state, is derived from an automaton
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modeling also the dynamic behavior of interactive
software systems, and can be verified with proof tools
such as HyTech, CheckMate [13] and OpenModelica
[5]. A Hybrid Automata (HA) of HCM is defined by

equation (4):

Huem = (Q, X, 2, A, Inv, @, go, Xo)

Where:

(4)

- Q is a set of states describing operational
modes of Hucwm, €.g. the System Coordination,
Reconfiguration, Motion, Stop and Idle, which are
combined with a state machine issued from the
coordinated scenarios (i.e. the team coordination
strategy ¥). Q can be called situations of the
cooperative controller of UAV and AUS/MAUVs

team; qo is the initial situation.

- X presents the continuous state space of Hucwm,
Xc 9", Xo is the initial value of this space, e.g.

continuous components F; of the HCM.

- X' is a finite set of events, e.g. the external
interacting events from the CCS and the internal

event e triggered for W; in the HCM.

- A'is a set of transitions defined by (q, Guard,
o, Jump, q’). Here, qeQ, ¢’€Q; Guard is a subset of
the state space in which the continuous state must be,
so that the transition can be crossed; Jump represents
the continuous state transformation during the change
of situation; it is expressed by a state value function,
whose result is affected like initial value of the
continuous state in the new situation; oe presents
the event being associated to the transition; this
association does not imply to give an input or output

direction to the event.

- Inv is an application for the interaction
function ¢ of the HCM which associates a subset of
the state space to each situation; it is called the
invariant of the situation, in which the continuous
state must remain, when the situation is g, the

continuous state must verify xeinv(q).

- @ is defined by using the global continuous
model F of the HCM for each situation; the evolution
of continuous state is occurred when the situation is
activated.

To perform this evolution, we also introduced
constraints as follows: o< are considered in term of
inputs/outputs and internality/externality; X contains
input/output signals. The realization hypotheses for
the HA’s evolution, which permit the invariant Inv
and guard control Guard can generate internal events
for this HCM, can be found in the author’s report [3].

3.3. Implementation model of HCM for a UAV and
AUS/MAUVs Team

From the authors’ approach described in [3, 11],
we developed the 5 main control capsules, which take
part in Huewm realization of a UAV and AUS/MAUVs
team: the continuous part’s capsule, discrete part’s
capsule, internal interface’s capsule, external
interface’s capsule and Instantancous Global
Continuous Behavior (IGCB’s capsule). Fig. 3 shows
out the real-time communication pattern of these
capsules by using the real-time UML language’s
convention.

Here, the discrete part’s capsule contains a set of
situations Q and of transitions A of Hpcm; The
continuous part’s capsule is related to continuous
elements X; The IGCB’s capsule contains the
concrete global continuous model at time given just
as @ in Hucm. In the evolution, the IGCB’s capsule
exchanges periodic signals with other capsules such
as the discrete part’s capsule, continuous part’s
capsule and external interface’s capsule; The internal
interface’s capsule contains the invariant Inv and
guard control Guard for generating internal events, so
that the discrete part’s capsule can make its own
evolution by these events; The external interface’s
capsule is an intermediary, which receives or sends
episodic events and periodic signals between the
developed system and their interacted systems.
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Fig. 3. Real-time communication pattern of Hucm for a UAV and AUS/MAUVS team.
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In this model, we use OpenModelica [5] tool to
simulate the controller, because it is tightly based on
object-oriented mechanisms and properties of
Modelica language [6] such as the abstraction,
encapsulation, modularity and heritance. Hence, we
can convert the defined capsule elements into
OpenModelica models in order to quickly simulate
the functionalities and performance of this controller.
This model transformation is performed by applying
conversion rules, which can be seen in the authors’
reports [11]. To deploy the realization model for
Huem of @ UAV and AUS/MAUVs team, we have to
firstly update the real-time communication pattern
with the control elements modified in the previous

simulation model, e.g. the control law and its
parameters, continuous elements, etc. Then, we
convert this updated pattern into different

Implementation Development Environments (IDE),
which  support  object-oriented  programming
languages such as C++, Java and Ada in order to
completely realize it in compatible industrial
microcontrollers. This model conversion can be
carried out by wusing object-oriented modeling
software tools, which support the round-trip
engineering such as IBM Rational Rhapsody [14].

4. Application

Following the above described model, the
simulation model was completely implemented for a
cooperative controller of a quadrotor UAV
coordinated with a pair of small-scale AUS
combining with 03 AUVs (quadrotor UAV and
AUS/03-AUVs) for performing the coordination
scenarios described in Section 2.1. The physical
configuration parameters of each vehicle can be

found in the authors’ reports [11, 15, 16]. The desired
coordinated control behavior in this application is
MAUYV flocking like birds flying in loose formations,
which is useful for underwater collaborative
operation. There are three basic elements to maintain
MAUV flocking: (i) Cohesion: attraction to distant
neighbors up to a reachable distance, (ii) Separation:
repulsion from neighbors within minimal distance,
(iii) Alignment: velocity and average heading
matching with neighbors.

All of artifacts of the design and implementation
model have been produced by using the above
proposed model for simulating completely the
cooperative scenarios and control performance of this
team. The simulation model was performed by using
OpenModelica [5] software in this application. Fig. 4
illustrates the velocity transients in a MAUVs flock
due to the wvelocities of two slave AUVs in
convergence corresponding to the velocity of the
master AUV at 1.5m/s received from the CSS by
linking with the quadrotor UAV/AUS.

All of obtained simulation results permit us to
theoretically evaluate the control performance of this
system within the control criteria such as the
admissible timing response, transition, static errors
and run-time concurrency in the team, and to
evidence a good reliability of this approach. From
that point, we can decide to choose the designed
control elements and their properties in order to
accurately implement the realization model of the
above application. This realization model is actually
deployed in the laboratory of mechanical and robotic

systems.
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Fig. 4. Example of velocity convergence in a MAUVs flock.
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5. Conclusions

The paper has presented a hybrid control model
to implement a UAV and AUS/MAUVs team for
performing quickly missions in the wide range of
actions in order to improve the efficiency of ocean
exploration and survey. This model is based on the
specialization of HA’s features and real-time UML to
intensively capture the analysis, design and
implementation phases for the cooperative controller
of a UAV and AUS/MAUVs team. This study
contains the following main points: The coordinated
structure and scenarios of a UAV and AUS/MAUVs
team are adapted to gather control requirements and
to combine them with the industrial HDS (IHDS);
The HA’s features are specialized to model the HCM
(Hucwm) for a UAV and AUS/MAUVS team; The main
control capsules are attached to a real-time
communication pattern in order to perform the object-
oriented design model in detail for Hucm of this
system; The detailed design model is converted into
the implementation model with the open-source
platform of OpenModelica based on Modelica
language to quickly carry out the simulation model
for the controller. Finally, a cooperative controller of
a quadrotor UAV combined with a pair of small-scale
AUS/03-AUVs was completely designed and
simulated to illustrate a good reliability of the
proposed control model. Furthermore, using the
approach described in this paper, development
engineers will be more capable of managing the
system complexity through the visual modeling of
artifacts and their transformations in the development
lifecycle.

In the near future, the physical realization model
of the above control application will be intensively
deployed and tested out detailed experimental
scenarios for ocean exploration.
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