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Abstracr -For certain operations the control of A W  
motions is subject to difiiculties, due to motion coupling. Io 
this paper a high manoeuvrability A W  is considered, with 
only thrusters for motion control. A Genetic planning of the 
control actions has been devised, considering a mdtiobjective 
optimisalion problem, which includes energy and time saving, 
and smooth operation with redistic controi actions. Since the 
inertia of the submergible filters out control brisk changes, it 
turns out that there are many aImost equivalent control 
strategies obtaining similar trajectories. This is why the 
characteristics of the control actions have been included as 
part of the multiobjective optimisation. Several diving 
scenarios have been specified, including obstacfes. The paper 
begins with a description of the A W  and the control problem, 
then it focus on the multiobjective optimisation problem and 
the genetic planning to solve the problem, then it considers 
several scenarios and present optimal results; finally, the 
paper comes to conclusions and future research, which will be 
experimentat. 

1. INTRODUCTION 

Recently a research on automatized cooperation of marine 
robots has been launched by four coordinated research teams, 
belonging to four universities in Spain. One of the scenarios 
considered by this research is submarine rendez-vous. An 
important motivation for this topic came ftom an environmental 
catastrophe near the north-western coast of Spain. It was tbe 
sinking of rhe Prestige. Many tons of dense fuel coated long 
kilometers of beaches and cliffs. It was necessary to use submarine 
vehicles to seal the leaks in the submerged ship parts (she was 
broken into two). Another source of motivation is the initiative of 
installing submerged observatories, for several purposes, such is 
tsunami-oriented monitoring. Rendez-vous submarine operations 
may be required to service these observatories. This is the case 
considered in this paper, wing a high maneuvrability A W .  

The following simplified initial scenario is considered. The 
AUV starts fiom neat the sea surface, and dives to reach with zero 
speed and horizontal attitude a certain docking device attached to 
the submerged observatory. Figure 1 depicts a lateral view of this 
scenario. Due to energy limitations, it i s  important that the A W  
trajectory was cheap. It is also convenient that the time to reach the 
target was not too much. Indeed, it is also convenient a smooth 
hajectoxy, with no brisk motions. 
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Fig. 1 .  A lateral view of the submarine rendez-vow scenario. 

The A W  has neither rudder nor fms. It has only reversible 
thrusters. The marine craft motions are coupled, so there is a 
problem of control planning, to activate the thrusters in the proper 
way. 

Looking at the aspects just commented, it is clear that there is a 
multiobjective optimisation problem, involving trajectory and 
control optimisation. 

From time ago, we deal with Genetic Algorithms to solve 
mdtiobjective optimisation problems 111. This  kind of algorithms 
offer a direct and simple way to handle such problems. Usually, 
Genetic Algorithms require modest computational resources, 

Considering now a real operation in the sea, it is convenient to 
devise a simple way to tell the A W  what to do along the diving. In 
this paper, an optimisedplanning ofthe control actions is proposed, 
using staircase values along time. The solution of the 
multiobjective problem is solved using a genetic encoding 
(chromosome) in terms of a compact table, which can be easily 
downloaded into the A W  control system, before any diving. 

To study several cases, a simulation environment has been 
developed in Matlah-SIMULINK. Initial and f i a l  states of the 
AUV can be changed, and obstacles can be included in the 
trajectoxy and control planning probIem. Once a control planning 
is described by a table, a simulation can be run to see the 
characteristics of the solution, including energy and time invested 
This simulation i s  used by the Genetic Algorithms to quantify the 
goodness of any solution candidate. 

The matemathical model of the AUV is based in [Z]. Our main 
difficulty here is that the literature usually considers submergible 
vehicles with fins and rudders, which is not our case. 



Pertaining to Genetic Algorithms application to marine 
problems, there are contributions that offer elements of interest for 
our research. For instance [3]  or (41 about trajectory plannhg. 
Note that the connibutions alike deal only with trajectories, while 
in this paper the control planning for using trhusters is considered. 

The general framework of our research belongs to a topic of 
contemporary interest in the robotics field. It is connected with 
social and cooperative robotics, with homogeneous and 
heterogeneous robot teams. We share now with other authors a 
proposal: to take robotics to the marine context. This initiative is 
resulting in recent contributions such [5] on ship rendez-vow 
operations, [6] on platoons of AUVs, or [7] about the coordinated 
control of marine robots. 

In our research on cooperative marine robotics, it is desired to 
provide experimental basis for the results. For this purpose several 
marine crafts are now under construction, including scaled ships 
and some submarine vehicles and submarine platforms for docking 
operations. In parallel, a common control core system is being 
developed for all systems, taking into account enough energy 
autonomy and the inter-communication needs in tew of robots. 
The A W  in this paper is one of the vehicles of the general 
research. The study about genetic control planning is based on a 
first model of the A W ,  that will be refined with experiments. The 
genetic strategy developed for the control planning can be easily 
applied even if the A W  characteristics and model change. 

The order in this paper is as follows. First a short description of 
the A W .  Then, a mathematical model is stated for the 
rendez-vous scenario. This is followed by a section where the 
paper focus on the main topic: the genetic A W  conlml planning. 
Results with several cases are given in the next section. Finally, 
some conclusions are drawn. 

11. BASIC DESCRlPTION OF THE A W  

The next three figures show schematic Views o f  the A W .  
Figure 2 shows a bottom view, with the reversible thrusters used 
for surge, yaw and sway motions. The A W  is like a catamaran 
with four hulls. They are hollow hulls, used as air or water tanks 
for depth control. Figure 3 shows a top view, highlighting the 
position of a central vessel that contains the batteries, the control 
system, sensors and video camera, and the machinery for 
pressurized air for depth control. Figure 4 shows a front view 
where the thusters for heave and pitch control can be cleady seen. 
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Fig. 2. Bottom view of the A W .  
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Fig. 3. Top view of the A W .  
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Fig. 4. Front view of the A W .  

The hulls have compartiments and valves to ensure horizontal 
attitude. One of the main on-board sensors is a miniaturized 
inertial unit with 3 axis gyroscopes and accelerometers.The heart 
of the control is a miniature low-power embedded PC. From the 
geometry and size of the A W ,  using a computer simulation, the 
following constants have been estimated 

These constants are to be applied in the A W  mathematical 
model in the next section. 
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ID. RENDEZ-VOWS SCENARIO, MATHEMATICAL MODEL The mass is 40 Kg and it can be assumed that: 

According with figure I ,  the A W  departs fiom an initial point 
near the surface, and must arrive with zero speed and horizontal 
attitude to a submerged platform. 

The AUV motion can be described with tbe following vectors: 

Where f7,aud q2are the position and attitude of the A W  
respect to earth-fixed coordinates;U, ando, the speed in the 
same reference; and T, and T2 the forces and moments being 
applied to the A W .  

The textbooks on marine craft control hequently include six 
DOF models, with added masses, hydrodynamic forces, etc. For 
example [2] uses the following geneml equation for each of the six 
marine craft motions: 

Considering now our two-dimensional scenario, with only 
three relevant control actions (surge and heave forces, pitch 
moment), and taking into account only linear damping terms, the. 
following motion equations are obtained: 

(3.3) 
In the Matlab-SIMULINK model established for our research, 

accelerations are also considered 

F; + (m - Xu'). U .  q + zw . w +  zu .U + (m 'XB + zq') .q' f X W '  .U' 

m -Zw' 

W = B  = 400 N 
(3.5) 

The center of mass and the center of buoyancy are not 
coincident (xg=O.i m, yg=O m, zg=O.U2 m). 

The problem is to specify along time the three forces in 
equation (3.3), so the AUV follows an optimal trajectory and stops 
at the docking point with zero speed and horizontal attitude. 

IV. THE GENETIC CONTROL PLANNING 

There are two main factors for a successful application of 
Genetic Algorithms: a good codification of theprobtem in terms of 
chromosomes, and an adequate statement of the fitting function. 

It is convenient to take advantage of the open characteristics of 
the Genetic Algorithms, to include "a priori" knowledge about the 
problem. In the case of this research, this knowledge leads to a 
specific semantics of the chromosomes and to define miteria 
together with constraints for the multiobjective optimisation 
problem. 

Several criteria to be optimised have been combined for OUT 

fitting function. They are the following. First, the trajectories 
should avoid obstacles, and they do not go over the sea surface nor 
under the sea floor. Second, a good arrival to the submarine 
platform must be obtained, with zero final speed and zero pitch 
angle. Third, the trajectory length should be short, and not too time 
consuming. FinalIy, the energy invested should be low. 

The optimisation objectives are grouped into two sets, the first 
including primary objectives, and the second including secondary 
objectives. 

A Pareto fiont is determined, with Genetic Algorithms, for the 
first set. In this process, when two individuals have equal fitting 
function values, the individual with better value in the second set is 
preferred. 

Once a Pareto front is determined for the first set, another 
Pareto front is obtained for the second set (considering values in 
the first set when two individuals have equal fitting hct ion  
values in the second set). 

The process is repeated, until results converge. 
As said before, a simulation of the AUV dynamic behavior 

under thmters control has been developed to predict trajectories 
and their characteristics. This simulation is the nucleus of the 
fitting function evaluation. 

Chromosomes have been defined as depicted in figure 5. The 
trajectory time is divided into intervals, t,, t2, ... rN, 

Fig. 5 .  Chromosome structure. 

An incremental encoding of the forces and moments is done 
for the chromosome defmition. During an interval ti increments 
AFi,, , AFi3 , AFfT5 , are applied to the surge force (F,), the heave 
force (F;) and the pitch moment (Fs). This is repeated in each of 
the intervals. 

More details on the multiobjective Genetic Algorithm can be 
found in [SI. 
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The expert advice [9] is to use small populations and m y  
generations. In OUT case, the population is 40 individuals, the 
selection is elitist, three points are used for crossing, with 0.8 
probability, an the mutation with 0.008 probability. 

Control actions follow staircase forms. It was noticed, during 
first approaches to the optimisation problem, that many hfferent 
control profiles, even very jagged, result @ similar trajectories. 
The reason for that is that inertia plays an integration role, obtainig 
smooth motion trajectories !?om irregular control profiles with 
spikes, discontiouities, or comers. Having this effect into account, 
one of the simplest and easiest to obtain, with genetic algorithms, 
control profiles is of staircase nature. Moreover, these control 
profiles are easily translated into compact tables to be downloaded 
into the A W  control system. 

X=l;Y=l. 

X=I; Y=2. 

X=l;  Y=5. 

x=2; Y=l. 

x=2; Y=2 

V. RESULTS 

1.44 33.3 8 

2.28 39.8 10 

5.11 68.8 20 

2.48 40.5 12 

2.92 48.4 15 

The genetic control planning has been applied to several cases, 
using the Matlab-SJMULINK simulation environment developed 
for this research. This section is devoted to present some 
illustrative results. 

~~ 

Final point (m) Length(m) 

A. Cases With No Submarine Obstacles 
A first concern with the genetic method is about how the final 

state influences the optimal solution. A table of find positions bas 
been defined and the method has been applied to all cases. Table I 
shows the results in terms of the number of time intervals in which 
the trajectory is decomposed, the total length of the trajectory and 
the time needed to teach the final point. 

Time (s) Intervals 

TABLE I 

OPTIMAL SOLUTIONS WITH NO OBSTACLES 

x=2; Y=5. 

x-5; Y=l.  

5.53 65.5 25 

5.30 64.1 20 

x=5; Y=2. 

x=5; Y=5. 

5.57 70.1 20 

7.31 93.27 35 
_ _ _ _ ~ ~  

X=lO; Y=5. 12 .oo 
x=10; Y=10. 16.06 

X=15;Y=5. 17.53 

x=15; Y=10. 18.83 

X=30; Y=20. 36.7 

I X=40;Y=20. I $0.41 I 203.0 I 89 

134.7 50 

163.7 60 

128.3 58 

148.5 60 

209.6 88 

? 
I I I 1 

Fig. 6 .  Optimal A W  trajectq for X=30, Y=20. 

In all cases the Genetic Algorithm obtain sucessful solutions in 
less than I200 generations, taking about 4 minutes in a I Ghz 
Pentium IV. Figure 6 shows one of the optimal solutions. This is 
the case of a final position at X=3Om and Y(depth)=ZDm. What is 
sown is the trajectory of the A W  centre of gravity. 

B, Submarine Mountains 
In some practical situations, there will be submarine 

mountains or similar kind of obstacles to be avoided by the A W  
trajectory. 

In general, obstacles can be easily considered by the genetic 
control p h d n g .  The time for the Genetic Algodurt to reach a 
solution increases slighty. 

Figure 7 shows an scenario with a simplified submarine 
obstacle. Figure 8 shows the control profiles obtained by the 
genetic control planning. Notice the staircase nature of the thruster 
actions. 

Although the control actions have a non-smooth profile, the 
resulting trajectory is smooth. Figure 9 shows the optimal 
trajectory of the A W  centre of gravity, avoiding the obstacle. 
Figure 10 shows, in particular, the behaviom of the A W  pitch 
angle along the trajectory. 

Fig. 7. Rendez-vow scenario with submarine obstacle 
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Fig. 9. Optimal AUV lmjectory for the submarine obstacle case. 
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C. A Semi-submerged Obstacle 
Let us suppose that the A W  has to avoid a floating body. 

Again, this aspect can be easily included in the optimisation 
method. The results are displayed in the following figures. Figure 
11 shows the A W  optimal trajectory. Figure 12 shows the pitch 
angle behaviour. And figure 13 shows the control profiles for the 
three actuators. 

0 5 10 15 20 25 30 35 
surge pcsitidn 

Fig. 11. Optimal A W  trajectory for the semi-submerged obstacle case. 
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Fig. 12. Pitch angle behaviour in the semi-submerged obstacle case 
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D. Two Obstacles 
To demonstrate the flexibility of the method, a more 

complicated c a e  is considered, combining the submarine 
mountain and tbe semi-submerged body. Figure 14 shows the 
A W  centre of gravity trajectory for this case. And figure 15 
shows the control profiles. 
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Fig. 14. Optimal ALJV trajectory far two obstacles. 
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Fig. 15. Optimal cone01 profiles for two obstacles. 
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E. More Obstacles 
Figure 16 shows the A W  optimal trajectory for a more 

complicated case, with four obstacles. In this case, the solution has 
been reached in 349 sec,, dividing the trajectory into 17 time 
intervals. 

COG kajectmy 

I I I I I I 

0 10 20 30 40 50 60 70 
surge“ 

Fig. 16 Optimal control profiles with four obstacles. 

A genetic control planning method has been introduced, to 
obtain optimal trajectory and thrusters control for a high 
maneuvrability A W .  

This work is part of a research on cooperative robotics in the 
marine context. In particular, the paper refers to a submarine 
rendez-vous between an A W  and a submarine platform. 

The planning method is based on an incremental approach for 
the genetic encoding in terms of chromosomes, and uses a 
Matlab-SIMULINK simulation to support a multiobjective fitting 
function. 

The result of an optimisation for a particular practical case, 
that could happen in the sea, is a table of values that can be easily 
downloaded into the AUV controI system. For example with a 
distance communication system. 

The papa considers several cases, to confm the potential of 
the method. Several scenarios with obstacles have been considered, 
and satisfactory results have been obtained. 

Next future is experimental. Path following problems must be 
solved, and demosntrated. 
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