Copyright © 2002 IFAC

15th Triennial World Congress, Barcelona, Spain

A MODULAR CONTROL LAW FOR UNDERWATER
VEHI CLE-MANIPULATOR SYSTEMS ADAPTING
ON A MINIMUN SET OF PARAMETERS

Gianluca Ant onelli* Fabrizio Cacavale **
Stefano Chiaverini* Giuseppe Fusco*

* Dipartimento di Automazione, Elettromagnetismo,
Ingegneria dell’Informazione e Ma tematicalndustriale
Universita degli Studi di Cassino
Via G. Di Biasio 43, 03043 Cassino (FR),Italy

{antonelli,chiaverini,fusco}@unicas.it
** Dipartimento dilIngegneria e Fisica dell’Ambiente
Universita degli Studi della Basilicata
Contrada Ma cchia Romana, 85100 Potenza, Italy
caccavale@unibas.it

Abstract: The problem of controlling Underwater Ve hicle-Manipulator $stems
(UVMSs) is addressed in this paper. The serial-chain structure of such systems is
exploited in order to formulate a c ontrol law lsad on the Virtual Decomposition
approach. Each single body in the system i s then controlled with a suitable adaptive
control law based on a mhimum number of parameters. The proposed a pproach
results in a modular control scheme which simplifies application to multibody systems
with a large number of links, reduces the required computational burden, and allows
efficient implementation on dstributed ¢ omputing a rchitectures. Furthermore, the
occurrence of kinematic and representation singularities is overcome, respectively, by
expressing the control law i n bo dy-fixed coordinates and representing the attitude
via the unit quaternion. To show t he effectiveness of the proposed control strategy, a
full-degree-of-freedom simulation case study is developed for a vehicle in carrying a
six-degrees-of-freedom manipulator. Copyright © 2002 I[FAC
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1. INTRODUCTION

Underwater tasks involving a n atonomous ve-
hicle equipped with a maipulator are challeng-
ing control problems involving mnlinear, cou-
pled, and high-dimensional systems. As typical
in r obotics, the execution of such tasks can be
formulated in terms of a control problem f or the
manipulator’s end-effector motion.

In recent years, control strategies based on perfect
compensation of the UVMS’ d ynamics have been
proposed (Canudas de Wit et al.(1998)); however,
the assumption of exact knowledge of the system
dynamics is unrealistic for underwater systems,

mainly due to the hydrodynamic terms strongly
depending on the environmental conditions.

To overcome this problem, adaptive control laws
have then ben proposed, e.g., (McLain e al.

(1996), Antonelli et al. (1998)). These adaptive
control approaches, Lagrangian ba sed, regarded
the UVMS as a whole, giving rse t o hgh-

dimensional problems: differently from t he case of
earth-fixed manipulators, in the case of UVMS it
is not possible to achieve a reduction of the num-

ber of dynamic parameters to be a dapted, since
the base of the manipulator —i .e., the vehicle—
has full mobility. As a ma tter of fact, the com-



putational load of Lagrangian-based control algo-
rithms grows as much as the fourth-order power
of the number of the system’s degrees of freedom.
For this reason, practical application of adaptive
control to UVMS has been limited, even in simula-
tion, to vehicles carrying arms with very few joints
(i.e., two or three) and usually performing planar
tasks. An adaptive, non-regressor-based control
law is proposed in (Sarkar et al. (1999)); in this
case, even for the basic dynamic terms the model
knowledge is not exploited to compensate for.

In (Antonelli et al. (1999, 2001c)), based on the
work in (Zhu et al. (1997)), an adaptive con-
trol law in which the serial-chain structure of
the UVMS is exploited is proposed. The overall
motion control problem is decomposed in a set of
elementary control problems regarding the motion
of each rigid body in the system, namely the ma-
nipulator’s links and the vehicle. For each body,
a control action is designed to assign the desired
motion, to adaptively compensate for the body
dynamics, and to counteract force/moment ex-
changed with its neighbourhoods along the chain.

On the other hand, in Antonelli et al (2001,
2001b) it is shown, that, for a single rigid body, a
suitable regressor-based adaptive control law get
improvement in the tracking error by considering
the adaptation on the sole persistent terms, i.e.,
the current and the restoring forces.

In this paper, thus, this two approaches are
merged in order to get benefit from both ap-
proaches. The resulting control scheme has a mod-
ular structure which greatly simplifies its applica-
tion to systems with a large number of links; fur-
thermore, it reduces the required computational
burden by replacing one high-dimensional prob-
lem with many low-dimensional ones, finally al-
lows efficient implementation on distributed com-
puting architectures.

Remarkably, the control law is expressed in terms
of body-fixed coordinates so as to overcome
the occurrence of kinematic singularities (An-
tonelli and Chiaverini (2001d)). Moreover, a non-
minimal representation of the orientation —i.e.,
the unit quaternion (Roberson and Schwertassek
(1988))— is used in the control law; this allows
overcoming the occurrence of representation sin-
gularities.

The proposed control scheme is tested in a numer-
ical case study. A manipulation task is assigned in
terms of a desired position and orientation trajec-
tory for the end effector of a six-degree-of-freedom
manipulator mounted on a six-degree-of-freedom
vehicle. Then, the system’s behavior under the
proposed control law is verified in simulation.

2. MODELING

Consider a serial chain (the manipulator) com-
posed by n rigid bodies (the links) connected
via mechanical joints; the serial chain is mounted
on a floating base (the wvehicle). The vehicle and
the manipulator’s links are numbered from 0 (the
vehicle) to n (the last link, also termed the end
effector). Hence, the total number of dofs for the
considered mechanical structure is n + 6.

A reference frame 7; (i = 0,...,n) is attached to
each body according to the Denavit-Hartenberg
formalism, while 7, = 7,41 is the terminal frame
attached to the end-effector. Also, an earth-fixed
inertial reference frame 7 is considered. Hereafter,
a superscript will denote the frame to which a
vector is referred, the superscript will be dropped
for quantities referred to the inertial frame.

The (6 x 1) vector of the total generalized force
(i.e., force and moment) acting on the ith body
and the (6 x 1) vector of the generalized velocities
(i.e., linear and angular components) are given by
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where hé is the generalized force exerted by body
i — 1 on body i, h;ﬂ is the geperalized force
exerted by body i+ 1 on body ¢, v} is the velocity
of body i. The matrix Ul ; € IR®*9 is defined as

i
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i+l = i i i
S(T;,H—l)Ri-ﬁ-l R,

where R ; € IR**® is the rotation matrix from
frame T;41 to frame T;, S(-) € IR®*? is the skew-
symmetric matrix operator performing the cross
product between two vectors in IR**3, 7'2,1' 1 is the
vector pointing from the origin of 7; to the origin
of T;+1 and Os is the (3 x 3) null matrix.

The equations of motion of each rigid body can
be written in the body-fixed reference frame in
the form:

M} + C;(Vivi + D;(Wivi + g;(R;) = hy ;,(3)

where vi € IR® is the vector of generalized veloc-
ity, i.e., linear and angular velocities, R; is the
rotation matrix expressing the orientation of 7;
with respect to the inertial reference frame, M; €
IR%*9 is the constant mass matrix, C;(vi)vi € IR®
is the vector of Coriolis and centrifugal terms,
D;(v)vi € IR is the vector of friction and
g;(R;) € R® is the vector of gravitational gen-
eralized forces.

In case of underwater systems, D;(v})v¢ includes
the hydrodynamic damping terms, while g;(R;)
includes the generalized buoyant forces (Yuh
(1990), Fossen (1994)) and is absent for space
systems (i.e., in microgravity environment).



According to the property of linearity in the
parameters eq. (3) can be rewritten as:

Y(Ri’ug’ilé) 0; = hi,i (4)

where 8; € IRY is the vector of dynamic parame-
ters of the ith rigid body. Notice, that the dimen-
sion of the vector ; is w = 7 for a single rigid
body in the space, w = 13 for links of ground-
fixed or space robotic structures (considering only
static and viscous friction), while w may be very
large (i.e., w =~ 100 if all hydrodynamic and
damping terms are taken into account) for a rigid
body moving in a fluid as shown in Healey and
Lienard (1993) (i.e., for underwater systems).

In case of the presence of the ocean current, it is
necessary to consider the relative velocity v ; =
vi — R} v, in the derivation of the equations of
motion in (3). The vector v, is the current, usu-
ally considered constant, expressed in the inertial
frame.

The torque (force) 7; acting at the ith joint of the
manipulator can be obtained by projecting h; on
the corresponding joint axis, i.e.

r=(zi,)" R, (5)

where 2! | = R z;_; is the z-axis of the frame
T;—1 expressed in the frame 7;. The generalized
force acting on the vehicle is instead given by the
(6 x 1) vector h?,o.

The Jacobian J(Rg,q) of the structure relates
the end-effector generalized force/velocities to the
system force/velocities. In detail, let define as { €
IR®*™ the aggregated velocity vector

¢c=[" ¢, (6)
where ¢ = [¢1 ... qn]T and ¢; is the angular
(linear) displacement of the ith mechanical joint
which connects the ¢ — 1th and ith rigid bodies
in the system. Then, the end-effector generalized
velocity v, (i.e., the velocity of the last link of the
chain) is given by

v, =J¢. (7)

Moreover, by invoking a kinetostatics duality con-
cept, it can be recognized that the transpose of the
Jacobian relates the generalized force acting at the
end effector h, with the aggregated generalized

force (tr =[n Tn]T)
h=[n" 7], ®)
via the relationship dual to (7)
h=Jh.. 9)

3. CONTROL LAW

Typically a task for a serial-chain mechanical
structure is assigned in terms of end-effector de-
sired quantities. Let p, () € IR? be the desired
end-effector position trajectory and Qg.(t) the
desired end-effector orientation; let also denote by
vg. € IR® and g, € IR® the desired generalized
velocity and acceleration, respectively.

The corresponding desired quantities for the ve-
hicle and the manipulator p;(t), Qa,0(t), a4(t),
v30(8); 44(t), #3,0(t), @4(t) can be obtained by
resorting to an inverse kinematics algorithm as
in Antonelli and Chiaverini (2001d) based on the
inversion of the differential kinematics relation-
ship (7). From the quantities output by the inverse
kinematics algorithm it is possible to compute
Pa,i(t), Qa,i(t), vy, (t) and Dy ,(t) for i = 1...n
via forward kinematics of the manipulator.

Let define the reference velocity vectors

0 _.0 Apols O3 1
Veo=Vao t [ Os  Mools eg, (10)
Gri~qa; + NG, 1=1,...,n
. . T . . . )
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where Ap 0, Ao,0, A; are positive scalar gains to be
properly designed. In eq. (10), the vector eg €
IR® collects the vehicle position and orientation
tracking errors and is defined as

(11)

where &) € IR® is the vector part of the unit
quaternion Q.

It is useful considering the following variables

i i .
8§ =V, —V; 1=0,...,n
Sqi = Gri— i i=1,...,n (12)
_ T
8q = [Sq1 - 5¢,n]

In the following it is assumed that only a nominal
estimate 91 of the vector of dynamic parameters is
available for the ith rigid body. Hence, a suitable
update law for the estimates has to be adopted
S0 as to ensure asymptotic tracking of the desired
trajectories.

The proposed control law is based on the compu-
tation of the required generalized force for each
rigid body in the system. Then, the input torques
for the manipulator and the input generalized
force for the vehicle are computed from the re-
quired forces according to (1) and (5). For the ith
rigid body (i = 0,...,n) the required force has
the following expression
h,;,=Y'(R;,v},v;

)

Vi) 0+ Ko st (13)

In Antonelli et al. (2001, 2001Db) it is shown that,
using a specific regressor structure allows to have



a suitable adapting strategy using a minimal set
of dynamic parameters. The regressor used in the
following has the structure:

— Osy3 R; 03><3, (14)
S(R;z) Osxs R;

and it based on 9 parameters for each rigid body.
The control generalized force is given by

) ) ) -

hei=h,; +Ui hf:-;-i-l (15)
with K,; > O. The parameters estimate 91 is
dynamically updated via

éi = K(,_’;YT (Ri,uf,ui I'Ii’i) st (16)

i i

with K4 ;> O.

Finally, the control torque provided by the actua-
tor at the ¢th manipulator’s joint can be computed
as follows

= (2i,)" R, (17)

while the generalized force provided by the actu-
ators on the vehicle is computed as

hop = hoo+ Uthe,. (18)

It can be recognized that the structure of the
control architecture is based on the forward and
backward ricorsion of the Newton-Euler equations
for the rigid bodies constituting the UVMS. The
kinematic errors are forward propagated along
the structure while the control forces backward
propagated. This allows to use a generic control
law for a single rigid body in 6-dofs.

To summarize, the following step are necessary to
the implementation of the control law:
(1) compute the desired trajectories for the rigid
bodies composing the system;

(2) from ¢ = 0,...,n compute the error vari-
ables s! based on the equations (10)-(12);
(3) from ¢ = mn,...,0 compute the control

force h! ; based on eq. (15) and update the
dynamic parameters by (16);

(4) project the (6 x 1) generalized force on the
actuating direction based on (17) (in case of
presence of a moving base use (18)).

It is worth noticing that, from a mathematical
point of view, an integral action on a UVMS
can be obtained simply integrating the errors
along the actuating directions: 6 4+ n in this case.
This solution, of course, would not be efficient.
Moreover a full UVMS regressor would have =
100 % (n + 1) parameters. With the proposed
approach, the number of parameters to adapt is
9 x (n + 1). Moreover, the improvement of the
adaptation action can still be observed.

The stability analysis of the proposed controller
follows the guidelines in Antonelli et al. (2001c,
2001b).

4. SIMULATIONS

Numerical simulations have been performed to
show the effectiveness of the proposed control
law. The UVMS simulator, developed by using
the Matlab 5.3, Simulink 3.0 environment, is de-
scribed in Antonelli and Chiaverini (2000).

The vehicle data are taken from Healey and Lien-
ard (1993) and are referred to the experimental
Autonomous Underwater Vehicle NPS AUV II. In
this paper a six-dof manipulator with rotational
joints has been considered which is mounted under
the vehicle’s body. The manipulator structure and
the dynamic parameters are those of the Smart-3S
manufactured by COMAU.

The dynamic model of the system involves a large
number of dynamic parameters, considering a sim-
plified drag effects for the manipulator links, the
simulation uses = 400 dynamic parameters. As
detailed in Section 3, the overall number of pa-
rameters of the controller is 9*(n+1) = 63. More-
over, the software to implement the controller is
modular, the same function is used to compensate
for all the rigid bodies with different parameters
as inputs. This makes easier the debugging proce-
dure.

The desired end-effector path is a straight line
with length of 35 cm, to be executed 4 times
according to a 5th order polynomial time law;
the duration of each cycle is 4 s. The desired
end-effector orientation is constant along the com-
manded path. The vehicle is commanded to keep
its initial position and orientation during the task
execution. Therefore, the inverse kinematics is
needed to compute the sole joint vectors g,(t),
g,(t) and §,(t) in real time, and thus only the
inverse of the (6 x 6) manipulator Jacobian J, is
required in the inverse kinematics algorithm.

A constant ocean current affect the motion with
the following components:

v.=[01 03 0 0 0 0]" m/s. (19)
As reported in Antonelli et al. (2001, 2001b), some
of the parameters of the controllers are related to
the knowledge of the mass and the first moment of
gravity /buoyancy. Their initial estimate are set so
as to give an estimation error larger then 20% of
the true values. The other parameters are related
to the presence of the current. Those, will be
initialized to the null value.

The control law parameters have been set to:

Ag =blockdiag{0.413, 0.6I3}
Ai:l’ﬁ = blockdiag{O.QIg, 0913}



K, o = blockdiag{910013, 980015}
K, i—1,6 = blockdiag{600I3, 80013}
K0 =100I,
Ky 1,6 =401, (20)

where I is the (9 x 9) identity matrix.

The results are reported in Figures 1-2 in terms of
end-effector position/orientation tracking errors;
it can be recognized that, in spite of the demand-
ing task commanded to the system, the errors are
kept small in the transients and reach zero values
at steady state.
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Fig. 2. End-effector orientation error.

Moreover, the results in Figures 3-5 show that
the control force and moments acting on the
vehicle, as well as the control torques applied at
the manipulator’s joints, are kept limited along all
the trajectory and are characterized by a smooth
profile. It is worth noticing that, at the beginning
of the task, the controller is not aware of the
presence of the current; a compensation can be
observed mainly along the z and y vehicle linear
forces and moments.

In Figures 68, the vehicle position and orienta-
tion and the joint tracking errors are reported.
The tracking errors along the yaw direction can
be motivated by the effect of the current, its value
is decreasing to the null value according to the
control gains.

200
— O
£
$ -200
o
£ —400f
@
2 -600}
(0]
>

-800t

-100 ‘

0 10 20 30
time [s]

Fig. 3. Vehicle control forces.
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5. CONCLUSIONS

In this paper a modular adaptive control scheme
for the end-effector tracking problem of an UVMS
has been proposed. The serial-chain structure of
the system has been exploited to decompose the
control law in a set of simpler control laws, each
of them designed for a single rigid body in the
system. The proposed approach results in a mod-
ular control scheme which can be conveniently
applied to complex mechanical systems, helps in
reducing the computational burden, and allows its
implementation on distributed computing hard-
ware. Each of the rigid body is controlled by
means of a regressor based on a minimum set of
parameters that counteract the persistent terms,
i.e., the current and the restoring forces. Also,
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the occurrence of kinematic and representation
singularities is overcome by expressing the control
law in body-fixed coordinates and representing
the attitude via the unit quaternion. Finally, a
simulation case study has been carried out for
a vehicle in spatial motion equipped with a six-
degrees-of-freedom manipulator. The obtained re-
sults confirm the effectiveness of the proposed
scheme in terms of tracking errors and control
effort.
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