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Virtual Kinematic Chains to Solve the
Underwater Vehicle-Manipulator
Systems Redundancy

This paper addresses the kinematics of the Undemwdehicle-Manipulator Systems
(UVMSs). Due the adittional degrees of freedom d)dpfovided by the vehicle, such
systems are kinematically redundant, i.e. they ggmssnore dofs than those required to
execute a given task, and need to be solved usmg sedundancy technique. We present
an approach based on introducing kinematic conatgiThe approach uses the screw
representation of movement and is based on thalteddDavies method used to solve the
kinematics of closed kinematic chains. We desdhibevehicle-manipulator system as an
open-loop chain and present a virtual kinematic inheoncept that allows closing this
open chain. Applying the Davies method to this Itesuclosed chain, the UVMS direct
kinematic is solved. The inverse kinematics is iobth using the same approach, by
introducing extra constraints derived from energviags requirements. The proposed
approach is compared to another redundancy resmutethod to illustrate the ability of
the proposed strategy.
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Introduction

Underwater robotics is a technological field withcrieasing
impact in the exploration of the ocean’s resourgeshe next
decades. These systems are important in a numbkshatibw and
deep-water missions for marine science, oil and, gasvey,
exploration and military applications. Nowadays, simof the
operations listed above are achieved by mannedwatir vehicles
or remotely operated vehicles; in case of manimratasks, those
are performed resorting to remotely operated niatiee systems.

The use of manned vehicles is limited by two fact@ost and
human risk. In hostile environments, remotely ofegtavehicles are
an option but they demand a skilled operator tdoper the task
using a joystick. Beside the fact that the operatmrst be well
trained, underwater communication is hard and @ifsignt delay in
the control is experienced. Because of this theddithe research is
to progressively make it possible perform such ioiss in a
completely autonomous way (Antonelli, 20G4).

It is common to classify the underwater vehiclesRasnotely
Operated Vehicles (ROVs) and Autonomous Underweltgricles
(AUVs). The term ROV denotes an underwater vehpdigsically
linked, via the tether, to an operator that carobea submarine or
on a surface ship. The tether gives power to thcleas well as
closes the manned control loop. AUVs, on the otbide, are
supposed to be completely autonomous, thus relyagngnboard
power systems and artificial intelligence. Theseo titypes of
underwater vehicles share some control problems somhetimes
are named Unmanned Underwater Vehicles (UUVs). issions
that require interaction with the environment, trehicle can be
equipped with one or more manipulators. In thisedi® system is
usually called Underwater Vehicle-Manipulator Syst@JVMS).

Fossen (1994) is one of the first books dedicateaantrol
problems of marine systems. The same author pseger{Fossen,
2002) an updated and extended version of the tafBesloped in
the previous book. Antonelli (2003) is another boektirely
dedicated to control problems of a manipulator ntediron a free
floating underwater vehicle and, besides an extenseview,
outlines that this subject is an emerging topiesearch.
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In recent years, various research results have lezhathe
increasing of the vehicles autonomy by minimizihg heed for the
presence of human operators. A self-containedligeat, decision-
making AUV is the goal of current research in umdser robotics.
In this sense, Yuh and West (2001) present the sththe art of
several existing AUVs and their control architeekirUVMSs are
stil under development. Several laboratories budbme
manipulation devices on underwater structures bot few of them
can be considered as capable of autonomous matigpulésee
Antonelli, 2004).

To perform underwater tasks in an autonomous way
challenging from the technological as well as frtme theoretical
aspects including the control of the UVMSs. Sonutsféghat make it
difficult to control UVMSs include the highly nonkar dynamics,
the uncertainties in the hydrodynamic coefficientsge ocean
currents disturbances and the inherent kinemadicn@ancy of such
systems.

A robotic system is kinematically redundant whempassesses
more degrees of freedom (dofs) than those requiveexecute a
given task. A generic manipulation task is usuglixen in terms of
position/orientation trajectories for the end effecin this sense, an
UVMS is always kinematically redundant due to tludsdprovided
by the vehicle itself and so, its inverse kinenstfim which the
vehicle-manipulator positions/orientations are ghted given end
effector position/orientation) needs additional ditions to be
solved.

It should be outlined, however,
kinematically redundant systems whose movement sase
particular characteristics. First, it is well knowrat it is not always
efficient to use vehicle thrusters to move the Ipalator end
effector due to the difficulty of controlling theekicle in hovering
(Yoerger, Cook and Slotine, 1990). Moreover, du¢ht different
inertias between vehicle and manipulator, moveroétie latter is
energetically more efficient. Thus, it is energellic efficient to
keep the vehicle at rest during the task. Howeterkeep the
vehicle at rest the thrusters must react to themaairrent whose
strength exhibits a quadratic dependence on thaiwel velocity
(Fossen, 1994). The UVMSs can easily recognizecaaro current
and so, the vehicle can be aligned to the ocearerduin order to
minimize the energy dispended in the thrusterss&Hacts remark
that the UVMS is a redundant system that has someniatic
constraints. This particular characteristic is exgd in this paper.

Some papers address the UVMS inverse kinematicsidenimg
the full system dynamic compensation (Sarkar anddEq 2001),
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(Canudas de Wiet al 2000). This approach needs, however, the Vp=linear velocity of point p
knowledge of the dynamic parameters, which arecdiff to obtain S = position vector of any point at the screw axis
due to the uncertainties in the hydrodynamic coefits.

In this paper we focus our attention on the kinéeneantrol of
the UVMS. The goal is to find suitable vehicle/narator joint
trajectories that correspond to a desired end teiféajectory. The
output of this kinematic control provides the refese values to the
dynamic control law of the UVMS. We consider thenddnatic
control independently of the dynamic control as (Antonelli,
2003).

The kinematic control corresponds to obtain theeigg
kinematics with the redundancy resolution. The $@stpway to
obtain the redundancy resolution of a kinematigatem is to use

$ = normalized twist: a screw

S=normalized vector parallel to screw axis

N = matrix containing the normalized twists

T = transformation matrix of screw coordinates

R = rotation matrix

W = skew-symmetric matrix representing a vector
g = manipulator joint angle

u = vehicle linear velocity in the x-direction

v = vehicle linear velocity in the y-direction

r = vehicle angular velocity in the z-direction

the pseudoinverse of its Jacobian matrix (Sciavi@®4). In this Greek Symbols
case the inverse kinematic solution correspondseanminimization ® = differential rotation about the screw axis, aagwelocity
of the vehicle/joint manipulator velocities in aasét square sense. ¥ = twist magnitude

This approach is dimensional dependent (DavidsonHamt, 2004)
and the repeatability of the movement in the joispsce is not .
guaranteed (Campos, 2004). Beside this, an apptoastd on the s relative to secondary
pseudoinverse (and, consequently, with the sanigtions) named p relative to primary
Task Priority Redundancy Resolution is widely ugethe solution i,j relative to link or jointi]
of the inverse kinematics of UVMSs (see Antonel003, and
references therein). The Task Priority Redundan@soRition Screw Representation of Differential Kinematics
technique considers explicitly the need of keepihgvehicle at rest . ) i
as a second task priority. The screw is a geometric element (Fig.1), composgda
In this paper we present a new approach to solvedtiundancy directed line (axis) and by a scalar parameterwith length
of UVMSs. This approach is based on introducingekiatic —dimension called pitch (see Davidson and Hunt, 2@f4example).
constraints to the UVYMS movements.
The additional kinematic constraints are introdulbgdmposing /’S
directly the vehicle velocities. To this end an mgnematic chain
is used to represent the differential kinematicstloé vehicle-
manipulator system. Next, a virtual kinematic chelimses the open
UVMS chain in order to allow the inverse kinematiof the
resulting closed chain using the Davies method.
In this paper the vehicle velocities are imposedsatering
energy savings that result in aligning the vehicléhe ocean current

Subscripts

and in keeping it at rest, as discussed abovesdime approach can Figure 1. Normalized screw.

be used to increase of the system manipulabilgypieked out in

(Santoset al, 2006a, 2006b) and obstacles avoidance as dktaile If the directed line is represented by a normalizector S

(Guentheet al, 2004). (Fig.1), the screw is called normalized scr§wnd is given by
The remainder of this paper is organized as follokisst, we

describe the movement of an UVMS. More specificale obtain S

the description of the UVMS manipulator end effeatecovement $= @

with respect to an inertial frame. In order to dcuce a new T | 77UU '

approach to solve the inverse kinematics to thiasscl of S, xS

manipulators, the model of an UVMS using screwsefaresent its
differential motion is presented. For completenéiss, differential where S, is the vector directed from any point on the scesig to
kinematics screw representation is shortly desdribgext, we
present the differential kinematics for a serialnipalator and a
proposal to th? vehicle_ different_ial kin_ematicsngsiscrews. By components in the above screw representation. &ldtiat the
adding the vehicle/manipulator kinematics we caméhe UVMS . . .
kinematics. Then we describe the Davies methodimndduce the VeCtor S, xS determines the moment of a line, the screw axis,
virtual kinematic chain concept. In the sequencepraposal to the around the origin of the reference frame.
UVMS direct and inverse kinematics is discussed.otder to n
compare our proposal with other redundancy resmiuty brief
description of the Singular Robust Task-Priorityplegd to the
UVMS according to Antonelli (2003) is presented.emhwe show
and analyze simulations comparing the method ptedeim this
paper to the Singular Robust Task-Priority in ortteflustrate our
conclusions. -
$=¥=| ... , 2

Nomenclature Vp

the origin of the reference fran® — XYZ. From this definition, it
is noted that there are two vector components @r ssialar

A normalized screw$ multiplied by a velocity magnitud&’
(a scalar) is called awist which represents an instantaneous
movement of a rigid body with respect to an inértieference
frame, and could be given by

$=screw movement or twist

h = pitch of the screw where w is the angular velocity of the body with respéa inertial

frame andV, represents the linear velocity of a point P attacto
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the body, which is instantaneously coincident wfita origin of the
O - XYZ frame.

The movement between two adjacent links belongingrtn-
link kinematic chain may also be represented lwisttIn this case,
the twist represents the movement of linkith respect to linkif1). $m3 Sma $ms

Often it is useful to represent the differential vement of a
body, expressed by a twist $, in different refeeefimmes. The
coordinate systems transformation is done by theewsc
transformation matriX (Tsai, 1999). Consider two reference frames $m
of interest O - X;Y;Z;) and (O; - X,Y;Z;) as in Fig. 2.

magnitude andB$E is the screw that represents the end effector’s
movement in the B-frame.

$m2 $me

sa$

Figure 3. The serial manipulator.

With the objective to present the movement of aimaator on
a vehicle, the next section describes the diffembkinematics of a
vehicle in a suitable form to be added to the malator differential
kinematics given above.

Vehicle Differential Kinematics

Figure 2. Coordinate transformation of a screw. . .. ..
g We may consider the movement of a rigid body asdewisted

- - _ ~ instantaneously about several screw axes. Theswscform a
The position of originG; relative to theO, - X;Y,Z; frame is screw system whose order is defined by the numbdmearly

given by 'p=[p.p.pJT and the orientation of thed, - X,Y,Z, independent screws that spans the system (Tsa@).189vehicle
X . . . has, in general, six degrees of freedom and smadieement may be
frame relative to thed; - X;Y;Z; frame is described by a rotation yenresented by a screw belonging to a sixth ordesvs system

matrix'R. A screw represented in ti@ - XY, Z; frame is denoted ($, ). In other words, six independent screws may sharnvehicle
by i$, and the same screw represented incnrjle- XiY;Z, frame is movement, i.e.,

denoted bys. .
The matrix of transformation of screws between jtheframe $, :Zg;wq;i , (5)
and the ith frame'@='T, ' $) is given by =

whereg, is thei-th normalized screw an@,; is thei-th amplitude.

) 0 - . . .
_— IRj 0 _—_ P Py It should be outlined that, in case the set of radmed screws
T = WwiR R | W=l p, 0 —p|s () (w i=1..6} is linearly independent, Eq.(5) represents the
b : — Py P& 0 general vehicle motion as well as describes theemant of an

open-loop chain with six links and six kinematidrpgjoints) each
with only one degree-of-freedom.
Using Eg. (5) to describe the vehicle’s movemeng mvay
vector' p (expressed in thigh frame). choose an open-loop chain with three orthogonahmatic (P) joints
In the sequence, we present the manipulator andvehele gnd a sphe_rical (S) one (Fig. 4) in_order to repbshe movement
kinematics inqorder to descr;ibe the UVMS kinpematics in a Cartesian reference frame as in (Carmgiad, 2005). The first
joint of this chain is prismatic and allows the rament between the
first link and the base along théaxis. It is namedpx and its

movement is represented by the normalized sc{ggwahe second

For a serial manipulator, we may consider the margrof the  and the third joints are prismatic, allow the moeambetween the
end effector as being twisted instantaneously atimijoint axes of second and the first, and between the third andséwend links,
an open_-loop chain_ (Tsai, 1999)._ These instantagiamoists may be along the Y-axis [fy) and the Z-axis ), respectively, and are
added linearly to give the resulting movement @& &md effector. represented by the normalized screys and $_. The spherical
Consider, for example, the manipulator with sixatimnal joints . . . P e o
showed in Fig. 3. For this manipulator the diffdf@nkinematics 1INt May be instantaneously changed by threeicotal joints in
may be written as the X, Y and Z directions £x, ry, rz) and its movement are

represented by the normalized scregys, ﬁ;ry and $_. Due to its

where 'W, is the 3 x 3 skew-symmetric matrix representing th°®"®

Serial Manipulator Kinematics

6 : B .
B, :Z U (4) architecture this chain is named PPPS.

where ®$_; is the manipulator-th normalized screw described in
the base frame (B-frame in Fig.4) . is the corresponderitth

356 / Vol. XXVIII, No. 3, July-September 2006 ABCM
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S($rx, $ry, $r2)
©
X

Figure 4. Vehicle movement represented by an (PPPS) open kinematic
chain.

The screws representing the PPPS chain
movements are expressed in the simplest form if clveose a
reference frame attached to the link that conngtigs pz and rx

(the first rotational joint of the spherical jointlesignated as C-

frame in Fig. 4, to denote a suitable Cartesiaeresfce frame.
Using Eq.(2) we obtain (Campesal, 2005):

°$, = (1000007, %, = (010000, °$,= (001000
°$,,= (000400, °$,,= (000010)", 8,,= (00000])"

This normalized screws set is even linearly indepah and
represents the vehicle motion in the C-frame. bcpce the vehicle
movement is usually described in a frame locatedhatvehicle
gravity center with the axes directed accordingitto principal
inertia directions, here named as vehicle framérévhe). To obtain
the vehicle movement description in this V-frame may use the
matrix of screws transformation between the C-fraand the V-

frame given in Eq. (3),i.e%$, ='T.“$, , where

6 -~

C$V :Z C$vi vai !

i=1

™

& _Ca & _ca Cq —Cq cCq —Ca Cq —Ceq
and <:3;\/1_C$p><’ <:$v2_c$py’ $v3_ $pz’ $v4_ $r><’ $v5_ $ry’

€$,,=C$,,, where the normalized scre\/\?&px, épy , épz, $, 8,
andg_, are given in Eq. (6).

The origin of the C-frame is chosen coincident wfita origin of
the V-frame. Therefore, the position vector of omegin with
respect to the other is null as well as the matfigiven in Eq.(3).

The matrix of screws transformatitrn, is obtained calculating

the rotation matrix between the C and V framgs.{. To this end it
should be observed that the C-frame was choserligam@ the
inertial frame (I-frame) and s6R, ='R, , where' R, is the rotation

matrix that gives the orientation of the vehicle time I-frame
commonly measured in

(Antonelli, 2003). By transposingcR, we obtain YR, that is
substituted in Eq.(3) to calculald,. and, using Eq.(7) results

®

The UVM S Kinematics

In an UVMS, the manipulator has a mobile base. e,
manipulator end effector movement with respectrtinartial frame
is obtained by adding the manipulator end effeatovement with
respect to its base to the base movement (Figes),

J. of the Braz. Soc. of Mech. Sci. & Eng.
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I$E:|$\/+ITBB$E1 (9)

where ' T, is the matrix of screws transformation betweentthge
manipulator frame and the considered inertial frame

X ‘
Y{z

Figure 5. An Underwater Vehicle-Manipulator System.

Let an inertial frame instantaneously coinciderthwhe vehicle
frame (V-frame) defined above. In this case Eq€8)lts

"5 =3 V8, 4D 6, (10)
i=1 i=1
Where"t;pVi =T, Cévi ,i=1,....6,and" §;mi =T, °T, Rémi .
Eq.(10) may be rewritten as
Ve =W, (11)
where,

R RV T T M
w=[v, Yo Wy w.l - (13)

Eqg. (11) expresses the UVMS kinematics as an opgm-thain
constituted by the manipulator chain attached ¢ovithicle chain. It
should be observed that the matdixn Eq.(11) has six rows and
twelve columns and outlines the system redundancy.

In this paper, we present a new methodology to rintlee
UVMS kinematics (Eqg.(11)) derived from the Daviesthbd and
the virtual kinematic chain concept described mgkquence.

Davies M ethod

Davies method is a systematic way to relate thet jeglocities
in closed kinematic chains. It is based on thealed Kirchhoff-
Davies circulation law (Davies, 1981, 2000). Davislves the

the RPY (Roll-Pitch-Yaw) asgle gifferential kinematics of closed kinematic chaifieom the

Kirchhoff circulation law for electrical circuitsThe Kirchhoff-
Davies circulation law states that “The algebraiensof relative
velocities of kinematic pairs along any closed hia¢ic chain is
zero™ (Davies, 1981).

Using this law, the relationship among the velesitof a closed
kinematic chain may be obtained in order to sotgedifferential
kinematics, as is presented in (Sargbal, 2005) and (Guenthet
al., 2005).

The velocity of a link with respect to itself is lhun screw
theoretical terms

n
35 =0
i=1

(14)

July-September 2006, Vol. XXVIII, No. 3 /357



where 0 is a zero vector which dimension correspotal the
dimension of twists$, .

According to the normalized screw definition (HuRQOO) this
equation may be rewritten as

Zn:sisi W =0,
i=1

where $ represents the normalized screw of twist and W,

represents the velocity magnitude of the twisEqg. (15) is the
constraint equation which, in general, could betemi as

(15)

NW =0, (16)
where N is the network matrix containing the normalizedests
which signs depend on the screw definition in tineudt orientation,
and W is the magnitude vector. A closed kinematic chaia hctive
(or actuated) joints, here named primary jointg] passive joints,
here named secondary joints. The constraint equattg. (16),
allows to calculate the secondary joint velociissfunctions of the
primary joint velocities. To this end, the consttaequation is
rearranged highlighting the primary and the secpndmint
velocities and Eq. (16) can be rewritten as follows

l'IJS
N,] ... |=0,

%o

[N, (17)

where N, and N, are the primary and secondary network
matrices, respectively, an#, , W, are the corresponding primary

and secondary magnitude vectors, respectively.
This equation may be rewritten ad W, =-N ¥  and the

joint space kinematic solution is given by

W, =-NJ'IN W, (18)
This outlines that the Davies method constitutesystematic
way to express the joint rates of passive jointsuastions of the
joint rates of the actuated joints in closed kingenehains.
In the next section, we introduce the virtual kirio chain
concept, which allows closing open kinematic chamsrder to
apply the Davies method.

The Virtual Kinematic Chain Concept

The virtual kinematic chain, virtual chain for shas essentially
a tool to obtain information about the movementaokinematic
chain or to impose movements on a kinematic chain.

In this paper, we use the virtual kinematic chawnaept
introduced by Campos (2004), who defines a virttlzin as a
kinematic chain composed by links (virtual links)dgoints (virtual
joints) satisfying the following three properties: the virtual chain
is open; b) it has joints whose normalized screwes lmearly
independent; and c) it does not change the mobdftyhe real
kinematic chain.

Either to obtain information about the movementaofreal)
chain or to change its movement, we apply virtdadiics to close
open real chains. All the kinematic chains thaisBatthe three
properties cited above may be used as virtual katienchains. A
particularly useful virtual chain is the orthogonBPPS chain

358 / Vol. XXVIII, No. 3, July-September 2006
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presented in (Fig. 4) and described in vehicleedéffitial kinematics
section.

In the next two sections, this PPPS chain is useddse the
UVMS open-loop chain in order to obtain informatiamout the end
effector motion in a Cartesian frame and to impos®ements to
the UVMS chain.

UVM S Direct Kinematics

The end effector movement description in a Cane$iame
may be obtained closing the UVMS chain by introdgca PPPS
virtual chain between the base and the end effextdn Fig. 6. In
this case, regarding the circuit orientation intkdain the figure, the
closed-loop chain network matrix is given by

N:$11 $6 $r1 $16 _$z _$y _$x _$pz _%y —%J’ (19)

where the superscript V indicating that all themalized screws are
represented in the vehicle frame is omitted for pdicity. The

negative terms in Eq. (18) are in accordance wighdefinitions of
the screws that represent the virtual joint motigigen in the

section which describes the vehicle differentiaheknatics. The
corresponding magnitude vector is

e W, W W Wy prT . (20)

Y=lW, LW W,

S($ve, $vs, $ve)
® ¥,

NG
X, S($rx, $ry, $’Z)%%Xg

$pzl
circuit
orientation J

$py 4,

X
Ylz

Figure 6. The Underwater Vehicle-Manipulator System with the PPPS
virtual chain.

$px

To solve the direct kinematics, we select the vk
magnitudes corresponding to the UVMS as the compusnef the
primary vector ¥, and the magnitudes of the operational space

(represented by the virtual kinematic pairs) ascthraponents of the
secondary vecto,. The corresponding primary and secondary
matrices result

Ny =i . B Bu .. B (21)

n=F 8, 6 8. 8, 5, 22)
The magnitudes of the secondary kinematic paies, the end
effector velocities in the Cartesian frame, arewdalted using Eq.
(18), in which the secondary matrix needs to berited. It should
be remarked that the secondary matrix has alwaysafiok in this
case, as can be observed in the Eqg. (6), andssalivays invertible.

UVM S Inverse Kinematics

To obtain the vehicle and the manipulator velositiace given
the end effector velocities (inverse kinematicsy welect the
operational space (virtual kinematic pairs) asdabeponents of the
primary magnitude vector y, and velocity magnitudes

corresponding to the UVMS as the components ofsémmndary

ABCM
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magnitude vectory_. In this case, the primary and the secondarthis problem, a robust solution to the occurrenicthe algorithmic

matrix result

Ny =[-8, -8, -8, -8, -8, -8, (3

NS=[$,1 . %6 By %I (24)
Again, to calculate the magnitudes of the secongaiys, we
need to invert the secondary matrix. Matfik, cannot be inverted

because it has twelve columns and only six rowse ridst specify
six supplementary velocity magnitudes and include the primary
magnitude vector in order to obtain a secondaryirttat could be
inverted or, alternatively, we need to introduce sidditional
kinematic constraints.

The velocity magnitudes may be specified considgrifor
example, energy savings, i.e., reduce energy cqosom This
energy savings could be achieved by keeping thécheehligned
with the ocean current as suggested by AntonellDO32
Correspondingly, this could be done by specifyihg totation
components of the vehicle velocities in order tegkehe vehicle
aligned with the ocean current and making its linedocities to be
equal zero.

The primary and the secondary matrix result

=%, -%, -$, -8, -$, B .. (25)

N, =, 8

N =[$m1 o e B Bus Bug) - (26)

This secondary matrix could be inverted even isifull rank,
i.e. even if the kinematic chain is not at a siagty. This outlines
the easiness of obtain the inverse kinematics alibvby the
approach proposed in this paper only by adequateyprimary
velocity magnitudes.

Due to the use of screws to represent the involwedements,
this approach allows also to choose reference Bawigere this
representation is simpler and so, the secondargixmhi, is sparser

and, consequently, easier to be inverted. Thimeasiof invertion
makes the algorithm for motion coordination morécefnt as it
was verified in simulations by Santos and Gueni2604) and
Santoset al (2005).

Singular Robust Task-Priority applied tothe UVM S

According to Liégeois, (1977) the inverse kinenmtiaf a
redundant mechanism can be solved in terms of amiziation
problem of a quadratic cost function. In the calsthe UVMS, this
function is constructed from the manipulator andidle joint
velocities vector, and give the follow general $iolo:

¢ =% +(~]s ('N ‘JEJp))D(’Q,d ‘JSJEXp,d)f (27)

where, X Xsqr Jgr J JE are the primary velocity, the

pd’ p’
secondary velocity, the secondary Jacobian, thaguyi Jacobian
and the Pseudoinverse (denoted by in this work) primary
Jacobian respectively. Equation (27) represents Tiaek-Priority
redundancy resolution.

However, for this solution, the problem of the althomic
singularities still remains unsolved. In this caieis possible to
experience an algorithmic singularity whehy and J, are full

singularities is based on the following mapping t@elli, 2003):

¢=30%00 +(1n =953, )90% 4. (28)
This algorithm has a geometrical interpretationthbiasks are
separately inverted by the use of the pseudoinvetethe
corresponding Jacobian; the joint velocities asgedi with the
secondary task are further projected in the nudkspof the primary
task J, .
p

Simulation Results

This section presents the simulation results ftas& performed
using both the Singular Robust Task-Priority and #inematic
Constraint approach presented in this paper.

The UVMS model is based on a real model of a UVM&xed
in (Antonelli and Chiaverini , 1998, Antonelli, 2BD The vehicle
has a length of 5 meters and each link of the mdaipr has a
length of 2 meters. For the sake of clarity we hessricted our
attention to a planar task described in the pldrtbe manipulator,
that is mounted horizontally, as in (Antonelli, 3)0Furthermore,
this choice helps the comparison of the results.

6

4 2 0 2 4 [ 8
[m]

Figure 7. UVMS initial configuration.

Let the initial configuration of the vehicle bex =0m,
y=0m, ¢ =0rad and the manipulator joint angles be: q & g
gs "=  [1.47 -1 0.3] rad, corresponding to the end-effector
location: X =592 m, yg = 429m, Y = 077rad (see Fig. 7).

As showed in Fig. 8, the task consists in alignihg vehicle
with the ocean current orientation, here considerpehl to 0.78 rad,
and, simultaneously, making the end effector perftwo returns in
a circumference of 1 meter of diameter during aiogenf 10
seconds.

-4 -2 0 2 4 6 8

rank but the matrixy (IN —JEJp) drop rank. In order to overcome Figure 8. Alignment with the ocean current and circular trajectory to the
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This simulation uses an integration step of 0.Jsds with the
Euler method (Burden, 2003).

In the Singular Robust Task-Priority method the sroent of
the end effector is performed in order to minimibe vehicle
movements. The corresponding simulation results sr@wvn in
Figs. 9 to 11. Figure 9 shows the X, y and phgi@maround the z-
direction which defines the orientation) vehiclesitions. Figure 10
shows the manipulator joint angleg, g, and g;. Figure 11

reports the vehicle linear velocities u (in theisedtion) and v (in
the y-direction), and the angular velocity r (ie thrdirection).

The results in Figs. 9 and 11, outline that, desftie Task-
Priority approach minimizes the vehicle movemendoies not keep
the vehicle at rest as intended. This fact is asequence from the
minimization on which the approach is based.

In the kinematic constraint approach proposed is phaper, the
vehicle is kept at rest by imposing the correspogdkinematic
constraint in terms of velocity magnitudes. The udation results
are shown in Fig. 12 (vehicle positions and origotd, Fig. 13
(manipulator joint positions) and Fig. 14 (vehiekdocities).

By comparing the manipulator joint positions ob&girwith the
Task-Priority approach (Fig. 10) and the manipulgot positions
calculated using the kinematic constraint apprd&ap 13), it could
be observed that they are similar.

Figures 12 and 14 shown that using the kinematitstraint
approach the vehicle is kept at rest as desired.

These results illustrate that the undesirable Wehimvements
resulting from the Task-Priority approach could &eoided by
imposing kinematic constraints.

The vehicle-manipulator positions and velocitiesaoied are
the outputs of the UVMS kinematic control and, amsently, the
inputs to the UVMS dynamic control. This means ttbe
undesirable vehicle movements which excite theesystlynamics
unnecessarily could be avoided by the approachogesp in this
paper.
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Figure 9. Singular Robust Task-Priority: vehicle positions and orientation.
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Figure 10. Singular Robust Task-Priority: manipulator joint angles.
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Figure 11. Singular Robust Task-Priority: linear and angular vehicle
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Figure 13. Kinematic Constraint Approach: manipulator joint angles.

0.15

0.1

0.05

[mis],[rad/s]

t(s)

Figure 14. Kinematic Constraint Approach: linear and angular vehicle
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