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Tracking Control for Underwater Vehicle-Manipulator
Systems with Velocity Estimation

Gianluca Antonelli, Fabrizio Caccavale, Stefano Chiaverini, and Luigi Villani

Abstract—in this paper, the problem of tracking a desired Subsea vehicles are typically equipped with acoustic sensors
motion trajectory for an underwater vehicle-manipulator system  or video systems for position measurements, while the vehicle
without using direct velocity feedback is addressed. For this stitude can be obtained from gyroscopic sensors and/or com-

urpose, an observer is adopted to provide estimation of the . .
Eysijem,s velocity needed byF; trackir?g control law. The com- Pa@SSes. Velocity measurements are usually obtained from sen-

bined controller-observer scheme is designed so as to achieve>0r'S ba§ed on the Doppler effect. . .
exponential convergence to zero of both motion tracking and  Consider the case of an underwater vehicle-manipulator

estimation errors. In order to avoid representation singularities of system (UVMS) involved in a manipulation task to be accom-
the orientation, unit quaternions are used to express the vehicle plished with high accuracy, i.e., the end-effector reference
attitude. Implementation issues are also considered and simplified trajectories have to be tracked with small errors. Examples

control laws are suggested, aimed at suitably trading off tracking f h task int f off-sh truct d th
performance against reduced computational load. Simulation case OF such tasks are maintenance of ofi-shore structures an €

studies are carried out to show the effectiveness of the proposedrecovery of materials on the sea bottom. Under these operating
controller-observer algorithm. The obtained performance is com- conditions, the vehicle’s velocity is usually lower than typical
pared to that achieved with a control scheme in which the velocity cruising velocities. In order to achieve good tracking during
is reconstructed via numerical differentiation of position mea- the fulfiment of the task. accurate position and orientation

surements. The results confirm that the chattering on the control . . .
commands is significantly reduced when the controller-observer measurements must be available at a relatively high update

strategy is adopted in lieu of raw numerical differentiation; this ~ rate: .this can be achi.eved, e.g. if the system is equ_ippg_d with
leads to lower energy consumption at the actuators and increases @ Vision-based sensing device. Moreover, the availability of

their lifetime. accurate and noise-free velocity measurements is crucial for
Index Terms—Manipulators, motion control, observers, track- achieving the desired performance. Unfortunately, this is npt
ing, underwater vehicles. guaranteed by Doppler effect sensors and sonars, especially

during slow maneuvers. As a matter of fact, numerical differ-
entiation of noisy position/orientation measurements leads to
|. INTRODUCTION chattering of the control inputs, which may become unaccept-
NDERWATER tasks involving an autonomous vehicl@ble when quantization effects are present. Such phenomena
equipped with a manipulator give rise to challenginégad to high-energy consumption at the actuators, and thus
control problems involving nonlinear, coupled, and high-diend to reduce their lifetime and increase the failures rate. On
mensional systems. As typical in robotics, the execution #fe other hand, the use of low-pass filters on the numerically
such tasks can be formulated in terms of a control probleigconstructed velocities could deteriorate the overall tracking
regarding the manipulator’s end-effector motion, for whicherformance; in addition, since the system to be controlled
several techniques have been proposed. is nonlinear, tuning of the filter parameters guaranteeing
In recent years, advanced control techniques have bedgsed-loop stability is not straightforward and can be achieved
developed for autonomous underwater vehicles (AUV’s) ar@ly by a trial-and-error procedure.
remotely operated vehicles (ROV’s), aimed at improving the Hence, it is worth devising algorithms for position and atti-
capability of tracking desired position and attitude trajectdude control which do not require direct velocity feedback. This
ries. Improvement of tracking performance typically requiregan be achieved by adopting a velocity observer which performs
control schemes based on the knowledge of the syster’®onlinear filtering of the measures from the position/orienta-
dynamics (i.e., inverse dynamics control laws, feedforwaitpn sensors and gives a noise-free estimation of the velocities.
compensation), e.g., as in [1], [2], or based on adaptive actidatearly, the controller-observer structure must be designed so as
[3]. However, as is typical in feedback control systems, tHe ensure stability of the resulting closed-loop system and ade-

achievable performance is highly dependent on the accuracyjofte tracking performance.
sensor measurements. Anonlinear observer for vehicle velocity and acceleration has

been proposed in [4], [5], although a combined controller-ob-

server design procedure has not been developed. On the other
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of the controlled system is represented by the position and the
attitude of the vehicle, together with the manipulator’s joints
variables. In order to avoid representation singularities when ex-
pressing the vehicle attitude, the unit quaternion is used to ex:
press the orientation of the vehicle-fixed frame in lieu of min-
imal (i.e., three parameters) orientation representations [7].

The new control law proposed here is inspired by the work in sz
[8] in that a model-based control law is designed together with a
nonlinear observer for velocity estimation; the two structures are
tuned to each other in order to achieve exponential convergenc
to zero of both motion tracking and estimation errors. It must
be noted that, in the control problem considered in this paper,
differently from the work in [8], where a simple time-derivative
relates position and velocity variables at the joints, a nonlinear
mapping exists between orientation variables (unit quaternion)
and angular velocity of the vehicle. The presence of this addi-
tional nonlinear mapping has been tackled by designing a nove
controller-observer structure. Also, a Lyapunov stability anal-
ysis has been developed to achieve sufficient conditions on the
control and observer parameters ensuring exponential convel
gence of tracking and estimation errors. It is worth noticing that
exponential stability of the closed loop guarantees robustnessitp 1. Sketch of the UVMS with relevant frames.
unmodeled dynamics and disturbances. Quaternion algebra has
been keenly exploited both in the design and in the analysisleft-hand frame. The vehicle-fixed fran¥ is usually chosen
the control law. with x parallel to the vehicle fore-aft direction,parallel toz,

In view of the limited computational power available inat vehicle’s rest, angt to complete a left-hand frame.
real-time digital control hardware, simplified control laws are Hereafter, a superscript will denote the frame to which a
suggested, aimed at suitably trading off tracking performangector is referred and will be dropped for brevity whenever a
against reduced computational load. Also, the problem gfiantity is referred td.
evaluating some dynamic compensation terms, to be properly_et p° be the(3 x 1) vector expressing the vehicle position
estimated, is addressed. with respect td2,, andq be the(n x 1) vector of joint coordi-

A simulation study is carried out based on the data of the exates of the manipulator. The attitude of the vehicle with respect
perimental vehicle NPS AUV [9]. The same task is executed 5, is expressed by the x 3) rotation matrixR° belonging

adopting both the proposed controller-observer scheme anghahe special orthogonal grouf)(3) of the rotation matrices
control law in which velocity is obtained via numerical differentlo]_ The(6 x 1) vector of the vehicle’s velocity is

tiation of the position measurements. A number of case studies

are developed under various operating conditions, i.e., full and 0 p°

partial model knowledge, different quantizer resolutions, and v= [‘”0} 1)
sensor measurements update rates. The results confirm that the

chattering on the actuator outputs, due to noise and quantizatigherew? is the angular velocity of the frams with respect
is significantly reduced when the controller-observer strategyi$ the framey,; this satisfies the equaliR’ = S(w")R?,

adopted, while the tracking performance remains satisfactq,(,y]eres(.) is the skew-symmetric matrix operator performing
even in the presence of poor model knowledge. Hence, befigx ¢ross product.

operating conditions for the actuators are achieved without sig
nificant degradation of the tracking performance.

Finally, the vector of the vehicle’s velocity expressed in the
frameX is

0% -0
Il. MODELING v = E{{OTBO} — D}} ) )
In this section, the mathematical model of a UVMS is pre-
sented. The system is modeled as an open kinematic chgin
composed of a rigid body (the vehicle) and ardegree-of- ~
freedom rigid-link robot manipulator mounted on the vehicle Assuming that all the bodies in the vehicle-manipulator
(see Fig. 1). system are rigid and their masses are constant, the equations of
motion can be written in the form

Mr(Q)¢ + Cr(q, ()¢ =7 ©)

Dynamics

A. Kinematics

Let us define an inertial earth-fixed fram&, =
{00, %0,¥0,2Z0} and a vehicle-fixed fram& = {O,x,y,z}.
The inertial frame is chosen with, parallel to the gravity = {u}

where

4)

force vector,xq pointing to the north, angy to complete a
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is the composite velocity vector of the system. The veetisr Property 3: The matrixD is positive definite and satisfies
T, ||D(q7a) _D(qvb)” S D]\lHa_bH-
T = |:’rb :| (5)

Ill. ATTITUDE REPRESENTATION
wherer,, is the (6 x 1) vector of forces and moments acting

on the vehicle and,, is the(n x 1) vector of manipulator joint
torques. In (3)Mg(q) is the(6+n) x (6+n) inertia matrix and

Throughout the paper, a quaternion-based description of the
vehicle attitude is used (see [17]). In fact, the use of the unit
Cr(q, )¢ is the(6+n) x 1 vector of Coriolis and centrifugal quaternion in lieu of a minimal representation of the orientat.io.n
termsj (e.g., Euler angles) allows one to overcome the problems arising
rom representation singularities; also, the unit quaternion pos-

When the above system of rigid bodies is placed undersg \ ni mputational proerties 1181, A few basi noent
additional inertia terms must be considered to take into accodfitoc> M€ computational prope es [18]. A few basic concepts

the effective mass of the surrounding fluid that is acceleraté%gardlng unit quaternions are summarized here.

when the bodies move. For a completely submerged SystemThe orientation of a given frameg, with respect to a refer-

these additional inertia terms can be collected in a symmet Ig’ce frame can b? expressgd via_a four-parameter representation
positive definite matribM g 4 (q), called the added mass matrix" terms of the unit quaternion (viz. Euler parameters)
[11]-[13]. The corresponding matrix of Coriolis and centrifugal 0 .
effectsCr.a(q,¢) can always be written as a skew-symmetric Qa = {lasa} = {COS 9 ksin 5} (8)
matrix. Hence, for the whole system, the mass matrix is given by ) ]
M(q) = Mz(q) + Mra(q), while the matrix of the Coriolis where& andk, respecpvely, are the rotation anglg and(he 1) .
and centrifugal terms i€(q, ¢) = Cr(q,¢) + Cra(q,¢). un!t vector_of an equivalent angle/axis description of the orien-
The hydrodynamic damping effects can be taken into accod@tion- Notice that the scalar paff and the vector pad, are
in the equations of motion via the additional teBiiq, ¢)¢. For constrained on the unit radius spherdR, i.e.,
a rigid body moving in an irrotational fluid, the matri® is 2+, =1 )
nonsymmetric and positive definite; the latter property is due @ e '
to the dissipative nature of the damping. Moreover,Q, = {74, ¢, } andQ’, = {—n,, —¢, } represent the
It is worth noticing thafM g.4, Cr4 andD are to be consid- same orientation, and frang, is aligned to the reference frame
ered as lumped parameter approximations of the effects dueatdlong as;, = +1 ande, = 0.
hydrodynamic forces. More accurate modeling of drag forcesThe mutual orientation between the frantes and ¥, can
and added mass can be achieved by adopting state-depengerdescribed by the rotation mati¢ = RLR,. The corre-
coefficients as in [14]. sponding unit quaternion can be either extracted directly from
Finally, gravity forces and moments acting on the center ¢ [19] or computed by the composition (quaternion product)
mass and buoyancy forces and moments acting on the cerf@the unit quaternion®;* = {Nay —¢a} aNdQy = {my, e}
of buoyancy are taken into account via the additional term .
g(q, RO). Qua = {Mbas e} = Q7 * Qo (10)
A simplified relationship between the control inputs (pro- . )
vided by joint motors, thrusters, and control surfaces) and tWQere * denotes the quaternion product defined as
forces and moments acting on the vehicle-manipulator systemg . o, — {0 — X ey, mact +mea +Sea)ey . (11)
can be assumed to be of the form [12]
If the two frames are aligned, itRy = I3, wherel; denotes the
(I x 1) identity matrix. In this casej,, = +1 andey, = 0 and,

whereB is a((6 +n) x p) matrix andu is the(p x 1) vector thus, the sole vector part can be used to represent an orientation

of control inputs. In the remainder of this paper, it is assumédror. Notice thag;, = ¢, i.e., the quaternion components can

thatp > (6 + n) andB is full-rank. More accurate models ofbe indifferently expressed in either of the two frames.

7= Bu

the thruster behavior can be found in [15] and [16]. The relationship between the time derivative of the quaternion
Therefore, the equations of motion of the UVMS can bgomponents and the angular veloailf, = R (wy — w,) of
written in the form the frameX, relative to the frame:,, expressed in the frame

] o Ya, Is established by the so-called quaternion propagation rule
M(q)¢ + C(q,{)¢ +D(q,{)¢ + g(q,R") =Bu.  (7)

: 1

It is worth reporting the following useful model properties. Moa = _QegéT“’Za (12)

Property 1: The inertia matriXxM of the system is symmetric ‘e 1« .,
and positive definite; moreover, it satisfies the inequalify, < “ba = §E(Q"”')wba (13)
|IM|| < M, whereM,,, (My,) is the minimum (maximum) where
eigenvalue ofM.

Property 2: For a suitable choice of the parametrizatio€bf E(Qua) = 7vals — S (&5,). (14)
and if all the single bodies of the system are symmelvic; 2C
is skew-symmetric [2], which implieM = C + CZ; more- In the following, the vehicle attitude with respect to the earth-

over, the inequality C(a, b)c|| < Cy||bl|||c|| and the equality fixed frame will be represented by the unit quaterni@n=
C(a, a1b 4+ asc) = a1 C(a, b) + «2C(a, ¢) hold. {n, €} corresponding to the rotation matix’.
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IV. GENERATION OF THEDESIRED TRAJECTORIES It is worth noticing that low-pass filtering of the numerically

qconstructed velocities may significantly degrade the system’s

The desired position for the vehicle is assigned in termslg ic behavi q v, aff he closed-|
the vectorp)(t), while the commanded attitude trajectory ca ynamic benhavior and, event.ua y, affect the closed-loop sta-
bility. In other words, such a filter has to be designed together

be assigned in terms of the rotation maii{(¢) expressing the . -
orientation of the desired vehicle framia with respect to. with the controller so as to preserve closed-loop stability and
d tracking performance.

Equivalently, the desired orientation can be expressed in ter his is the basic idea which inspired the approach described
of the unit quaternio t) corresponding taR%(¢). Finally, . _ . .
untt qu lorQu(t) ponding (@,(?). Finally the following: namely, a nonlinear filter (observer) on the po-

the desired joint motion is assigned in terms of the vector of joi . d attitud is desianed. toeth ith del

variablesq,(¢). Notice that, if the desired trajectory is assigne 'tion and attitude measures 1S designed, together with a model-

in terms of task variables, the quantities above can be obtai ed controller so as to achieve exponential stability and en-
’ sure tracking of the desired position and attitude trajectories.

by a kinematic control approach [20]. ) . :
The desired velocity vectors are denoteqliyt), w(¢), and Atracking control law is naturally based on tinacking error

qq(t), while the desired accelerations are assigned in terms of Pa
the vectorspl(t). wi(t), andda(t). _ eq= | € (19)
Notice that all the desired quantities are naturally assigned da

with respect to the earth-fixed framg); the corresponding po-

sition and velocity in the vehicle-fixed fram@are computed as WN€réPa = Pu — P, da = qu — q andey is the vector part of

the unit quaternio®y = Q' * Q.

R pg AL It must be noticed that a derivative control action based on
pe=R"py, (= R%w) | = |wa|. (15) (19) would require velocity measurements in the control loop.
qu qu In the absence of velocity measurements, a suitable estimate

of the velocity vector has to be considered. Let gisand

Itis worth pointing out that the computation of the desired agf ) . . .
P N P . denote the estimated position and attitude of the vehicle,

celeration? , requires knowledge of the actual angular velocit . . . .
G, red d g espectively; the estimated joint variables are denoted by

w; in fact, in view of R = —S(w)R, itis , \
Hence, the following error vector has to be considered:
] Rg;f)g — S(w)vy Y
= | RYw,—S . 16 €
Ca Wy - (w)wy (16) ue = | &, (20)
A q

Hence, it is convenient to use in the control law the modifiedh — . 4z is th ¢
acceleration vector defined as WNETE€Pac = Pd = Pe, dde = a — e, NGey 1S The VECIOT
part of the unit quaternion
RY'pY — S(wa)va

ag = | R%6%Y — S(wy)wa (17) Que = Q' % Qu.

ad In order to avoid direct velocity feedback, the corresponding
which can be evaluated without using the actual velocity; thelocity error can be defined as
two vectors are related by the equalit : -
y quality RTPY, — S(wa)Pae

¢4 =aq+Spo(@a)y (18) Coe = €de (21)
whereS po(-) = diag{S(-),S(-), On}, O; denotes thel x 1) e
null matrix, andy = wy — w. which is related to the time derivative ef,. as follows:
Hereafter, it is assumed thigf ,(¢)|| < (uns forall z > 0. i = &g + Sp(@a)eae 22)
V. CONTROL LAw whereSp(-) = diag{S(-), 03,0,}.

In order to design an observer providing velocity estimates,

Consider a UVMS performing a manipulation task where ac- . ;
ﬁs"e estimation errothas to be considered

curate trajectory tracking for the manipulator’s end effector

required, while the vehicle is to be kept in a hovering mode. In Pe
order to accomplish the task, accurate position and orientation e = | ¢ (23)
measurements are required at a relatively high update rate: this qe

can be achieved, e.g., if the system is equipped with a VisiQlnerep. = p. — p, G. = q. — q, andz, is the vector part of
based sensing device. Moreover, the availability of accurate and | nit quaterniod, = QL % Q

. . . . H H (. ()
nmsg-free velocity measurements is cryqlal for achieving goo Finally, consider the vectors
tracking performance; unfortunately, this is usually not guaran-
teed by Doppler effect sensors and sonars, especially at low ve- ¢, =Cy+ Agege (24)
locities. As a matter of fact, the use of numerical differentiation ¢, =C( +Ace (25)

. . . . o — Se ever

of noisy position/orientation measurements may lead to chat-
tering of the control inputs and, thus, to high-energy consumwhereA, = diag{Aupr, Auols, Aug} andA. = diag{A.p,
tion and a reduced lifetime of the actuators. Aeols, Ao} are diagonal and positive definite matrices. It is
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worth remarking thaf,. and{, can be evaluated without using TABLE |
the actual velocity,. COMPUTATIONAL BURDEN
The proposed control law is mult/div | add/sub
; Control law (26),(28) 1831 1220
u=BT[M(qa, + C(q,(,)¢, + Ku((, — )+ K,e Control law (38),(39) | 1216 849
< (a) (a:¢,)¢ (6 = Co) + Ky Control law (40),(41) | 354 147
1
+ @R+ D)+ () (26) N
Z
whereK,, = diag{k,rIs, k,0I3,K,qo} is a diagonal positive 005 - U L
definite matrix andK,, is a symmetric positive definite matrix. _ : : :
The reference acceleration vectgris defined as =) 0
a,.=a,+ Adéde (27) 005F - ,,,,,,,,, ,,,,,,,,,,, ..........
and thus the control law (26) does not require feedback of the —0.10 s o 1?5 "
vehicle and/or manipulator velocities. [s]
The estimated velocity vectd, is obtained via the observer , , .
defined by (28), shown at the bottom of the page, where the 20 SRR SRR SR
matrix L, = diag{l,rIs, [,0I3, Lo} is diagonal positive def- b T — 0 :
inite. The matrixL,, = diag{L.p,l,0ls,L.o} is symmetric _ :
. . . =0 0
and positive definite, and £ 0
- ) - _1 T ]
A(Q.) = diag{ls, E(Q.)/2, L}, (29) 0 Ty
_20 ........... .................................
The estimated quantitigsf andq. are computed by integrating 0 . 0 5 50

the corresponding estimated velocitigs = R%v, andq., re- [s]
spectively, whereas the estimated orientat@dnis computed
from the estimated angular velocity = R°w. via the quater-
nion propagation rule.

In order to derive the closed-loop dynamic equations, it is

useful to define the variables £
00 =¢, —(=C4+ Ageqe (30)
O = Co - C = Ce, + A€e€ (31)
where
&d = Cd —C (32) Fig. 2. Desired trajectories used in all the case studies. Top: vehicle position.
~ Middle: vehicle orientation (RPY angles). Bottom: joint positions.
C.=¢—¢ (33)

Combining (7) with the control law (26), (27), and using the The observer equation (28) together with (35) yields the esti-
mation error dynamics

equality
5 ~ ~ M e+ L’UAQG _K'v e_L e
ot S0 ASr e @) .(Ed : é(q )C)a , +) Ct(a 00, + Dla
the tracking error dynamics can be derived as 1
5D(@.6)(C +C0)- (36)
M(q)oq + C(q,{)oq + Kpoa — Kpeq A state vector for the closed-loop system (35) and (36) is then
=K,o. — C(q7 o—e)Cr - M(q)SPO(‘Dd)Cd o4
— M(q)A4Sp(@a)eqe +D(q, ()¢ x= |®| 37)
1 g
—5D(@.)(¢ +C). (35) .
{ ( )a - ( + L A(Qe)Ae)ee + erd + C(q7 Co)(r + CT(q7 Cr)(o (28)
1( )( _L ee) Ace.,
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Fig. 3. Comparison of the control laws (38), (39), and (43): norm of the tracking (solid line) and estimation (dashed line) errors. Left: cond@)l taaq89).
Right: control law (43). Top: vehicle position error. Middle: vehicle orientation error (vector part of the quaternion). Bottom: joint positierBath controllers
guarantee good performance in terms of tracking errors.

Notice that perfect tracking of the desired motion together with A rough approximation of the hydrodynamic damping is ob-
the exact estimate of the system velocities resultg is= 0. tained by considering only the linear skin friction and the drag-
Therefore, the control objective is fulfilled iff the closed loomeneralized forces. The drag is usually assumed to be propor-
system (35) and (36) is asymptotically stable at the origin of itenal to the square of the relative velocity of the rigid body with
state space. This is ensured by the following theorem (whasspect to the fluid, while the skin friction is assumed to be pro-
proof is in the Appendix): portional to the relative velocity. Of course, this may not be a
Theorem: There exists a choice of the controller gaingood approximation of hydrodynamic damping for some cases
K,,K,, Ay and of the observer parametdss, L,,, A. such (e.g., the power of the relative velocity may be not unitary for
that the origin of the state space of system (35) and (36)particular geometries). More accurate estimates can be obtained
locally exponentially stable. by taking into account the geometry of the body [1] or via ex-
perimental identification [9].
Another important point concerns the computational com-
V1. IMPLEMENTATION [SSUES plexity associated with dynamic compensation against the lim-

Implementation of the controller-observer scheme (26) aff§d computing power typically available on-board. This might
(28) requires computation of the dynamic compensation tern$/99est the adoption of a control law computationally lighter
While this can be done quite effectively for the terms related #§an the one derived above. A reasonable compromise between
rigid body dynamics, the terms related to hydrodynamic effedf&cking performance and computational burden is achieved if
are usually affected by some degree of approximation and/or {ihe compensation of Coriolis, centripetal and damping terms are

certainty. Besides the use of adaptive control schemes aime@&ftted, resulting in the controller

online estimation of relevant model parameters, e.qg., [13], [21], — BT(M(q)a,, F K, (¢ — )+ Kpeq+g(a,R) (38)

[22], it is important to have an estimate of the main hydrody- o "
namic coefficients. with the simplified observer

An estimate of the added mass coefficients can be obtained [ 7z = M(q)a, — (L, + L,A(Q.)A.)e. + K ey (39)
via strip theory [12]. ¢=M7Yq)(z — Lye.) — Ace.,
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Fig. 4. Comparison of the control laws (38), (39), and (43): vehicle control forces. Left: control laws (38) and (39). Right: control law (43). @&edprop
controller-observer scheme avoids the chattering that arises with the law (43).

The computational load can be further reduced if a suitaldeme cumbersome and may lead to a set of too conservative
constant diagonal inertia matrM is used in lieu of the matrix bounds.
M(q), i.e.,
VIl. SIMULATION RESULTS

_nt _ 0
u=BI(Ma, +K,((, — ) + Kpea +8(q,R7)  (40)  Nymerical simulations have been performed in order to show

the effectiveness of the proposed control law. The UVMS sim-
ulator, developed using MATLAB 4.2 with a SIMULINK 1.3
z = Ma, — (L, + L,A(Q)A)e. + K, ey 4l environment, is descr_ibed in [23]. Modul_arity of the software
{C =M Yz — Lye.) — Ace., (41)  allows the user to define the number of links and the structure
of the manipulator arm as well as to change system and envi-
Table | shows the computational load of each control lampnmental parameters.
in terms of required floating point operations, in the case of a The vehicle data are taken from [9]; they refer to the experi-
six-degree-of-freedom vehicle equipped with a three-degree-ofental autonomous underwater vehicle NPS AUV Phoenix. In
freedom manipulator. Where required, inversion of the inertthis paper, a three-link manipulator with an elbow kinematic
matrix has been obtained via the Cholesky factorization sinsgucture mounted under the vehicle body has been consid-
M(q) is symmetric and positive definite; of course, the inversered. The dry weight of the vehicle 5000 kg, while the
of the constant matridI is computed once off-line. As showndry weight of the manipulator isz170 kg. The length of the
by the results in Table I, the computational load is reduced bghicle is 5.5 m, while the length of each link 431 m; the
about 80% when the control law (40), (41) is considered.  center of gravity is coincident with the center of buoyancy and
Itis understood that approximate compensation of the systéns supposed to be in the geometrical center of the body. Be-
dynamics results in reduced tracking/estimation performanceaafuse the vehicle is neutrally buoyant, but the arm is not, the
the control system, which depends on the magnitude of the wvhole system is not neutrally buoyant. Links are cylindrical,
certainty. It must be pointed out that exponential stability of thtaus hydrodynamic effects can be computed by simplified re-
closed-loop system ensures robustness to uncertainties andlditons as in [1]. Dry and viscous joint friction is also taken
turbances. However, a rigorous robustness analysis would rge account. MatrixB is assumed to be constant and full-rank

with the observer
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Fig. 5. Comparison of the control laws (38), (39), and (43): vehicle control moments. Left: control laws (38) and (39); Right: control law (43hatptice
to the final configuration of the manipulator and the vehicle’s centers of gravity/buoyancy, the moment abthe only non-null value at steady state.

(for simplicity, it has been set to identity), meaning that dire¢hrough the numerical differentiation of position measurements.
control of the forces and moments acting on the vehicle afithe following control law was then considered:
joint torques is available.

A task involving motion of both the vehicle and the ma- u= BT(M(q)Q, +C(q,0¢, + K., — )+ K,eq
nipulator has been considered. At the initial time, the vehicle +g(q,R%) (42)
is at the locationg, = [000.1150 — 15]%" [m, deg] and the
manipulator is aky; = [20 — 3040]” [deg]. The vehicle must where(, = ¢, + Aqeq. ¢ and(, are computed via the first-
move to the final locatiory; = [000000]" [m, deg] in 20 order difference. The above control law is analogous to the op-
s according to a fifth-order polynomial time law. The maniperational space control law proposed in [24] and extended in
ulator must move tay; = [000]” [deg] in 3 s according to [25] in the framework of quaternion-based attitude control. To
a fifth-order polynomial time law. Notice that the assignedptain a control law of computational complexity similar to that
trajectories correspond to a fast desired motion for the man-(38), the algorithm (42) has been modified into the simpler
ulator while the vehicle is kept almost hovering. Fig. 2 showgrm
the desired trajectories. It must be noticed that the vehicle
orientation set point is assigned in terms of Euler angles, af = BT(M(q)éT + K. (¢, — ¢ +Kyeq+g(q,RY). (43)
is typical in navigation planning; these are converted into the
corresponding rotation matrix so as to extract the quaternionThe parameters in the control laws are set to
expressing the orientation error. Remarkably, this procedure

is free of singularities [19]. Ay = diag{0.005I3, 0.0113, 0.0115}
A, = diag{513,1013,10,10,5}
A. First Case Study L, = diag{113, 2013, 160, 160, 900}

— diaoSE 5 3 3 B 3
The performance of the control laws (38) and (39) has L, = diag{5000T3,10°T5,10%,10%, 2 - 107}

been compared to that obtained with a control scheme of K, = diag{400I;, 50013, 150005 }
similar structure in which the velocity feedback is implemented K, = diag{400013, 400013, 40013 }.



ANTONELLI et al: TRACKING CONTROL FOR UNDERWATER VEHICLE-MANIPULATOR SYSTEMS WITH VELOCITY ESTIMATION 407

] g
& Z
-50 N . . L N 50 L H N L N
0 10 20 30 40 50 60 0 10 20 30 40 50 60
[s] [s]
350 i i : " " 350 T ; T
Eo0lh L . o L ] E}
z 30 . : : : : z 300
2
250 L H . L L 250 L L L L L
0 10 20 30 40 50 60 0 10 20 30 40 50 60
[s] Is]
ok L S S S ]
110+ - L. 3 .. ....... ....... ....... ........
€ 100b. - 3 S S S o
70 H H A H H 70 H
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Fig. 6. Comparison of the control laws (38), (39), and (43): joint control torques. Left: control laws (38) and (39); Right: control law (43). Tomterdiue
to the smaller inertia, is the only component that shows some chattering also in the controller-observer scheme.

A digital implementation of the control laws has been consid- TABLE I
ered. The sensor update rate is 100 Hz for the joint positions and VARIANCE OF CONTROL COMMANDS
20 Hz for the vehicle position and orientation, while the control Control Taw (38),(39) | Control Taw (43)
inputs to the actuators are updated at 100 Hz, i.e., the control la Force z [N? 0.0149 : 146326
is computed every 10 ms. The relatively high update rate for th — Force y [N? 0.0077 114734
vehicle position and orientation measurements has been chos = Force z [N? 0.0187 3.0139
so as to achieve a satisfactory tracking accuracy. Of course, su _Moment z [N*m” 0.2142 10.6119
update rates can be obtained if high-performance sensors, e. _Moment y [N?m? 2.8156 23.2798
video systems, are available. Moment 2 [N*m* 1.6192 26.0350
Quantization effects have been introduced into the simula %quzé ;222 g'gg? g'gggg
tion by assuming a 16-bit A/D converter on the sensors output: : Torgue 3 TNZm? 03393 18350

Also, Gaussian zero-mean noise has been added to the sign==
coming from the sensors.

Fig. 3 shows the time history of the norm of the traCkm%ent; these data clearly show the advantage of using the con-

S%}oller-observer scheme. Of course, the improvement becomes

and (43), respectively. Figs. 4-6 show the corresponding CQijs 5 \yhen the noise and quantization effects are larger than a

trol forces,. mqment;, and 'torques_ It can be recognized tIEﬁtrtain threshold. The derivation of such a threshold would re-
good tracking is achieved in both cases, although the perf

int f tracki i< slightly better for th " lire a stochastic analysis of a nonlinear system, which is be-
mance In terms ot tracking erroris sightly better Tof the Contrg, 4 the scope of this work. Moreover, it can be easily recog-
law (43), where numerical derivatives are used. On the ot

. L ed that such a bound is strongly dependent on the character-
hand, the presence of measurement noise and quantization &= o¢ the actuators.
fects results in chattering of the control commands to the actua-
tors; this is much lower when the control laws (38) and (39) are
adopted than with control law (43). An indicator of the energ?'
consumption due to the chattering at steady state is the varianch this case study, the same task as above is executed by
of the control commands reported in Table Il for each compadopting the control law (40) and (41) and its counterpart using

Second Case Study
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Fig. 7. Comparison of the control laws (40), (41), and (44): norm of the tracking (solid line) and estimation (dashed line) errors. Top: veloolepositi
Middle: vehicle orientation error (vector part of the quaternion). Bottom: joint position errors. Notice that the performance in terms of tgeeramkis still
good using the reduced versions of the controller-observer scheme and of the law obtained using the numerical differentiation.

numerical differentiation of the measured position/orientatio,. Third Case Study

e The control laws (40), (41), and (44) have been tested under

) severe operating conditions. Namely, the update rate for the ve-
hicle position/orientation measurements has been lowered to 5

where the same parameters as in the previous case study Ijl_gvgnd the A/D word length has been set to 12 bit for all the

been used. Also, the same measurement update rates quarﬁ&r&goroutputsignals. Gaussian zero-mean noise is still added to

tion resolution, and sensory noise have been considered in {ff@ measures. The parameters in the control laws are the same

simulation. as in the previous case studies.

The results are reported in Fig. 7 in terms of tracking and Fig. 8 shows a small degradation of the tracl_<ing performange
estimation errors. It can be recognized that the errors are coff-POth the control schemes. In fact, the tracking errors remain
parable to those obtained with the control scheme (38) and (33§ same order of magnitude as in the previous case studies, be-
in spite of the extremely simplified control structure; also, théduse the computing rate of the control law is unchanged (100
control inputs remain free of chattering phenomena and are fit).- Namely, the update rate of the measurements relative to
reported for the sake of brevity. the subsystem with faster dynamics (i.e., the manipulator) re-

The tracking performance obtained with the simplified cormains the same (100 Hz), while the update rate of the measure-
trol law confirms that the controller-observer approach is ifments relative to the vehicle (5 Hz) is still adequate to its slower
trinsically robust with respect to uncertain knowledge of thdynamics. Figs. 9-11 show the corresponding control forces,
system’s dynamics, thanks to the exponential stability propertgoments, and torques. It can be recognized that unacceptable
Hence, perfect compensation of inertia, Coriolis, and centripetdiattering on the control inputs is experienced when numerical
terms, as well as of hydrodynamic damping terms, is not rderivatives are used, which is almost completely canceled when
quired. the controller-observer scheme is adopted.

u=BI(M¢, + K¢, — O+ Kpea +8(q,RY) (44
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Fig. 8. Comparison between the control laws (40), (41) and (44): norm of the tracking (solid) and estimation (dashed) errors. Left: controldayv Right(
control law (44). Top: vehicle position error; Middle: vehicle orientation error (vector part of the quaternion); Bottom: joint position ercase bf smaller
sampling time and word length both the control laws guarantee satisfactory tracking errors for the vehicle position/orientation, an increesesoftbbserved
for the manipulator variables.

VIIl. CONCLUSIONS APPENDIX
STABILITY ANALYSIS
In this paper, a new control law for tracking of a desired
motion trajectory for an underwater vehicle-manipulator
system has been proposed. A novel observer has been 4?9 1 oM
signed to provide estimation of velocities used by the contro 274
law. It has been proven that the resulting controller-observer +k,
scheme achieves exponential convergence to zero of both mo-
tipn trac_k_ing and esth_’natiop errors. Moreover, representation %lppf)ff)e oo ((1—7)% +&e) + %df%@d«
singularities of the orientation are avoided thanks to the use
of unit quaternions. Simulation results show the effectiveness (45)
of the proposed controller-observer algorithm when comparedrhe time derivative ofV along the trajectories of the
to the performance achieved with a control scheme usigghsed-loop system (35) and (36) is given by
numerically reconstructed velocities. In fact, the use of the
velocity observer allows for the reduction of chattering on the’ = —01K,04 — e], AdK eq — e A Lpe.
control commands due to sensory noise and quantization, and — &2 (L, A(Qe) - K,)o. —61C(q,0.),
thus prowdgs better (_)peratlng co_ndlltlonS for t.he actuators, e, _ 5TC(q, o, + 0T CT(q,04)C, + (04 +0)F
energy saving and increased lifetime. Partial compensation 1
of inertial and hydrodynamic terms as well as low update X D(q,{)¢ — §(Ud+ae)TD(CI7 ¢ +¢,)
rates and heavy quantization of sensor measurements have T . _ .
been considered in some case studies. The results confirm the 7aM(@)Sro(@a)¢s — o M(@)AdSr(@a)es. (46)
robustness of the controller-observer scheme with regard tdn the following it is assumed tha};, > 0,7, > 0; in view
unmodeled dynamics and external disturbances. of the angle/axis interpretation of the unit quaternion, the above

Consider the positive definite Lyapunov function candidate
1 1 T
(@)oa + §UZM(C{)Ue + §kaP§Pd

. T 1. N
o (1 —na)> +€jé) + §Q5Kqu(z
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Fig.9. Comparison of the control laws (40), (41), and (44): vehicle control forces. Left: control laws (40) and (41). Right: control law (44) roherenogerver
scheme (left) is working at a low frequency without causing chattering to the control inputs, as is the case with the numerical derivatives $theme (rig

assumption corresponds to considering orientation errors charMoreover, the last two terms in (47) can be rewritten as
acterized by angular displacements in the rajage, [. 1

From the equalityQ,. = Q. * Qq, the following equality (0q+ ae)TD(q, )¢ — E(o'd + ae)TD(q, ¢ +C)
results:

1
=—(o4+0)"'D(q,{)(ou+ o)
€ ea = Nl €a — Nadh éc 2

1 T
- — —(6q+0.) (D(q,(,.) — D(q, ~+<¢,). (49
wherer; andr. are the scalar parts of the quaterni@gsand 2( ¢ ) (Dla.¢,) (@ )6 +¢,)- (49)
Q., respectively. The above equation, in viewpat = pa—Pe  |n view of properties 1-3 and (30), (31), (47), and (48), by
anddac = qa — qe, implies that taking into account thaf = ¢, — ¢, with ||{,|| < Cans and
- - —_— < |, the f i
el AyKpeq = kppPh AupPa + Aaokporiel|éal® ]Icl(;%l(lzo\lllls_ lleal|| + ||e.]|, the functionV can be upper bounded as

+ 5 AaKpQba — kPl Aarb. l

— Aokpofiacy e + 45 AaKpode V < ~kumlloall? = kpmiielleal” — =5 cllo |
and thus +komlloall” = Lomllec|l” + kpnlleallllec]|

. + Curlloalllloel|2l€all + 26ans + lloall + [loe])
b Ak, ea 2 kpmilleall = Fpllealllec]  (47) O -
, - : : + Culloell”(I1€all + Carr) + == (lloall” + lleallllee|)

wherek,,,, (kyar) is the minimum (maximum) eigenvalue of the -
matrix A ;K. Moreover, in view of the block diagonal structure X (2[|¢all +2¢ans + loal + [loe]l)
of the matrixL, and of the skew-symmetry of the mat$X-), + Mslloallll€all(Cans + Aanz(lleall + llee]])) (50)

the following inequality holds:
1 where k..., (k,ar) denotes the minimum (maximum) eigen-
o 'L,A(Q.)o, > §lumﬁe||0e,||2 (48) value of the matrixK,,, /., denotes the minimum eigenvalue
of A.L,, and Ay, denotes the maximum eigenvalue of the
wherel,,,, is the minimum eigenvalue of the matrix,,. matrix Ag.
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Fig. 10. Comparison of the control laws (40), (41), and (44): vehicle control moments. Left: control laws (40) and (41). Right: control law (443l9¢atiat,
at steady state, small displacements or measurement errors can cause intolerable control actions in the numerical derivatives scheme.

Therefore, given a domaif,, characterized by any < 1,
there always exists a set of observer and controller gains such
thatV < 0in B,. Moreover, foriy > 0,7, > 0, the following
with 7, > 0,7. > 0. It can be recognized that, in the domairnequality holds
B, the following inequalities hold: 0<(1—7)? < (1= )1+ 1) = ||al®

0<VIl=pt < <1, (52)  and a similar inequality can be written in terms#fandé..
1€all = lloa — Adegel] < (14 2Xan)p. (53) Hence, functior¥” can be bounded as

By completing the squares in (50) and using (52) and (53), it
can be shown that there exists a scalar 0 such that with

Consider the state-space domain defined as follows:

B, ={x:[x]|<p, p<1} (51)

el [X]1* < V() < enrllx]]? (59)

V < —nlx| (54)

moy pmo "pm

1
Cm = 5 min{M,,, k. .U 1}
in the domainB,,, provided that the controller and observer pa-

rameters satisfy the inequalities

3D
Eym > o1 <CM + 2M> + o Mpr(1+ Aanr) (55)
- a2 My Aaps (56)
P /1 — p2
kQJW
lpm > max{ aoMarAans, — (57)
b { kprn V 1-— p2

2 D
l'nrn, > <k'1;l\/f + (20{1 + p)Cl\/f + u) (58)
1—p? 2

whereoy = 2(1 4+ Agar)p + Canr @ndas = Caps + 2Aanrp-

1
Cpf = 5 Ina/X{M]\f, 4k;)]\4, 4[;)]\4}

wherek,,,, (k) is the minimum (maximum) eigenvalue of the

matrix K,,, andly,,,, (1;,5,) is the minimum (maximum) eigen-
value of the matrid.,,.

SinceV (¢) is a decreasing function along the system trajecto-
ries, the inequality (59) guarantees that, for a given p < 1,

all the trajectoriex(t) starting in the domain

c'rn
sz{x;||x||<p }
cM

remain in the domairB,, for all ¢ > 0 provided thatj,(t) >
0,7.(¢) > 0 for all ¢ > 0. The latter condition is fulfilled when

(60)
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Comparison of the control laws (40), (41), and (44): joint control torques. Left: control laws (40) and (41). Right: control law (44) tit i©ti@ng

that control actions too noisy (right) would not be accepted; smaller control gains, with consequently larger tracking errors, would be detbigmeatferical
derivatives approach.

74(0) and7).(0) are positive; in fact||é,|| < p < 1 and|é.|| <
p < 1forall¢t > 0 implies thati,(¢) and#.(t) cannot change
their sign.

Moreover, from (54) and (59), the convergence in the domain[7] G. Antonelli and S. Chiaverini, “Singularity-free regulation of under-
B, is exponential [26], which implies exponential convergence
of eq, e., ¢, andc..

The conditionp < 1 is due to the unit norm constraint on the
guaternion components and gives a rather conservative estima}e]
of the domain of attraction. However, it must be pointed out
that this limitation arises when spheres are used to estimate the
domain of attraction; better estimates can be obtained by usirlg]
domain of different shapes, e.qg., ellipsoids.
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