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1. Introduction

AUV has undergone a major leap as technology allows higher integration, while faster
sensors and actuators and new modelling techniques and its corresponding control
algorithms are available. One of the new improvements of AUV technology is the capability
to produce dexterous motion using robot manipulators as its end effector. This robot
manipulator behaves as a multi-degrees of freedom active tool, such that the AUV stands as
the free-floating base of the robot manipulator. In this case, the AUV navigates to drive the
RA to its working environment, with two independent controllers, one for the AUV and
another one for the RA. However, when the RA is working out its task, it is convenient to
automatically control the whole AUV+RA, coined in this paper as Submarine Robot Arm or
SRA for short, as a whole and unique system so as to take advantage of its redundancy and
achieve better accomplishment in comparison to control the AUV and the RA
independently.

When the RA is in contact to a rigid object, a constrained SRA appears and the control
system now must control additionally the contact forces. This sort of systems have become a
new area in AUV technologies, however there is no available and proved control system for
constrained SRA, which posse a complex problem because there appears a tightly coupled
hyper-redundant nonlinear system subject to holonomic constraint, which produces all
together a set of nonlinear algebraic differential equations of index 2.

Constrained SRA deals simultaneously with navigation of its non-inertial base while
controlling the pose and contact force of its RA. For the general case, we would have a free-
floating hyper-redundant constrained RA. Additionally, the holonomic constraint must be
satisfied all the time to maintain stable contact to a rigid underwater object, thus an efficient
force controller is required to achieve stable contact while exerting a given desired contact
force on this object. This rather new problem deserves a separate attention in AUV
technologies, due to the subtle complexities of constrained SRA in its own right.

1.1 Contribution

After a brief discussion in Section 2 on the nature of the control problem of constrained SRA,
which deserves a particular treatment apart to the AUVs control problem, we go through
the full dynamic model of an SRA in Section 3. Then, Section 4 shows the key design of the
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open-loop error system. In Section 5 a quite simple force/posture model-free decentralized
control structure is proposed, which guarantees robust tracking of time-varying contact
force and posture, without any knowledge of SRA dynamics, which manage redundancy to
introduce primary and secondary tasks. Closed-loop stability properties are obtained in the
sense of Lyapunov and Variable Structure Systems arguments deliver second order sliding
modes to obtain very fast tracking, while satisfying both tasks. A representative set of
simulations for a 12 DoF SRA system are presented and discussed in Section 6. Some
remarks are presented in Section 7, and final conclusions are given in Section 8.

2. The motion control problem of redundant constrained SRA

Controlling redundant constrained SRA subject to holonomic constraints requires the latest
scientific knowledge and technological achievements for AUV and RA, from a simple
torpedo to modern AUV and RA subject to hydrodynamic forces. Those vehicles pose at the
same time tantamount scientific and technological challenges in robotics, control, man-
machine interfaces, submarine telecommunications and mechatronics. This kind of SRA
systems provide dexterity to a level yet unknown in AUV, which some day could superpose
the limited capabilities of deep water divers, where bulky equipment is required to survive,
thus less dexterity is exhibited at this waters by human divers. Despite these evident
benefits, little study has been published on the automatic control of this systems. So far,
must of the contributions point out on how to provide an acceptable level of (perhaps
autonomous or automatic) navigation capabilities of the main body of the AUV, without
compromising security, rather than in the manipulation capabilities of its tools, perhaps a
RA with few DoF. Therefore, we bring the attention of a new breed of AUV whose main
task is manipulation, perhaps with more than one robot arm, where the underlined issue is
that the main body, the AUV, is considered as a free-floating fully actuated base. Notice that
a common assumptions on this problem is that AUV is several times heavier than the RA so
as to provide inertial decoupling between the AUV and the robot arm. For this case, the
control system is designed so as to controlling independently the base and the arm, while a
coupling endogenous disturbance is presented. In this case, we have n trusters to drive the
AUV and m actuators to drive the SRA. However, with lighter materials and batteries and
powerful trusters, this assumption may fail, since the mass and inertial might be quite
similar and singular perturbation theory hardly applies anymore. As a consequence,
technological improvements bring coupling and thus more elaborated control schemes are
required to deal with the whole nonlinear highly coupled dynamics, from the base AUV to
the end-effector RA, as one integrated free-floating constrained system.

2.1 The free-motion SRA problem

Pioneering efforts on SRA were focused on motion control with simple PD regulators in
unconstrained (free-motion) motion, similar to the case of fixed-base robots in our labs.
Acceptable performance for tracking has been proposed using more complicated (saturated
or nonlinear) PID schemes and few model-based controllers have been proposed for
tracking, under lab conditions (Spong; Villani et al.). In (Smallwood & Whitcomb), some
heuristical simplifications are propose to deal with simple control techniques, however
formal results are not provided, which may become potentially unstable under several
possible working conditions. Though the Euler Lagrange dynamics, coming from the
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Kirchhoff formulation and its equivalence in Euler-Lagrange formalisms shows passivity
and nice energetic properties, and although it seems plausible that several passivity-based
techniques could be extended to the realm of SRA, few publications address this problem in
comparison to the wide variety of available passivity-based techniques for fixed-based RA.
Automatic unconstrained motion control problem of SRA, though formally studied during
the last two decades, is still in its infancy basically due to the fact that the full nonlinear
model is quite complex, besides that the estimation of physical parameters are really
difficult to obtain, so model-based controllers are difficult to implement. This is one reason
why human operators are still the preferred controllers at risky missions. Since the model is
hardly available, soft-computing techniques may be an option to approximate the inverse
dynamics and implement controllers with implicit knowledge of the full system, however,
no formal publications are known by the authors in this area for the full nonlinear model
with formal stability results.

When the task is to achieve contact between the end-effector and a rigid object clamped on
the sea floor or in a submarine structure, contact wrenches are propagated all over the RA
and along the AUV through its rigid structure. Powerful and quick trusters are required to
establishing, maintain and achieve stable contact, and finally to exert forces while moving
along the surface of the object. This is known as the constrained SRA problem.

2.2 The constrained SRA problem

Stable contact for SRA is a more complex problem in comparison to the typical
force/position control problem of robot manipulators fixed to ground in our laboratory
because not only complementary complex dynamics are presented in SRA, such as
buoyancy and added masses, as well as complex hydrodynamic effects, but to the fact that
the vehicle reference frame is not longer inertial, see (Schjelberg & Fossenl; E. Olguin Diaz),
thus there is not a fixed reaction point to react to. Thus, in this case, the truster of the AUV
must react accordingly to hold still or accommodate these forces while still achieving
simultaneously tracking not only for the UAV but also for the RA.

However, more interesting submarine tasks involves the more challenging problem of
establishing stable contact while moving along the contact surface, like pushing itself
against a wall or polishing a sunken surface vessel surface or manipulating tools on
submarine pipe lines. In all these cases, contact forces are presented, and little is known
about the structural properties of these contact forces, let alone exploit them either for
design or control. This problem leads us to study the simultaneous force and pose (position
and orientation) control of free-floating SRA under realistic conditions. By realistic we mean
that the full nonlinear coupled dynamics are considered subject to holonomic constrains.

In the sequel, we assume that the dynamical model, and its parameters, are hardly known in
practice, though the the full state is available as well as the geometric description of the
contact surface or object.

There are two main general reasons that help us to explain why that force/posture problem
remains rather an open problem. One reason is that we really know little about how to
exploit its apparent generously well-behaved and slow dynamics. On one hand, how to
model and control properly a fully immersed vehicle with a RA constrained by rigid object
is an open issue in terms of exploitation of its passivity properties, when the model is subject
to holonomic constrains. The second reason is rather technological and economical. On one
hand, present day commercial submarine force control technology lies behind today system
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requirements, such as very fast sampling and uniform rates of sensors and actuators, as well
as low power consumption, even when the bandwidth of the submarine robot is very low.
Despite brilliant -for the simplicity of this complex problem- control schemes for free motion
submarine robots published in the past few years, in particular those of (Yoerger & Slotine;
Smallwood & Whitcomb 2001; Smallwood & Whitcomb 2004) does not formally guarantee
convergence of tracking errors, let alone simultaneous convergence of posture and contac force
tracking errors. There are several results that suggest empirically that a simple PD control
structure behaves as stiffness control for submarine robots to produce acceptable low
performance contact tasks. However, for more precise and fast tasks, the fast simultaneous
convergence of timevarying contact forces and posture remains an open problem.

Since SRA dynamics are very hard to known exactly in practice, the dynamic model and its
dynamic parameters should be considered uncertain, or at least parametrically unknown.
Recently, some efforts have focused on how to obtain simple control structures to control
the time-varying pose of the AUV under the assumption that the relative velocities are low
(Smallwood & Whitcomb 2004; Perrier & Canudas de Wit). For force control of SRA, when
dynamics are unknown, virtually none complete and formal control system is known. We
believe that to obtain better performance in contact tasks a better understanding of the
structural properties of submarine robots in stable contact to rigid objects are required. To
this end, we assume that the rigid body dynamics of SRA is subject the now well-known
holonomic constraints and thus we can extend some schemes to the case of SRA. Notice that
during rigid contact the system exhibits similar structural properties of fixed-base
constrained robots, under the full formulation of the Kirchhoff dynamics. Thus, in this paper
we have chosen the Orthogonalization Principle (Parra-Vega & Arimoto) to extend from fix
base to free-floating base to redundant SRA to propose a simple, yet high performance,
controller with advanced tracking stability properties.

2.3 The constrained redundant SRA problem

When the SRA is redundant, there is some degrees of freedom available that can be used to
satisfy a secondary task, being the primary task convergence of tracking errors. For instance,
the AUV could be relocated dynamically all over the time at the pose of minimum power
consumption such that the RA carries out the main task with greater manipulability index or
avoiding joint limits or avoiding obstacles or with less energy consumption or keeping the
AUV in a still position while the RA moves around.

If we could pursue primary and secondary tasks fulfillment, then some sort of Cost Index should
be penalized, similar to the case of free motion grounded robots. That is, the cost function may
constraint the motion of the SRA’s base within an envelope to achieve better manipulability
index or to minimize control effort/energy without compromising maneuverability, while
tracking desired force/posture trajectories. In any case, besides the simultaneous tracking
control problem of position and force, for redundant SRA, an optimal control problem is
involved, which could be treated at the kinematic or dynamic level to take full advantage of
the capability to carry out simultaneously a primary and secondary task. In this way, a certain
degree of dexterity can be introduced when solving online the redundancy of the SRA.

3. The full nonlinear coupled model of the SRA

For completness, the AUV dynamic model is presented firstly, including under contact. That
is a six DOF AUV is derived, including contact wrench. Then, the RA is attached to the AUV
to build the SRA and the full expresions are presented.
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3.1 The AUV model

The model of a submarine can be obtained with the momentum conservation theory and
Newton’s second law for rigid objects in free space via the Kirchhoff formulation (Fossen),
the inclusion of hydrodynamic effects such as added mass, friction and buoyancy and the
account of external forces/torques like contact effects (Olguin Diaz). The model is then
expressed by the next set of equations:

My, +C,(v,)v, +D,(v,,t)v, +g(q,)=u, + F" +n, (v, 1), 1)

v, =J,(4,)4, ?)

From this set, (1) is called the dynamic equation while (2) is called the kinematic equation.
The generalized coordinates vector g, € R°is given on one hand by the 3D Cartesian position

dv = (Xv, Yo, z0)T of the origin of the submarine frame (%,) with respect to a inertial frame (Zo),
and on the other hand by any set of attitude parameters that represent the rotation of the
vehicle’s frame with respect to the inertial one. Most common sets of attitude representation

such a Euler angles, in particular roll-pitch-yaw (¢, 8, ), use only 3 variables (which is the

minimal number of orientation variables). Then, for a submarine, the generalized
coordinates represents its 6 degrees of freedom:

— dt" 3
Qv = "91,' ( )

where ¥, = (¢, 0y, Y0)T stands for the attitude parameter vector.

The vehicle velocity v, € R° is the velocity wrench (vector representing both linear and

angular velocity) of the submarine in the vehicle’s frame. This vector is then defined as
T AT\ T

v, =(Vv {‘,'J .,(0{' : )" The relationship between this vector and the generalized coordinates

is given by the kinematic equation. The linear operator ], (7) eR®® in (2), is built by the

concatenation of two transformations. The first is J,(go) €R®° which converts time
derivatives of generalized coordinates to velocity wrench in the inertial frame. This operator
is necessary because the angular velocity of a body (w) is not given by the time derivative of

its angular parameters (1}' # ©). However, there is always a transformation operator given by
the very specific type of chosen orientation parameters:

wy = Jo(9)D,y 4)
Then the operator J;(g,) is defined as:

I 0
»}q(q?-') = [ 0 J@(Qi-‘) ] ’

b

The second operator is
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R O 66
J , ] — 0 41 E 3? »x0 6
I Zg (Q‘L ) [ 0 R (i) ( )
which transforms a 6 dimension tensor from the inertial frame to vehicle’s frame. The matrix

R} (9,) € SOsis the rotation matrix of the vehicle. Thus, the linear operator is defined as

FAN
Ju(q) = Jr(a)Jq(q)
A detailed discussion on the terms of (1) can be found in (Olguin Diaz & Parra-Vega).

In the dynamic equation (1), matrices M, Cy(v),Dy(-) € R are Inertia matrix, Coriolis matrix

and Damping matrix. M, includes the terms of classical inertia plus the hydrodynamic
coefficients of the added mass effect (due to the amount of extra energy needed to displace
the surrounding water when the submarine is moving). The Inertia matrix is constant,
definite positive and symmetric only when the submarine is complete immersed and the
relative water incidence velocity is small (Fossen). This condition is met for a great amounts

of activities. The Coriolis vector C,(v)v represents the Coriolis and gyroscopic terms, plus the

velocity quadratic terms induced by the added mass. The Coriolis matrix in this
representation does not depend on the position but only on the velocity, in contrast to the
same expression for a Robot Manipulator. It is indeed skew symmetric and fulfills the classic

relationship for Lagrangian systems: M, -2C,(v) = Q; Q+QT = 0. The Damping matrix
represents all the hydrodynamic effects of energy dissipation. For that reason it is a strictly

positive definite matrix, Do(g, v, t) > 0. Its arguments are commonly the vehicle’s orientation

¥, the generalized velocity v, and the velocity of the surrounding water ((t). The diagonal
components represents the drag forces while the off-diagonal components represent the lift
forces. Vectors g.(q), u, F”' eR’are all force wrenches (force-torque vector) in the vehicle’s

frame. They represent respectively: gravity, input control and the contact force. Gravity
vector includes buoyancy effects and it does not depend on velocity but on the orientation
(attitude) of the submarine with respect to the inertial frame. The contact force wrench is the
one applied by the environment to the submarine. The input control are the forces/torques
induced by the submarine thrusters in the vehicle frame.

The disturbance 17, (v, {(t), ¢ (£))of the surrounding fluid depends mainly in the incidence

velocity, i.e. the relative velocity of the vehicle velocity and the fluid velocity. The last is a
non-autonomous function, but an external perturbation. This disturbance has the property
of

nw (1,0,0) = 0. @)
That is that all the disturbances are null when the fluid velocity and acceleration are null.

The dynamic model (1)-(2) can be rearranged by replacing (2) and its time derivative into
(1). The result is one single equation model:

My(q0)dw + Co(Qo, @0)do + Dy()do + 94(qw) = gy + 7e + 0g(dw, C(£),C(t)); ©)
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which, whenever ((t) = ((f) =0, i.e. 1,(-) =0, has the form of any Lagrangian
system. Its components fulfills all properties of such systems i.e. definite positiveness of
inertia and damping matrices, skew symmetry of Coriolis matrix and appropriate bound of
all components (Sagatun & Fossen). The control input in this equation is obtained by a linear
transformation of the real input using the linear operator given by the kinematic equation:

Uq, = J;T(Qa )uv (9)

The contact effect is also obtained by the same transformation. However it can be expressed
directly from the contact wrench in the inertial frame (2o) by the relationship

Te = J:T((h-')Fc(u) = Jg‘(g"v')Fc(.O)u (10)

where the contact force F'”is the one expressed in the inertial frame. By simplicity it will be
noted as F, from this point further. The relationship with the one expressed in the vehicle’s

frame is given by F, = ,}’;”,‘(q) Ffm_This wrench represents the contact forces/torques

exerted by the environment to the submarine as if measured in a non moving frame. These
forces/torques are given by the normal force of an holonomic constraint when in contact
and the friction due to the same contact. For simplicity in this work, tangential friction is not
considered. The equivalent of the disturbance is obtained also with the linear operator given
as:

ng() = JSI(Q)??'U(')' (11)

3.2 Contact force due to an holonomic constraint
A holonomic constraint (or infinitely rigid contact object) can be expressed as a function of
the generalized coordinates of the submarine as

¢(q,)=0, (12)

with @(g.) €', where r stands for the number of independent contact points between the
SRA and the motionless rigid object. Equation (12) means that stable contact appears while
the SRA submarine does not deattach from the object ¢(q,) = 0. Evidently all time
derivatives of (12) are zero, which for r =1

J,(q,)9, =0 (13)

_00(q,) _ gyrs
where Jol@.)=" 5 " eR
the submarine in the directions of constraint jacobian are restricted to be zero. This
directions are then normal to the constraint surface ¢(g,) at the contact point. As a
consequence, the normal component of the contact force has exactly the same direction as
those defined by J,(4.), consequently, the contact force wrench can be expressed as

is the constraint jacobian. Last equation means that velocities of

F.=J,.(q9,)2 (14)
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J,
where /0. (4,) = s is anormalized version of the constraint jacobian; Ae®" is the magnitude
o

of the normal contact force at the origin of vehicle frame: 1 = "E " . The free moving model

expressed by (1)-(2), when no fluid disturbance and in contact with the holonomic constraint
can be rewritten as:

i"""irv-’} + h-v(@t-'s V, t) = U+ JR(Qi ) }-+('T1') (15)
v = Ju(q)dv, (16)
{:‘9( q-:.-) = 0, 17)

where h,(qy,v,t) = Cy(v)v + Dy(qu, v, t)v + gu(gy). Equivalently, the model (8) is also
expressed as

My(qv)Gy + he(qu, Gu, t) = ug, + Jg(qv))\, (18)

e(q) = 0, (19)

with hq((h Go, 2t) = q((}'t«(h ch + D(;(QE G, f)@'t +gq((}'t) and J (Qa) = “+(Qt-‘)Jq(Qt-‘)‘
Equations (18)- (19) are a set of Differential Algebraic Equations mdex 2 (DAE-2). To solve
them numerically, a DAE solver is required. This last representation has the same structure
and properties as those reported in (Parra-Vega).

3.3 The robot arm

This section formulates the problem of a manipulator having free mobility on its base. That
means, when the base of the robot arm is no longer inertial and thus does not fulfils
Newton’s laws unless all its dynamic is at new, expressed in a inertial frame.

In order to include the movent of the base of the robot arm, it is necessary to introduce some
extra elements which do not appear in the classical fixed-base model. For this case, the free
moving base, the inertial frame shall be chosen in the same way it is chosen for the vehicle’s:
at some point attached to the earth. It is evident that this two references can be identical for
the fixed base case, but should certainly be different for the free moving base case. Lets use
the inertial reference % used for the submarine and define as X, the base frame of the arm
when its base is no moving, known as the fixed-base condition.

As a result there are two new homogeneous transformations in the kinematic chain: H (4.)

from inertial frame X, to the vehicle’s frame %, and H Z from X, to the fixed-base first

reference frame X, from which all the modelling is obtained.
The homogeneous transformation from inertial frame X to the vehicle frame X, is then given by:

Ry(9,) d, } 20

Hy = { 0 1

where 4, is the inertial position of the vehicle and R, €SO3 represents its orientation. Recall

that the generalized coordinates of the vehicle are given in (3).
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The homogeneous transformation from X, to % is then given by:

b R? db/i,'

where d, e R’ is the position vector of b wrt vehicle’s frame (expressed in Z,) and Rf] € SO3

represents the orientation that the arm is attached to the vehicle. With the reasonable
assumption that the vehicle is a rigid body, and that the assembling is as well, this
transformation is constant.

The forward kinematics of the free-base robot arm is given by the concatenation of the
proper homogeneous transformations. For instance, the forward kinematic of the end-
effector x.is given by:

€ v b rye Ry 4] dg 1 Ym
Hu-=Hn(qi.-)Hf.H;,(q,,,)=[ 0y m) (e, )

where H; (qu) stands for the homogeneous transformation of the manipulator , and g,, are

the generalized coordinates of the arm chain, both under the fixed-base conditions.
From here on, it is evident that the generalized coordinates for the free-base manipulator
shall be extended to include the vehicle configuration as

A o 1
q=( 7 € Rt (22)
(JHP

An acceptable interpretation is that the vehicle is an extra link in the manipulator’s chain
that has a six degree-of-freedom articulation.
The forward kinematics of the end-effector are given by:

de=fla) = do+R5(0) (r)(am)) @)

= dy + R(@) (ri)), + R5d), (am) ) 9

where d([,%(qm) € R is the forward kinematic equation on the the fixed-base condition, and

(), .. .. .,
Tepy 18 the position vector of the end-effector from the origin of the vehicle’s frame,

expressed in that same frame Z,.
From egs. (23)-(24) the linear inertial velocity of the end-effector is:

d:t?- = dv +wy X Rf)(ﬁt)ri}l (gm) + R:}!(ﬁv)Ri{dS;)b(G’m) (25)

(b
The linear velocity df.};l){q:n} is the fixed-based condition’s linear velocity of the end-effector
and can be calculated via the linear velocity jacobian: ve = Jyel o (Gm)Gm. Then last
relationship can also be expressed as

de = dy = (RYW)r)(am) ) x wo + BYWD2) Toetyy (@m)im 20
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The angular velocity of the end-effector is the sum of the vehicle’s angular velocity w, plus

the relative angular velocity of the end-effector respect to the base wys expressed in the

inertial frame. Then, the angular velocity of the end-effector is:

We = Wy + Rg ('ﬂ;v )Jwﬂ, (q-m. )(jm. (27)

where Ju;, is the angular velocity jacobian for the fixed-base condition. By replacing
equation (4) in equations (26) and (27), the end-effector velocity wrench can be written as a
function of the extended generalized coordinates and its time derivative as:

H 7 v (v) c q 3
Veo é I/({,m _ ( d{- ) _ ( d!‘ - [(R(](ﬁ#‘)'r(,f:.{q”r'}) X} ;’70.(01')'1%- + RE;.(ﬂ:.')Jt.'(:ff!a(Qn:)q:n )(28)
Jo(dy )0y + R{j('[)t')'j.ap,(qm)fhn

We

Last equation can also be written in block matrices in the next way:

RN , _ 1,
Vo = |: I; — [(Ré(l’p)rf’(l((}m)) X} -}O(UIH) Rg(’é’?r)-}emff{, (Qm} ‘| {:91: (29)

0 JG (19?') Rg (191‘ ) Ju:fr; (Qm) (j.m
= J‘u(q)q."u + JnL (Q)Qm (30)
= Jg (31)
where the vehicle Jacobian [, e R®is defined as:
A | I3 —[RYW,)rY) (qm)x])Ja(9s
J,(q) = 3 [ b (Jy) {.-/v(q ) %] Jo(Vy) (32)
0 Jﬁ(ﬁb)
and the manipulator Jacobian ], eR" is defined as:
PN )
Jm(@) = '}R{,(ﬁt?)Jfb(qm) (33)

In the above definitions, the term [a%] stands for the skew symmetric matrix representation
of the cross product of a vector (Spong & Vidyasagar), ] ; €50 is defined as (6) and Jpis the

manipulator fixed-base geometric Jacobian. The geometric version of the vehicle Jacobian
J., (9o qm) and the manipulator Jacobian J. (%, ¢u) make up the Mobile Manipulator

Jacobian defined in (Hootsman & Dubowsky). However, in this work we prefer to use this
geometric jacobian because it maps the generalized velocities ¢ in linear an angular

velocities at any point in the vehicle/ manipulator system.

J=| Jo@uram) I, am) ] € ROx(6+n) (34)

The dynamics of the free base manipulator can be obtained using the expressions of the
kinetic and potential energy of any mass, and using expressions (23) and (29). Because the
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generalized coordinates vector has a 6 + n dimension, there must be an inertia matrix H (g)
of the size (6 + n) X (6 + n) and the vector of generalized forces t should also have a 6 + n
dimension.

The kinetic energy of a free-base manipulator is given by:

n

Ly, _ ; T
Kn = Z§(T'Z(m?:)rmr+w?:TR?'('p)LtR‘ (p)w?r) (35)
i=0
Vg, 36
= 54" H(9)d ©6)

where the body 0 is the base, that has no movement in the fixed-base conditions. The linear
velocity d . and w; are given by equations (26) and (27), respectively, but calculating the

distance to the center of mass of the corresponding link.
The resulting solution for this extended inertia matrix can be written as follows:

ﬂ’i’!,{_((h_.._ Qm) H 4 (qu, q:n)
Hi (q“: Qm) Hfh(gm.)

which by definition is symmetric and definite positive.

) - | |-ar@ >0 @)

. (Siomi) Iy -ty (mildY) (a)x))

JM{m = . T T 2 € :].RUXG 38
Sy (mildS), @) Sieo (REELRTIR ~ i), <)) o
H, 2 Ro(gv) 323y Miduvety,, (9m) € RO 30)
| = . it T :
. Yo (mi[dE_-{,;]/)?,-]R{%(Qt:)iveiﬁm (gm) + RP(RLLRY )J“"hfs)

n

JaN ; ;T
Hfz') = Z (Tn"'i J‘n‘z‘cfﬂ)r__i (QTH)TJ?JCENJM (Q'm) + Jwaq. TRE] I‘.’. RB wab%- ) E ERHXH (40)

=1

Note that Matrix Hp is the inertial matrix of the same robot arm for the fixed-base condition
and it depends only in the manipulator coordinates gy,.

On the other hand, being the potential energy, gravitational and buoyant is also function of
the vehicle positions, it can be written as a function of the generalized coordinates:

Vin = m(‘?) = Vm(gt.'a Qm) (41)

Then the dynamic equation can be obtained by solving the Euler-Lagrange equation. The
resulting model would be of the form:

H(q)q+ C(q:4)q + 3(q) = Ty + Thydro 42)
where (C(q,q) € RO+7*6+n is the Coriolis matrix which has the same properties that for

the fixed-base case (i.e. %}_I —C =Q;Q - Q" =0 always true), §(q) = 0;}:%" is the
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gravitational vector of the manipulator and its influence over the vehicle’s coordinates and
includes the restoring forces due to the floatability of each link, 7 ,is the generalized
coordinates force vector, and 7 jya, are the generalized forces due to the hydrodynamic
effects.

This last term is somehow complicated to determine. However, a good approximation is to
compute these forces over each link and to translated them to the generalized coordinates,
using the virtual work principle (Spong & Vidyasagar), by means of the Mobile Manipulator
Jacobian (34) of the geometric center of each link. The resulting vector shall have the next
structure (Olguin Diaz):

ﬁzydro = _Dm( )q + Wm G" C( ) CU)

where the damping matrix D, >0is positive definite, due to the fact that the hydrodynamic
effects are dissipative, and the hydrodynamical perturbation forces 77 ,, becomes null when

the current is steady (((t) = § 0). The Damping matrix D m(-) can be also be written in
block submatrices as:

Dm(') = Dy D

Coriolis, gravitational terms, Hydrodynamic damping and current perturbations are highly
nonlinear so it is very common to write then together as the non-linear vector
h(q,q) = C(q,4)G+ G(q) + Dim(-)d — 7im(d,¢(t), {(t)).Then model (42) can be presented
as a function of vehicle’s and arm’s coordinates g, and g,

ﬂ'jr“fff (q) HA(Q) :| ( qL ) + ( hmf't,'(qt‘? Gm @-a.--.(i‘m) ) — ( Tm /v ) (43)
II{I (Q) I'Ifb(q:n.) (.f‘m hm(@i,‘:q:mém QI'?H) Tm

Or else, it can be written as two coupled equations as:

_ I: Dy, Dym ]

ﬁifm(q)gu + H,Li((})ijm + h--m./z_r((h.-': (ji-".' Gms ()m) - Tm/-u € §R6 (44)

H:".(Q)Qv + Hfb(qn?-)q;m + hm(‘?m lr1"'1:: Qm, ‘jm) = T4 € R (45)

3.4 The submarine AUV+Robot Arm=SRA

The interaction between the models of the vehicle and the free-base manipulator are forces-
torques at the attaching point. So if the original assumption where this attachment is rigid,
i.e. it does not nave elastic deformation behaviour, this force wrench shall appeared in both
models with opposite direction (due to Newton’s 3rd law).

On one hand, this interaction wrench is given in the vehicle dynamics as an external
perturbation wrench. This can be seen in the dynamic equation (8) as follows:

il‘l'"jrq(%:)(}t: + hq(q1'1 (j'z:) = Ug, + Tarm (46)

where hq(fh G ) = q(q: s G )fh + Dq[ )fh + gr,r(gr')) - ”(,r(QE‘-. C(t)-. C(t)) is the non-linear
vector term and T,,,, is the perturbation produced by the manipulators movements interaction.
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On the other hand, the interaction between the vehicle and the arm, seen from the
manipulator is the component t,,, on either model (43) or (44). By Newton’'s 3,;law it can be
seen that the force wrench 1,/ on the manipulator model is the same but with opposite
direction of the perturbation 1., on the vehicle’s model.

Tm/v = —Tarm 47)

Then by using last equality, a single expression for both model (44) and (46) is found to be:

|iﬂ'fq ((Itr) + ﬂ"fm(q:.'-. Q'm.)] Go+Ha (f}a:-. Q'm)fjm + hq(q:.'-. Q.'i:) + h”;/r!(Q‘m Gus Gms (jm) = Ug, (48)

Then equations (45) and (48) can be represented by a single whole-system differential
equation in a compact form by a coupled pair of differential equations:

H(q)i + C(g,d)d + D(-)d + g(q) = 7 + (4, C(t), (t)) (49)

where the nonlinear terms can also be written in a compact form as
h(q,q) = C(g,q)q+ D(-)g+g(q) — n(¢.¢(t),((t)) and the overall terms are given by the
next set of relationships [6]:

}Ur q:) + ‘Urm(gr:(?m) II\(Q: G"m) ] spbtnxb+n
|: HJ (Q'g_--_. qm.) Hfh(q”:) €n (50)
C(q q) - |:C£J' (gl',q.l') + Cn-(qr'! ql’ﬂ’qr’ l?m) Crm(qr'!qm’gv" gn;):| (51)

, Cmr (q\ 2 qm * C?r 2 q‘lm ) Cmm (qn * q”r 2 q.'r » qm )
. Dq qt f }} + DI'!‘((jf"..(j}”!'-C(f)-'c‘{t}} DI f”(q[ (;Hi C(f)'c.{f ]
Dia.¢0,¢®) [ D (Gos Gms C(2), C(1)) Drm (G ~ﬁ‘m.~C(?‘)-Cff) (52)
[/ v + m v m
Q(Q) ( q;(q Lm(z't f(hflq; ! ) ) (53)
- ( U,t,q ) c Rb+n (54)
Uy,
. : _ ??.-;(fj,_-._ C(ﬂ« C(f)) + nm/-{'(d"'r': Gm>» C(t) C(f))

n(q,¢(t),¢(t) = ( (o G (), €(1)) (55)

As well as inthe case of the AUV alone, whenever ((t) = C(t) = 0, then )() = 0,and the

dynamic equation (49) has the form of a Lagrangian system. Thus, its components fulfills all
properties of such systems i.e. definite positiveness of inertia and damping matrices, skew
symmetry of Coriolis matrix and appropriate bound of all components.

3.5 SRA in contact
When the end-effector of the SRA gets in contact with the environment, external forces and
torques appear in the dynamics that was not taken into account when the dynamics
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equations was obtained. Let F, = ( T n(‘f) € RY express the force wrench due to

contact forces and torques at the end-effector. From the virtual work principle, this contact
force F, will modify the dynamics of the system through the transpose of the Mobile-
Manipulator-Jacobian given by equation (34) as

N T
Tc:'}IFe:[J:}Fe (56)

:.
T
Ym

Which means that the contact forces are translated to the vehicle coordinates by the vehicle’s
Jacobian and to the joints by the manipulator’s Jacobian.

Then equation (49) is modified by adding t. as an external force to the righthand side
yielding to

H(q)i+ h(g,q) =7+ J"F, (57)

In this work, this contact force is also modelled in the same manner as treated in section 3.2, as
Te = J!‘E - J;{Q)/\ (58)

Where the J,(7)=/,+(9)/(q) is the jacobian of the holonomic restriction and A is the magnitude
of the contact force.

4. Open-loop error equation

The introduction of a so called Orthogonalization Principle has been a key in solving, in a
wide sense, the force control problem of a robot manipulators with fix base. This physical-
based principle states that the orthogonal projection of contact torques and joint generalized
velocities are complementary, and thus its dot product is zero, carrying no power and no
work is done. Relying on this fundamental observation, passivity arises from torque input to
generalized velocities, in open-loop. To preserve passivity in closed-loop, then, the closed-
loop system must satisfy the passivity inequality for a given error velocity function. This is
true for robot manipulators with fixed frame, and here we extend this approach for robots
whose reference frame is not inertial, like SRA. Additionally, we present here the
developments that this holds true also for redundant SRA.

4.1 Orthogonalization principle and linear parametrization

Similar to (Liu et al.), the orthogonal projection of J,(g), which arises onto the tangent space
at the contact point, is given by the following operator

Qlq) = I, — }1 (9)J,(q) € s (6+m)x(6+n) (59)

where Igi, e REMXEH) is the identity matrix and Ji-{q_} = Jf{q}[k[q}ﬁ(q)]"l, which always exists
since rank{J,(q)} = r. Notice that rank {Q(q)} =(6+n)—r and Qg =g, then Q(g) J; (9)=0.
Therefore, according to the Orthogonalization Principle, the integral of (t,¢) is upper
bounded by —H(ty), for H(f) = K + P whenever 7(q,4,¢ (), C(f)) =0 because cf'J;'{q)ﬂ. =0
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Then passivity arise for the full constrained SRA, under no fluid disturbances. This
conclusion gives a very useful and promising theoretical framework, similar to the approach
of passivity-based control for fix-base robot arms. On the other hand, it is known that the
dynamic equation (49) with no fluid perturbation can be linearly parameterized as follows

H(q)d+ C(q,q)q+ D()q + g(q) = Y(q,4,G)O, (60)

where the regressor Y (¢.4,q) € R"*P is composed of known nonlinear functions and
®e¥ by p unknown but constant parameters. This is useful to obtain the fundamental

change of coordinates of the SRA into the controlled error system, the system expressed in
error coordinates, wherein we want to control the system in the trivial equilibria.

4.2 Change of coordinates
In order to design the controller, we need to work out the open loop error equation using
(60), in terms of nominal references ¢ ,, as follows. Consider

H(q)gr + [C(q,4) + D()] ¢ +9(q) = Yo(q,4,4r,Gr)0O, (61)

where ¢ ,is the time derivative of g, to be defined. Then the open loop (49) can be written by
adding and subtracting (61) as

H(q)5 = —[C(g,9) + D()s = Yi(4,d,6r,G)0 + IS (@A + 1y (©2)

where s = g — ¢ ,is called the extended error. The problem of designing a controller for the
open loop error equation (62) is to find u,such that s(x) exponentially converges when Y,® is

not available.

4.3 Kinematic redundancy
Notice that

X = f(g) = X = J(a)d (63)

Since dimensions of XeR" and g are not the same, jacobian J(7) eR"*®*", then its inverse

does not exists, then to obtain the inverse mapping of (63), we use the pseudoinverse of
Penrouse to get

q=JX+ Qv (64)

where matrix O, = (I,., - /" (¢)/(q)) e R*""*"stands for the orthogonal projection of J(7) and
spans the 6 + n — m kernel of J(g), that is J(g) and Qxare orthogonal complements and its dot

(6+m)

product is zero. Now, let consider that Qx maps any arbitrary vector v eRR™"™ into the null

space of (). Consider, let

Z= Qv (65)

www.intechopen.com



272 Robotics, Automation and Control

be a vector which belongs to the null space of J(g). This vector yields
= Q2 (66)

which means that (64) can be written as
g=JX+z2 (67)

That is, given m values of X, we can complete the remaining 6 + 1 - m values of g eR**" by
designing z under a given criteria.

4.4 Orthogonal nominal reference
Since ¢= Q¢, and considering the decomposition (67) to design the extended error

s=¢g—q¢r-= Qqg-q, and aiming at preserving passivity in closed loop, it is natural to
consider a structure for g ,similar to g, that is the nominal reference g ,at the velocity level
takes de following form

t
i = Q(IX+z)+ 8] (SF—SAF+‘72 [ sgn{sqp(t)}dt)f (68)

to
with

t
Xy = Xg—0X+ Sdp — 71 f Sgn{sqp(t)}dt (69)

to
where X 2 X (£) — X (1) Xa(t) and A4(t) are the desired smooth trajectories of position and

contact force A4 2 Mt) — Ma(t) as the position and force tracking errors, respectively.
Parameters f§, 6, 71 and 72 are constant matrices of appropriate dimensions; and sgn(y) stands

for the entrywise signum function of vector y, and

Sp = X + UX: (70)
Sdp = ""p(tﬂ)(f_f}'{i—ﬂu) , (71)
Sgp = Sp — Sdp

(72)
Syp = Sgpt+ ’Yljsgn(f”qp(g})d(’"

73)

t_
to

sap = sp(to)e 110, #)
SgF = SF — SdF, (76)
Sy = Sgr+ W'E/SQR(SQF(‘?))“EC (77)
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for a >0, 7 > 0. Finally, the reference for z, thatis Z ,introduces a reconfigurable error, such
that tracking errors in the null space will also converge to its desired value and full control
on the redundancy is introduced. To this end, consider

Zr = Zqg— ;A2 + S84, — 7z / Sgn(*"'qz) (78)

where 7 .fulfills Qx z = Z ;in such a way that

s; = Az+4a,Az=(Z2—2) + as(z— z4) (79)
Siz = Ps:(to)e™ ™ (80)
8qz = 8z — 84 (81)
Spz = Sgz + 7z ngn(Sf;C) (82)

for positive definite feedback gains ., 3., 7.. To complete the definitions, consider

Zq4 = Qrva (83)

where vq = k%Q stands for the gradient of a given cost function Q to be optimized.

According to this cost function, the redundant degrees of freedom of the full open kinematic
chain tracks z ¢ and zg as it will be proved in the following, where

Zd = / 2}{{ + 24 (TU) (84)

for without loss of generality it is assumed that z4(t)) = g(to). Finally, owing to the fact that
G=Q(J'X 4 2) and thats,= ¢ - ¢, we obtain then

s = Q {JT(X X))+ (5 ;;,.)} —BJ s, (85)
= Q {JTst.p + s.i_.z} — B suf (86)

where sy, sor, and s,, respectively, are given by (73), (77) and (82). Notice that Jts,, and s, are
orthogonal complements (Jtsy)Ts,; = 0 and so does Q(*) and J, : . Notice that although the

time derivative of ¢ ,is discontinuous, that is not of any concern because it is not used in the

controller.

5. Model-free second order sliding mode controller

Consider the following nominal continuous control law:

u, =—-K;s+ J.-,:;— (Q)(_ Ay + 840 + 7, tanh(s,) + wr}‘) ®7)
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