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An approach based on geometric invariance and sliding mode ideas is proposed for redundancy resolution
in robotic systems to fulfill configuration and workspace constraints caused by robot mechanical limits,
collision avoidance, industrial security, etc. Some interesting features of the proposal are that: (1) it can
be interpreted as a limit case of the classical potential field-based approach for collision avoidance which
requires using variable structure control concepts, (2) it allows reaching the limit surface of the constraints

smoothly, depending on a free design parameter, and (3) it can be easily added as a supervisory block to
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are illustrated.

pre-existing redundancy resolution schemes. The algorithm is evaluated in simulation on a 6R planar
robot and on the freely accessible 6R robot model PUMA-560, for which the main features of the method
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1. Introduction

The main objective of robot control systems is the tracking of
a reference trajectory, which involves the generation of a control
signal to make the error between the robot position and the
reference zero. In the case of redundant robots, an additional
secondary goal can be achieved by using the redundant degrees
of freedom of the robot [1]. For instance, the redundancy can
be used to avoid critical regions of the robot’s configuration
space (hereafter, C-space) and/or workspace where, for example,
collision might occur or the robot kinematics is singular.

The framework of this research is a redundant robot operating
in a structured environment [2], where the location of the robot,
its operation region—additional constraints may be imposed to the
original robot workspace in order to, for example, avoid the overlap
with the workspace of other industrial machines placed close to the
robot—and obstacles to avoid (real obstacles plus security distance)
are known.

The use of artificial potential fields may be a way to address the
problem. The potential field method has been studied extensively
for autonomous mobile robot path planning in the past decades
[3,4]. The basic concept of the potential field method is to fill the
robot C-space/workspace with an artificial potential field in which
the robot is attracted to its goal position and is repulsed away
from the obstacles. There are many different variants based on
this technique. When this technique is implemented as an on-line

* Corresponding author.
E-mail addresses: luigraca@isa.upv.es (L. Gracia), asala@isa.upv.es (A. Sala),
fabricio@ing.unlp.edu.ar (F. Garelli).

0921-8890/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.robot.2011.07.008

reactive behavior for collision avoidance [5], the robot reference
velocity depends in part on the minimum distance from the robot
position to the obstacles, which represent the constrained space.
However, unless the field is designed to abruptly decay at a short
distance of the obstacle, some regions of the C-space/workspace
close to the boundaries will not be reached because of repulsion.
Furthermore, collisions might occur if the robot approaches the
obstacle at high speed, hence some corrective speed-related terms
would be needed.

This paper proposes an alternative solution to the above prob-
lem as a supervisory block, in which the joint velocities com-
manded to the joint controllers may be different to those provided
by the classical redundancy resolution in order to fulfill C-space
and/or workspace constraints. The basic idea is to define a discon-
tinuous control law inspired by the fact that, in the limit case, as the
repulsion region decreases, a potential field could be characterized
as a discontinuous force: zero away from the obstacle, a big value
when touching its boundary.

Discontinuous control laws, as a particular case of variable-
structure control strategies, have been deeply studied in the
context of sliding-mode control [6,7]. Indeed, many types of
sliding-mode controllers have been developed in the past years for
robotic systems [8-11]. Hence, the objective of this paper is to de-
sign a supervisory loop [12] based on the mentioned discontinuous
field idea and using sliding-mode control theory in order to modify
the commanded joint velocities so that the robot fulfills the desired
C-space and/or workspace constraints. Sliding-mode-based super-
visory blocks may also be used to handle joint speed limits. For
instance, in [13] the authors discuss this issue for non-redundant
robots.
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The proposed algorithm does only activate when the robot is
about to violate the constraints, modifying the commanded joint
velocities as much as necessary to satisfy all the constraints. It
also allows reaching the limit surfaces smoothly depending on a
free design parameter. The strategy to be presented can be easily
added as an auxiliary block to conventional redundancy resolution
schemes.

The outline of the paper is as follows. Next section introduces
some preliminaries and states the main problem to be addressed,
while Section 3 presents some general concepts on geometric
invariance and sliding regimes. Section 4 develops the sliding mode
redundancy resolution scheme proposed to fulfill C-space and/or
workspace constraints, while some important remarks about the
methodology application are given in Section 5. The proposed
approach is applied in Section 6 to a six-revolute (6R) planar robot
and to the freely accessible 6R robot model PUMA-560, for which
the main distinctive features of the method are illustrated. Finally,
some concluding remarks are given.

2. Preliminaries and problem statement

Following the standard notation [14], consider a robot system
with q = |[qq - gn]" being the robot configuration or n-
dimensional joint position vector and p = [p; --- pn]" being the
robot pose or m-dimensional workspace position vector. A robot is
said to be redundant when the dimension m of the workspace is
less than the dimension n of the C-space, i.e., m < n. The degree
of kinematic redundancy is computed as n — m. For the rest of the
paper it is assumed that the robot at hand is redundant.

The relationship between the robot configuration and the robot
pose is highly nonlinear, generically expressed as:

p=1q), (1)

where the function 1 is called the kinematic function of the robot
model.
The first order kinematics results in:

1
b= 24 =J@a, @)
aq
where J(q) is denoted as the m x n Jacobian matrix or simply
Jacobian of the kinematic function. For more details see [14].
Let us denote as pres(t) the workspace reference, which can be
usually expressed in terms of a desired path function v(A) whose
argument is the so-called motion parameter A(t) as

Pref = V()\) (3)

2.1. Algebraic problem of redundancy

Since the robot reference is given in the workspace and the
robot control is based on controlling each joint, the inverse kine-
matic problem (IKP) has to be solved. The IKP at the displacement
level is much more cumbersome as an infinite number of solutions
may exist for a redundant robot [ 15]. For that reason, an iteratively
approach at joint rate level is typically used [ 16]. Firstly, the desired
workspace velocity vector py is computed by a kinematic controller
to make the tracking error zero. Secondly, the desired joint veloc-
ity vector qq has to be computed to satisfy the first order kinematic
relation:

Pd = J(@)4qq. (4)

In general, in the case of redundant robots an infinite number
of solutions for qq satisfying (4) exist. All of them can be obtained
from the singular value decomposition (SVD) [17] of the robot
Jacobian:

J= Umxmzmxan

nxn

Xixr

=T
= [Unxr  Upmxm—r] |:0 Oorxn—r ] |:~‘T,n><r ]’ 5)
m-—rxr m-—rxn—r vnxn—r

where the subscripts indicate the dimensions of the matrices; r is
the rank of J, i.e. the number of non-zero! singular values of the
Jacobian; 0;,; is the null matrix of dimensions i x j; X is a diagonal
matrix with non-negative singular values of J on the diagonal in
decreasing order; and U and V are unitary matrices containing the
left and right singular vectors of J, respectively.

The infinite number of solutions g that minimize the square

error of Eq. (4), i.e. |pa — J(q)4q||3, are given by:
) —— 1T, ~
qq¢ = vV U Pa + [V onxr]b
=J'(@pq + B(@b, (6)

where J' is the so-called Moore-Penrose pseudo-inverse of J, B is
an n x n matrix which first n — r column vectors (i.e., V) form
an orthonormal basis for the null space of J and b is an arbitrary
n-dimensional column vector.

The first term in (6) represents the minimum-norm solution or
base solution, while the second term is the homogeneous solution
that gives rise to infinite possible solutions for q, depending on the
value of vector b. Note that the homogeneous solution vanishes (i.e.
B = 0,,«»,) whenr = n, which is not possible for redundant robots.

If the Jacobian matrix J is full row rank (ie. r > m) for
a given configuration q, the Moore-Penrose pseudo-inverse is
equivalent to the so-called right pseudo-inverse, i.e. J' = JTqJ")~1.
In such circumstances the solution g given by (6) satisfies
Eq. (4). Otherwise, the robot configuration q is said to be singular
and the desired workspace velocity vector p, in general cannot be
achieved. That is, the square error of Eq. (4) given by qq in (6) is
non-zero unless p; = U&, i.e. py lies in the column space of ], which
represents a non-ordinary singularity [18].

The expression (4) can be generalized weighting the equations
by matrix a W, and weighting joint speeds by the robot inertia
matrix Wy (in order to take into account the joint power require-
ments), that is:

W,pg = (W,JW, g,
Py =] (7)
Therefore, ﬁd is computed from the SVD of ] by an expression

analogous to that in (6) and then g is computed as Wq”ﬁd.

One common approach in the literature to limit joint speeds is
the damped least-squares inverse [19] which can be easily casted
in the previous formulation by augmenting (7) to include joint
speeds:

HIREAL

Pa =J4,, (8)
where 0, is the n-dimensional null column vector, I, is the n-
dimensional identity matrix and p is the damping factor. Note that
J has full column rank, i.e. its null space is empty.

2.2. Trajectory tracking scheme with redundancy resolution

Fig. 1 shows the typical kinematic control scheme used for
robotic trajectory tracking with the classical redundancy resolu-
tion [16]. The desired joint velocity vector qq is the command to

1 It could be defined a small tolerance below which singular values of J are treated
as zero in order to avoid ill-conditioning.
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Fig. 1. Robotic trajectory tracking control scheme with redundancy resolution.

the robot joint controllers and is obtained from the redundancy
resolution block. The desired workspace velocity vector py is the
input to the redundancy resolution block and is obtained from
the kinematic controller, which closes a loop using the robot state
(q, q) and the workspace reference p.s. Alternatively, the desired
workspace velocity vector py could also be supplied on-line by an
operator using a joystick and visual feedback of the robot’s posi-
tion.

The redundancy resolution used in Fig. 1 is given by (6), which
means that the robot is required to track the desired workspace
velocity vector py as primary task, while a secondary goal can
be achieved by properly choosing vector b to be projected into
robot self-motions, i.e. b changes the robot configuration but does
not change the robot pose. In general, this arbitrary vector can be
expressed as a function of the robot state, i.e. b(q, q).

Assumption 1. It will be assumed the kinematic framework, i.e. the
dynamics given by the joint controllers is negligible compared to
the dynamics of the workspace reference p,er, which implies that
the actual joint velocity vector q is approximately equal to the
desired joint velocity vector qg.

To fulfill the previous assumption, the values of the motion
rate parameter ) of the workspace reference py.r and its derivative
X have to be bounded in order to limit the radial and tangential
acceleration of the workspace reference, respectively.

2.3. Redundancy resolution schemes in the literature

Several redundancy resolution schemes (RRS) have been devel-
oped in the literature to select performance vector b, which can be
considered as a virtual force that attempts to push the configura-
tion of the robot away from a critical region. The most common
approach is the gradient projection method (GPM) [1], which min-
imizes a configuration-dependent scalar, the performance index s,
by means of its gradient?vector:

b = —kVs(q), (9)

where k; is an arbitrary constant.

It is important to remark that, only the robot configuration q
is used in the GPM, as opposed to the approach proposed in this
work, in which joint speeds q are also considered, see Section 4.1.

Different options have been proposed in the literature for
the selection of performance index s. For instance, the weighted
square distance to a reference configuration e is used in [1] as
performance index:

1
= E(q - qref)TWs(q — Qref), (10)

2 The gradient of a scalar function f(xq, ..., Xy) is denoted Vf where V is the

vector differential operator, i.e. Vf = [% . %] .

where W is a diagonal weighting matrix. Thus, joint-limit avoid-
ance is achieved by selecting qref = (Qmax + Qmin)/2 and W =
diag(2/(qi max — Gi min)), Were qmin and qmax are the lower and up-
per joint limits, respectively. Alternatively, collision avoidance is
achieved by selecting a reference configuration q,ef away from the
obstacles.

Similar indexes of quadratic forms in the robot configuration q
have been considered in the literature together with the robot ma-
nipulability [20] or the condition number of the Jacobian matrix [21]
in order to avoid singular configurations. Furthermore, a perfor-
mance index based on artificial potential fields [5] could also be con-
sidered to keep the robot away from the obstacles.

2.4. Problem statement

We consider now that the robotic system to be controlled is
subjected to C-space constraints given by
@Cs(q)={q|0'1(q)50}, l=19!N7 (11)
where o; is a function of the robot configuration® q that is positive
if and only if the ith-constraint is not fulfilled. Note that, o;(q) =
0 represents the boundary of the ith-constraint. For instance, a
constraint opjape = 0 lane(q Qplane) < 0 would indicate that the
boundary of the C- space is a plane with normal vector npjape and
passing through point gpjane.

In order for some smoothness assumptions to hold in the solu-
tion later proposed in this work, the functions o; need to be twice
differentiable around the boundary given by o;(q) = 0 and their
gradients Vo; around this boundary should not vanish. For non-
differentiable constraints, there are techniques in literature [22]
that may be used to enclose such non-smooth regions by smooth
mathematical objects with an arbitrary degree of precision.

The main control goal can therefore be stated as to generate
a joint velocity vector g to be sent to the robot joint controllers
so that the desired workspace velocity vector py is tracked using
the non-redundant degrees of freedom of the robot, while the
remaining redundant degrees of freedom are used to implement
a classical RRS together with a supervisory block to guarantee that
q belongs to the allowed C-space @5 given by (11).

3. Development of the theoretical framework

In order to address the above control problem from a general
framework, we present in this section some important concepts
on geometric invariance and sliding regimes. In particular, we
study the necessary conditions to confine a dynamical system to
an invariant region of the state-space, and we then explore the
relationship between these conditions and the resulting dynamics
of a system operating in sliding mode (SM), i.e. when the system
input consists of a high frequency discontinuous signal.

3 The constraints could also be defined in terms of any other vector related to the
robot configuration, e.g. the Cartesian position p; = [; y; zj]T of a point j of the
robot, i.e. 0;(pj) = o/(q). Also, the approaching speed to those constraints can be
incorporated in the framework, see Section 4.1.
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3.1. Geometric invariance

Consider the following dynamical system

y = h(x), (12)

wherex € X C R" is the state vector,d € D C R" an unmeasured
disturbance or model uncertainty,u € U C R™ the control input
vector (possibly discontinuous), f : R — R" a vector field
definedinX | JD, g : R" — R"*™ 3setof m’ vector fields defined
inX,and h : R" — R? avector field defined in X.

The variable y denotes the system output vector, which has
to be bounded so as to fulfill user-specified constraints ¢;. The
corresponding bounds on y are given by the set:

P(x) = {X|¢i(y) =0}, i=1,...,N. (13)

Since the set @ specifies the region of the state space compatible
with the bounds on output y, the goal is then to find a control
input u such that the region @ becomes invariant (i.e., trajectories
originating in @ remain in @ for all times t), while y is driven as
close as possible to its desired value ys.

To ensure the invariance of &, the control input u must
guarantee that the right hand side of the first equation in (12)
points to the interior of @ at all points in the boundary of &,
denoted by 0, defined as:

:X = f(x,d) + gx)u

N
00 = Jodi, 9o ={(xe®|gily) =0). (14)
i=1

For later developments, the following assumption will be
needed.

Assumption 2. It will be assumed that all ¢; functions are differ-
entiable in the boundary 0 ®;.

The previous assumption will allow computing the gradient
vectors V.

Mathematically, the invariance of @ is ensured by an input such
that, for all i, ¢; < 0 when ¢;(y) = 0, i.e., a condition on the dot
product between the gradient of an active constraint with respect
to the state and the time derivative of the state:

$i(x, d,u) = V!X = [|Vey| [If + gu] cos 6
= Voif+ Ve gu
= Lr¢i + Lgpyu <0,

where 6 is the angle between vectors V¢; and X, while Ly¢; and
L;¢; denote the Lie derivatives of ¢;(y) in the direction of vector
field f(x, d) and in the direction of the set of vector fields g(x),
respectively. Note that, Lg¢; is an m’-dimensional row vector.

The previous condition is geometrically depicted in Fig. 2 for
n’ = 2, and may be written in standard form as:

Vxedd;, i=1,...,N,(15)

inf{¢i(x,d,u) <0, Vx € 9&;}, i=1,...,N, (16)
u

which is known as implicit invariance condition [23].

Solving (15) for u gives rise to the explicit invariance condition
for system (12) and a particular constraint ¢;. The set of feasible
solutions of (15), will be:

Ui(x, d)
u € {U|Lsi + Lgiu < 0} : x € 3&; and Lggp; # 0],
empty : X € 39; and Ly = 0", and Ls; > 0

u = free:x € 9®;and Lg; = 0!, and L;; < 0
u=free:x € P\ 09;,

(17)

Ve, N

¢i(y) >0
non-allowed region

ZZ

Now, : 6u(y) = 0

boundary

P i(y) < 0Vi

+. allowed region

Fig. 2. Geometrical interpretation of invariance condition cos(9) < 0.

where 0,, denotes the m’-dimensional null column vector and,
evidently, the first set corresponding to Lg¢; # Ofn/ is always non-
empty.*

Note that, the control u in the interior of @ can be freely
assigned. Particularly, u = 0, could be taken so that the system
evolves autonomously throughout the interior of @. Then, the
control action becomes active only when some constraint becomes
active, i.e. when the state trajectory reaches the boundary 0@
trying to leave the set @. Then, the invariance condition will hold
if the intersection (1), U;(x) for all constraints of the solution sets
U;(X) is not empty.

3.2. Geometric invariance via sliding regimes

We can make the set @ invariant by means of the following
variable structure control law

{Om’ if max {¢;(y)} <0
u= i

. (18)
usy otherwise,

where ugy is arbitrarily chosen from (1), U;(x), if non-empty.

The above control law leads to a sliding regime [6] (i.e., control
signal u switches between 0,y and usy; with a theoretically infinite
frequency) on the boundary of the constraint set, which can be
described by {x | max; {¢;(y)} = 0}.

3.2.1. Single active constraint

If the constraint @; is considered, then a sliding regime around
the boundary x € d®; will establish if the following inequalities
are locally satisfied around 0 ®;:

b= =Lf¢,- >0 if g;(y) <0

Ligi + Lgiusy < 0 otherwise. (19)

On the one hand, the first inequality in (19) is locally satisfied
whenever the system tries by itself to leave the set @. Thus, the
switching law (18) does not seek for sliding mode (SM), but it
becomes active if the process is at the boundary of the allowed
region and about to leave it. On the other hand, the second
inequality of (19) implies that for a sliding regime to be established
on the boundary 0®;,

Led = Vg # 0. (20)

must hold locally on the manifold ¢;(y) = 0. The necessary condi-
tion (20) for SM, which is known as the transversality condition [24],
imposes that the sliding manifold must have unitary relative degree

4 If a control action u {U|Ls¢; + Lggyu < —y} for some arbitrarily chosen
positive constant y were applied when the state is strictly outside®, finite-time
convergence to @ can be achieved [7]. This is helpful when dealing with initial
conditions out of the desired workspace.
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with respect to the discontinuous action, i.e., its first-order time
derivative (¢;) must explicitly depend on w. If this is not the case,
an auxiliary subset @® C @ which satisfies this condition should
be properly defined [24].

For only one active constraint ¢; and Ly¢; # 0:1,, the minimum-
Euclidean-norm control action usy; in U;(X) is given by a vector
parallel to Lgop/":

Lepi

T HPi

Usm mini = —Lg¢py ——.

1 Lg¢iLg¢iT
Therefore, for only one active constraint it is proposed to use

the following expression for the control action usy;:

usy = —Lgp/u™, (22)

where u™ is a positive constant to be chosen high enough to
establish a SM on the boundary 9@, i.e., the second inequality
in (19) must hold whenever the first inequality in (19) is locally
satisfied. To fulfill that, the scalar factor u™ must be:

max(ly¢i, 0) _ o (23)
Lepilgd]

Once the switching SM is established on the boundary d®; by
the control action ugy; in (22), the continuous equivalent control [6]
is obtained as Ueq = Wsmmin i» Which according to (17) is the control
required to keep the system just on the boundary manifold 0 ®;.
Consequently, the sliding regime generated by switching law (18)
produces the minimal value u® (without explicit knowledge of
it) for the continuous equivalent of u™ in order to achieve the
invariant condition ¢; < 0. Moreover, the necessary condition
(20) for SM on boundary d®; guarantees that the invariant control
exists in (17) for ith-constraint.

(21)

+

3.2.2. Multiple active constraints

In case several constraints (say h constraints) are active, a
function vector ¢ and its time derivative ¢ composed of all
active constraints should be considered in (15), so the geometric
invariance constraints can be kept holding if the linear system of
inequalities:

Lip + Lgpu < 0y, (24)

which actually describes (); U;(x) for i indexing only the h active
constraints, admits a solution. Indeed, the non-active constraints
admit a free u, hence only the active ones should be considered
in the control law computation. Of course, such set of active
constraints changes with time.

In the spirit of the discussion for the above one-constraint case,
one of such control laws could be given by the solution to:

ugy = argmin (U'u|Lgpt < —1,u™), (25)
u

where 1; is the h-dimensional column vector with all its compo-
nents equal to one and u™ is again a positive constant to be chosen
high enough to establish a SM on the boundary d®. In particular,
the proposition below provides a lower bound for u™ in (25).

Proposition 1. One set of sufficient conditions for a “collective” slid-
ing mode to arise in the intersection of h active constraints whose
derivative function vector is given by:

¢ =L — Mzu", (26)

wherez; = 1if ¢; > 0and z; = 0if ¢; < 0, is that matrix M is
positive definite and

h T
ut > ;(maX(Lfdh, 0))/eigmin (g) . (27)

Proof. Let V = z' ¢ be a Lyapunov function candidate. Partition
vector ¢ into two subvectors ¢ = [¢*T ¢"9T]T, assuming that SM
occurs in the manifold given by ¢* = 0,, whereas the components
of vector ¢h’“ are greater than zero.

According to the continuous equivalent control [6], vector z*
must be replaced by the function zg; such that d)a = 0,. Because
¢° = 0, in SM, the time derivative of V results in:

. d d 2° T ¢a
V=—('¢g)=— e _
a®P= g <|:1ha:| [(bh ‘
.q AT

_ qu 0, Ty _ T

= |:0ha:| |:¢h_ﬂ +z¢=12¢. (28)

Replacing vector ¢ with its value from (26), it is obtained:
V=zL;¢—z"Mzu". (29)

The components of vector z range from 0 to 1, hence the upper
bound of the first term in (29) is given by z; = 1if Lr¢ > 0 and
zi = 0if Ly < O, that is:

h
Z'l;p < Y (max(ls¢i, 0)). (30)

i=1

Assuming that u™ > 0, the second term in (29) is negative if
matrix M is positive definite, in which case the upper bound of this
term is given by:

M+ M
—7 ————1

— "Mzt = ut
2
. M+ M
< —€18min <T> ||Z||§U+, (31)
where
llzllz = 1 V¢ # 0y, (32)

because if vector (i)h’“ is not empty at least one component of
vector z is equal to 1.

From (30)-(32), the upper bound of the time derivative of the
Lyapunov function V results in:

h T
V<) (max(Lyi. 0)) — eigy (MZM >u+. (33)
i=1

Therefore, if u™ fulfills (27) the Lyapunov function decays at a
finite rate, it vanishes and collective SM in the intersection of the
h active constraints occurs after a finite time interval. That is, the
origin ¢ = 0y is an asymptotically stable equilibrium point with
finite time convergence. O

According to Proposition 1, the scalar factor u™ in (25) must be:

h
ut > ) " (max(Lg, 0) = u?, (34)
i=1

to satisfy sufficient conditions for collective sliding mode.
Computing solution (25) on-line might be impractical so,
trying to solve the Least-Squares problem Lg¢pu = —1,u’ via
the Moore-Penrose pseudo-inverse may be a more reasonable
solution for implementation at a fast-enough rate, giving:

Uy = —Lg¢T1hu+, (35)

which requires SVD computations (see Section 2.1) and where u™
is a high-enough scalar fulfilling (34) so if Lg¢ is full row rank,
sufficient conditions for collective sliding mode are satisfied.

In this case, (20) must be now changed to the “multiple-
constraint” transversality condition of Lg¢ having full row rank,
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which indeed covers the previous single-constraint case (a one-
row matrix is full rank if there exists a non-zero element).

A third option can be considered which does not involve
computing any inverse, SVD or solution to linear equations, even if
there would be no major problem in doing that with moderately-
sized problems in modern computers. Such option consists in
generalizing (22) to:

ugy = —Lggp 1u™, (36)
where:
h
ut > ) "(max(ls¢, 0) / eigmin (Lglggp’) = u?, (37)
i=1

i.e,, its value depends on the inverse of the minimum singular
value of Lg¢. As before, if the multiple-constraint transversality
condition is fulfilled, sufficient conditions for collective sliding
mode are satisfied.

Note that in numerical implementations, computation of usy,
should be implemented at a fast enough frequency to approximate
the ideal continuous-time behavior [7] and the active constraints
will be all those in which ¢;(y) > 0 (discrete-time sliding modes
are not attained at ¢;(y) = 0 but only approximately, in a band
around zero whose width depends on sampling period, see [7]).
Indeed, the column vector 1, in (25), (35) and (36) could be
replaced by a weighted unit vector whose ith-component is a
function of ¢;. Thus, the unfulfilled constraints with higher value
¢; have greater impact on control action ugy and, therefore, the
minimum value of u™ required for SM may be reduced.

As in the previous single-constraint case, once the switching
SM is established on the boundary d¢& by the control action ugy, a
continuous equivalent control [6] is obtained which is the control
required to keep the system just on the boundary manifold 0®.
Consequently, the sliding regime generated by switching law (18)
produces such equivalent control without explicit knowledge of
it, with a reasonably low computational cost; this is a distinctive
advantage of sliding-mode strategies.

4. The proposal

4.1. Redundancy resolution scheme

We are interested in exploiting the exact approximation to
the constraint boundary that allow variable structure laws such
as (18) to deal with the control problem stated in Section 2. In
particular, we will employ the ideas of Section 3 to perform an on-
line robotic redundancy resolution so that C-space limits given by
Eq. (11) are fulfilled. The objective of this redundancy resolution
is to instantaneously modify the desired joint velocity vector qq
which is sent to the joint controllers of the robot when there is a
risk of violating a given constraint.

In particular, the RRS proposed in this research, see Fig. 3,
consists of the combination of two signals:

b = b, + bsy, (38)

where b, is the performance vector of a classical RRS, see Sec-
tion 2.3, and bsy is a discontinuous signal generated by a super-
visor block proposed in this work to fulfill C-space constraints. It
is important to remark that, in contrast to classical RRS, the men-
tioned supervisor block takes into account not only joint positions
but also joint speeds, as discussed below.

At this point it is important to consider the following rationale.
Approaching the constraints at high speed is impractical because
collisions might occur if the joint accelerations q required to
slow down the motion of the robot toward the constraint
boundary cannot be achieved by the robot actuators due to power
limitations [25]. This is of particular significance in mechanical or

™ Redundancy !

: Resolution Scheme :
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q.9 ! RRS T4 1

| Constraint | T

| Violation |
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. . . . |
Constraint Violation Supervision |

|
N a
SM

|
q.9 S u_ |bSM
I 1
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Detection Switching Low-pass !
! Law Filter |

Fig. 4. Supervisor block proposed to fulfill C-space constraints.

robotics systems in which the inertia is large. Hence, the actual
constraint space (11) will be modified to also include the speed of
movement in the following way:

dai(q)
dt

Pc5(q, Q) = {[qTC‘lT]qubi(q, Q) =oi(q +K

=ai+1<vG,Tq§0], i=1,...,N, (39)

where o;(p) is the original ith workspace constraint and K is the
constraint approaching parameter, which is a free design parameter
that determines the rate of approach to the boundary of the
constraints. Thus, expression (39) introduces an additional degree
of freedom necessary to reach the limit in a controlled fashion.
That is, the term Kg; is used to anticipate when the robot is
about to violate the ith-constraint in order to initiate an early
corrective action, which will increase the numerical stability of
the redundancy resolution algorithm. Note that g; = vc;,.Tq. Thus,
for low speeds or small K values ®f; ~ ®¢s given by (11). Note
also that K may take different values for different constraints, if so
wished.

4.2. Sliding-mode supervisor to fulfill C-space constraints

In order to apply the theoretical framework of the previous
section a dynamic system will be constructed whose state is X =
[q" b\, 1"; its output vector isy = [q" q']"; its disturbance input
are the performance vector b, of a classical RRS and the desired
workspace velocity vector pg (which tends to the time derivative
of the workspace reference p,f as the tracking error tends to zero);
and a control input vector u will also be crafted in such a way that
¢; directly depends on u (transversality condition), i.e., the second
derivative of q should explicitly depend on the input. Note that the
dimensions of this dynamic system aren”’ = b = 2nand m’ = n.

To take advantage of the SM features described above, the
supervisor block of Fig. 4 is proposed. The signal bgy, is generated by
passing the discontinuous signal u through a low-pass filter. This
filter must be of first-order for ¢y, see (6) and (38), to explicitly
depend on u:

BSM = —absy + au, (40)

with the scalar o being the filter cutoff frequency. Naturally, «
should be taken for the filter to be faster than the dynamics of the
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desired workspace velocity vector pg, in order to avoid degrading
the tracking performance.

The dynamic system described above is given by equations (6)
and (40), which yield, by the kinematic framework assumption ¢ ~
(¢ made in Section 2.2, the following state space representation:

X — O" B Jfl.’d + Bbc On
X= |:0n —Olln:| X+ |: 0, + al, u
| Oy 0,
y= [on B]” [J*pd + Bbc] ’ (1)

where O, and I,, denote the null matrix and the identity matrix of
dimensions n x n.

For the proposed approach, the variable structure control law
in (18) is considered.

Using the above state space representation (41), the Lie
derivatives of ¢; are given by:

Lepi = Vo'g=[Vo! +Kq'H; KVo/B] [O?Iﬂ

= akVo/B (42)

Ligi = Vo f=[Vo! +K@'H; KVo,B] [_a‘})w}

= (1—aK)Vo!'q+Kq'Hiq+ aKVo, ('ps+ Bb,), (43)

where H; denotes the Hessian matrix of second-order partial
derivatives of o;. Note that the last term of L;¢; depends on the
disturbance py and b,.

From the above definitions and assumptions, the values of
o, K, Vojand Bare not zero® and, thus, the transversality condition
(20) for only one active constraint is written as:

Vo!B # 0], (44)

which means that the projection of gradient Vo; onto the null
space of J must be non-zero, i.e. the null space of J] must not be
tangent to the boundary of the ith-constraint.

For multiple active constraints, the control action ugy is
computed using (25) or (35) or (36) depending on the computation
time requirements (see Section 3.2) with Lg¢p = aK Vo'B, where
Vo contains the gradient vectors Vo; of all active constraints.
The multiple-constraint transversality condition is that matrix
Vo B has to be full row rank; in practice, to avoid numerical ill-
conditioning, this condition is satisfied when the smallest singular
value of this matrix is larger than a predetermined small threshold.

Note that although Eqgs. (34) and (37) and (42)-(43) propose
a lower bound for u™ to be used in (25), (35) and (36), the
selection of this scalar factor can be made in a simple manner by
choosing a high-enough constant. In this way, fast computation
can be achieved. This is a distinctive advantage of sliding-mode
algorithms [7], as discussed below.

Indeed, from the potential field approach point of view, the
value u™ is interpreted as the repulsion of the discontinuous field.
This SM approach has the advantage that the magnitude ||bsy||2
of the “repulsive force” (correcting action) required to avoid the
constrained space given by @ (39) is robustly auto-regulated to
the continuous equivalent control [6]. This magnitude could also
be computed at each sample analytically using (43), but it would
require much more computational power than, plainly, setting the
scalar u™ to a big number which, due to the equivalent-control
principle, computes the required quantity by a high-frequency
switching law without explicit knowledge of the Hessian matrices
H;, the joint velocity vector q, the desired workspace velocity
vector py, the performance vector b, etc.

5 If the chosen value of K had been zero, i.e., no speed limitations were desired,
then the low-pass filter should have been removed, and the state x would only
include q, in order to fulfill (20). Details omitted for brevity.
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Fig. 5. Supervisor block proposed for minimum-amplitude auto-regulation.
4.3. Minimum-amplitude auto-regulation

The amplitude of the control action usy of the constraint
supervision algorithm in Fig. 4 is given by u™. Although the value
of u* can be chosen in a conservative manner setting it to a big
number, as discussed above, when the sampling time T; of the
robotic system at hand is not small enough, it is advisable to
use the minimum possible value of u™ in order to minimize the
“chattering” effects due to the time-discretization, see Section 4.7.
In this sense, the minimum value of u* required for SM, i.e. u?,
could be reduced on-line in order to use a small value of u™ without
loosing the sliding regime. To achieve this goal, the values of py
(desired workspace velocity vector) and b, (performance vector of
a classical RRS), which are responsible for the necessity of control
action ugy;, have to be reduced whenever the SM of the constraint
supervision algorithm is not working properly.

In numerical implementations, the SM is not working properly
when some constraint is repeatedly unfulfilled in consecutive time
steps (i.e. for active constraints the sign of ¢; must immediately
switch from positive to negative), which means that the term Lg¢pu
is not dominating over the term Ly ¢ in (24).

Therefore, it is proposed to use the minimum-amplitude auto-
regulation shown in Fig. 5 in order for u® to be less than the
programmed value of ut. This algorithm is also based on a
switching law and SM theory. The discontinuous signal uag is equal
to 0 at sample time k if some constraint is repeatedly unfulfilled, i.e.
Ji|¢i(k) > 0and ¢;(k—1) > 0,and equal to 1 otherwise. The signal
far is generated by passing discontinuous signal usg through a low-
pass filter. This filter must be of first-order to have a unitary relative
degree between ¢; and the discontinuous action uxg, as required
by SM theory [24] (see Section 3.2). Finally, the signal far acts as a
“scale factor” to pq and b, in order to reduced u®.

If the workspace reference pr.s(A) is known, instead of scaling
Pa (which is the output of the kinematic controller), it could be
scaled the motion rate parameter A (which acts as an input to the
kinematic controller) in order to directly stop the reference and,
thus, avoid tracking errors. See Section 6.1 for an example.

4.4. Blocking situation

If the invariant condition ¢ < 0 for all active constraints cannot
be achieved by control vector u, i.e. no solution of (24) exists, the
robot motion must be stopped (i.e. ¢ must be set to zero) to avoid
violating some constraint(s), giving rise to a blocking situation. For
instance, such situation arises when the transversality condition
(20) of an active constraint i is not satisfied and Ly¢; > 0.

If the minimum-amplitude auto-regulation algorithm de-
scribed in Section 4.3 is used, the scale factor fay is self-regulated to
zero when a blocking situation is found because some active con-
straint is permanently unfulfilled. In this case, in general, the value
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directions for pmf component for p,,,

Fig. 6. Example of blocking situation for a 3R planar robot.

of control action usy; must also be set to zero to completely stop
the robot motion.

Another supervisor block could be used to set g and/or ugy
to zero by checking if, for instance, some constraint has been
repeatedly unfulfilled for a certain number of consecutive time
steps or, alternatively, if the value of some constraint function ¢;
has exceeded a certain predetermined threshold.

In order to illustrate the blocking situation, it is considered an
open-chain planar mechanism composed by four links (the first of
them is fixed) connected serially by three revolute joints, i.e. a 3R
planar robot. For the configuration q = [27/3 77 /6 0]" of this
robot depicted in Fig. 6, the Jacobian matrix J and matrix B result
in:

o [=VB2+1 1 12

J_L[—1/2+f3 V3 ﬁ/z] )
0 00

B=|-1/~/5 0 0], (46)
2/v/5 0 0

where the same length L is considered for the three moving links.
Only constraint 1 above the robot has become active and its
transversality condition is not fulfilled:

Vo!B=[-+/2/200]B = 0. (47)
The time derivative of the constraint function ¢, results in:
$1=061= Vo] q= Vo) p4 (48)

where K = 0 and b, = 0,, have been used for simplicity.
Thus for zero tracking error, i.e. €, = 0y, the condition Ls¢p; < 0
to avoid the blocking situation can be written as:

é1 = (V2/D[V3/2 —1/2]prer < O, (49)

which means that the angle of vector p,s must be within the
interval [ /3, 47t /3], see Fig. 6.

4.5. Workspace constraints

In practical applications with redundant robots one common
objective is that the Cartesian position p; = [X; y; zj]T of every
point j of the robot® belongs to the allowed workspace @y;s (p;) =
{p;loi(p;) < 0 Vi}. Thus, the allowed C-space results in @¢s(q) =
{qlo;(1;(q)) < 0 Vi, j}, where ]; is the kinematic function of the
Cartesian position of point j.

6 Obviously, the Cartesian position pe. of the robot end-effector or tracking
point (i.e., the point that tracks the workspace reference p.f) must also belong
to the allowed workspace @y;s. However, the tracking point does not satisfy the
transversality condition (20) because from (42) Lgpee = a K VU’eTe B, using the chain

T _ 30ee T __ 30ee ! dlee __ d0ee T . _
rule Vo,, = e = ?pzz -T;e = pe J and by definition (Section 2.1) JB = O
Therefore, a blocking situation arises when the end-effector reaches the boundary
d®ys unless vector Py fulfills a certain condition in order to obtain Lg¢pee < 0, see

Section 4.4.

enlarged non-allowed reglorﬁ\

non-allowed region

characteristic
[ ] —} .
points

Fig. 7. Example of characteristic points of the robot.

The infinite number of points of the robot to be considered in
the above expression can reduced to a set of characteristic points
such that the distance from every point on the boundary surface
of the robot links to the closest characteristic point is less than
a predetermined value which is used to enlarge the constrained
region of the workspace, see Fig. 7.

Some simplifications can be made in case the allowed work-
space is convex. In such circumstances, the links could be enclosed
with polyhedrons and the characteristic points to be considered are
those on their vertices, whereas the original constrained region of
the workspace does not have to be enlarged. Moreover, if the width
of the robot links is negligible, the characteristic points to be con-
sidered are reduced to the end-points of the links.

4.6. Non-static environment

The proposed approach can also be used if there are moving
constraints, e.g. moving obstacles with known trajectories. In this
case o; also depends explicitly on time and, hence, the derivative
oi¢,~ in Eq. (15) must be replaced by ¢; = L, + Lgyu, where
Ly, is equal to Ly + do;/dt + K(9%0;/0t* + 20V} /0tq), and
L:¢; and L;¢; are given again by (42) and (43), respectively (the
explicit derivation of the above expression is omitted for brevity).
Therefore, all developments keep unchanged except for changing
Li¢; to Ly¢p,. Thus, only the value of the lower bound for u* is
changed when moving constraints are considered and, hence, the
iterative computation of the SM supervisor block of Section 4.2
remains the same.

4.7. Switching frequency and chattering

As in all SM controls, the theoretically infinite switching fre-
quency cannot be achieved in practice because all physical systems
have finite bandwidth. In computer implementations, the switch-
ing frequency is directly the inverse of the sampling period. Finite-
frequency commutation makes the system leave the theoretical SM
and, instead, its states oscillates with finite frequency and ampli-
tude inside a “band” around ¢ = 0, which is known as ‘chattering’.

For active constraints, the chattering band A¢; due to the SM
supervisor block of Section 4.2 is given, using the Euler-integration,
by:

A¢i = T|Lgpiusm| = TsaK | Vo, Bugyl
TsaK|[uspll2 | Vaill2, (50)

where T is the sampling period of the proposed RRS, |ugy]|> is
the amplitude of the control action and ||Vgj||, is the amplitude

IA
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of the gradient vector, i.e., the maximum directional derivative of
the constraint function o;. (Note that ||VaiTB||2 < ||Vaill2, see
Section 2.1.)

The signal o; is obtained by passing signal ¢; through a first-
order low-pass filter whose cutoff frequency is equal to 1/K, see
(39). This filter smooths out the chattering band of ¢;. In the worst
case the chattering band Ao; is equal to A¢; and it is reduced
as the chattering frequency w, and/or the constraint approaching
parameter K increase. Thus the upper bound o, for signal o;
results in:

O max = TsaK|lusmll2[|Voillz. (51)

5. Additional remarks

5.1. Guidelines for designing the algorithm parameters

5.1.1. Constraint approaching parameter

The value of K can be interpreted as the time constant of the
“braking” process when approaching the boundary of the original
constraints oj, i.e., when approaching a constraint at high speed,
the constraint will be reached in approximately 3K seconds and
transversal speed will be also lowered to zero after that time has
elapsed.

5.1.2. Cutoff frequency

The value of &« must be higher than the frequency bandwidth of
the desired workspace velocity vector py in order to obtain a good
approximation of the theoretical SM behavior, but not too high to
avoid significant chattering (50).

5.1.3. Amplitude of the control action

The value of ||usy || (which is directly related to u™) has to be
as close as possible to its lower bound given by (34) or (37) (with,
perhaps, some safety margin) in order to have reduced chattering
amplitude and high chattering frequency, see Section 4.7. Note that
if the minimum-amplitude auto-regulation of Section 4.3 is used,
the value of ||ugy ||> can be made as small as desired at the expense
of not guaranteeing the achievement of the desired values for the
workspace velocity vector p; and performance vector b,.

5.1.4. Sampling period

The sampling period T has to be small enough in order for the
discrete implementation of the filter to work properly, i.e. Ty <
7 /&, and have small chattering amplitude (50).

5.2. Computational cost

The redundancy resolution used in this research is mainly based
on the SVD of the robot Jacobian in order to obtain matrices
U, X', Vand V to be used in Eq. (6). The computational complexity
of the Golub-Reinsch SVD algorithm is 14mn® + 8n> floating
point operations for an m x n matrix [17]. For instance, the SVD
computation of a 50 x 50 matrix in a modern computer takes about
3 ms using MATLAB®’s svd function.

For on-line implementation, matrix Ly¢ must be computed,
which is plainly the multiplication of the null-space matrix
B = [V O,,] by the gradients of the constraints which can be
preprogrammed. Hence, moderately-sized redundant robots can
be managed with the on-line computation of (35) at sampling
periods below one millisecond. Applications with harder real-time
requirements can be managed with the on-line implementation
of (36) where the only operation to be carried out is a matrix
multiplication, so only one SVD of the Jacobian needs to be
executed at each iteration.

5.3. Constraint definition

It is advisable to properly define all o; functions so that their
orders of magnitude are comparable, for instance, being related
to the minimum distance from q to the boundary of the ith-
constraint. For instance, we may consider the constraint opjane =
“;Tﬂane (9 — qpiane) < 0 to indicate that a plane with normal vector
Nyjane and passing through point qpjape is included in the boundary
of the C-space. However, instead of using op1ane We could have used

50plane, OF 0.1, €tC. Therefore, in this case the first option might

be advised if similar criteria are used with the rest of constraints.
5.4. Security margin

In case it is needed for security reasons, the original constraint
functions o; may be designed conservatively, taking into account
the estimated chattering amplitude o, and any other additional
extra margin to cater for possible inaccuracies in the robot control
or in the environment description.

5.5. Differentiability of the constraint functions

As stated in Assumption 2, the constraint functions o; must be
twice differentiable and their second-order derivatives must be
reasonably bounded in order to fulfill (34) or (37). If this assump-
tion is not satisfied at a certain time, the SM behavior of the su-
pervisor block (Section 4.2) is temporarily lost and the constraints
may be unfulfilled.

5.6. Redundancy resolution with planning

The proposed redundancy resolution can be implemented on-
line because it does not require future values of the reference
trajectory and because it has a reasonably low computational cost:
only linear algebra is used, no Hessian matrices are required (only
gradients are used), etc. However, if future values of the reference
trajectory were known, advanced robotic planning [2] could be
used in the redundancy resolution to solve nonlinear optimization
problems in order to, for example, avoid blocking situations, see
Section 4.4. However, this issue is out of the scope of this work,
where knowledge of future reference trajectories is not assumed.

5.7. Direct control of the robot

The proposed redundancy resolution can also be used with
direct control of the robot, e.g. the classical model-based computed
torque control scheme [26]. In particular, Eq. (4) is replaced by the
second order kinematics of the robot:

P =J(@d + a'Hed — Ba — 4" Hed = J(@) i, (52)
where Hi denotes the Hessian matrix of second-order partial
derivatives of the robot kinematic function 1(q), py is the desired
workspace acceleration vector and g is the desired joint accelera-
tion vector.

The robot control is as follows. First, vector py is obtained by
the kinematic controller (Fig. 1) from the workspace reference p¢
and the robot state (q, q). Next, vector ¢ is computed in (52) from
vector py and the robot state using the SVD of the robot Jacobian as
described in Section 2.1. Finally, the torque vector t for the robot
is computed from the desired joint acceleration vector ¢y and the
robot state (q, q) using the robot inverse dynamical model (model-
based computed torque control scheme). In this approach, no filter
isrequired (Fig. 4) to have a unitary relative degree between ¢; and
the discontinuous action u, see Section 3.2.

The major advantage of this approach is that the kinematic
framework assumption (Section 2.2) is not required and the main
disadvantages are that the computation of the robot Hessian
is needed and that, in general, the minimum-amplitude auto-
regulation described in Section 4.3 cannot be used.
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Fig. 8. Classical kinematic controller.

6. Simulation

In this section the main features of the constraint supervision
algorithm developed in Section 4 are illustrated for a planar robot
and for the classical PUMA-560 robot through simulation results
obtained using MATLAB®,

6.1. Kinematic controller

For the simulations of this section, it is used a classical kinematic
controller utilized for robotic trajectory tracking [27], see Fig. 8,
which consists of a two-degree of freedom (2-DOF) control that
incorporates a correction based on the position error €, = prer — p
by means of the position loop controller C, plus a feedforward
term depending on the first-order time derivative of the workspace
reference, i.e. prs. For the simulations, the position controller is
simply implemented as a proportional controller with correction
gain K,. Therefore, the desired workspace velocity vector pg
generated by the kinematic controller results in:

av(ir) .
Pd = EYY A+ Kp(pref - P) (53)

Since py is multiplied in the proposal by the scale factor fag
obtained from the minimum-amplitude auto-regulation algorithm
(see Section 4), it will be used A = farAmax and K, = farKp max
where ima.x and Kp max are the desired maximum values of the
motion rate parameter and correction gain, respectively.

6.2. First example: 6R planar robot

In this first example, it is considered an open-chain planar
mechanism composed by seven links (the first of them is fixed)
connected serially by six revolute joints, i.e. a 6R planar robot.
This robot is an extension of that shown in Fig. 6 with three
more joints and links. Two elements are considered for the robot
workspace vector: the Cartesian coordinates [xg yg]T of the end-
effector position pee = ps. Therefore, this robot has four (6 — 2)
redundant degrees of freedom.

For this 6R robot, the kinematic function 1;(q) of the point
located at the end of the ith moving link is given by:

i
Y cos(@i+ - +q)
X i=1
pi(@) = M =L 5 ,
> sin(gr + -+ q)
=

where the origin of the reference frame is located at the first joint
of the 6R robot and the same length L has been considered for the
six moving links. Note that the robot Jacobian is readily obtained
from (54) with i = 6.

6.2.1. Constraints
It will be considered that the allowed workspace for the robot is
a circle whose center is (xc, y.) and radius is R.. Since the allowed

¢1 ¢ g3 (rad)
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Fig. 9. Resulting joint positions q : {q1, q4} (solid), {q2, g5} (dashed) and {q3, q¢}
(dotted).

workspace is convex and assuming that the width of the robot
links is negligible, the following constraints must be fulfilled to
guarantee that every part of the 6R robot is inside the allowed
workspace (see Section 4.5):

oi = =1+ (1/R)V (% — x)2 + (i — ¥o)2 < 0,
i=1,...,6. (55)

Another constraint is considered to enforce the extension of the
6R robot:

07 =1— (1/Rs)y/ (X3 — )2 + (y3 — yo)? < 0, (56)

which means that point p; must be outside of a circle whose center
is (x¢, yc) and radius is R; which, obviously, must be less than R, to
simultaneously fulfill (55).

The first three moving links of the 6R robot are considered to
lie in the same plane. Therefore, in order to limit the values of the
second and third joints for collision avoidance, the following two
constraints are also considered:

og=—1+ |q2|/QZ max < 0, (57)
-1+ |q3|/Q3 max = 0» (58)

where @3 max and g3 max are the maximum allowed values for the
second and third joints, respectively.

09

6.2.2. Reference
The reference path is given by the following expression:

Xref(A) Xc + R sin())

) = ref — c c ' 59
Prer(1) [yrefm} [yc + (Re/2)sin(23) | (59)
withA =0...27.

Note that this reference path has the shape of the mathematical
“infinity” symbol (00), is centered within the allowed workspace

and is tangent to its boundary at the two points given by A = /2
and A = 3 /2.

6.2.3. Simulation conditions and parameter values
Simulation was run under the following conditions:

(i) The kinematic framework was considered, i.e. @ ~ qq, see
Assumption 1 in Section 2.2.

(ii) No classical RRS was simulated (i.e. b, = 0,) in order to focus
on the behavior of the proposed SM algorithms.
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Fig. 10a. Frames 1 (top left) to 6 (bottom right) of the robot configuration at regular intervals of A: reference path (thick solid line), path followed by the robot end-effector
(dotted line), boundary of the allowed workspace (thin solid line), boundary of the constraint ¢, for point ps; (thin dashed line), robot joints (solid discs), end-effector (solid
star), moving links (extra thick solid lines) and fixed link (solid triangle). In Fig. 11 the active constraints at each frame are also shown.

(iii) The control action usy was computed using (36), which is the (vii) The kinematic controller was implemented using a gain cor-
equation that requires less computation time. rection K, max of 20 s~ ! in both coordinates and a maximum
(iv) The constraint functions ¢; were computed using a constraint motion rate Amax of 4 rad/s.
approaching parameter K of 0.1 s. (viii) All the algorithms were implemented with a sampling time
(v) The constraint supervision algorithm in Fig. 4 was imple- T of half millisecond.
mented using a cutoff frequency « of 100 rad/s for the first- (ix) The link length L was set to 1.
order low-pass filter and an amplitude |jugy|l, = 1 for the (x) The center (x., y.) and the radius R. of the allowed work-
switching law. space were set to (0, 0) and 2.5, respectively.
(vi) The minimum-amplitude auto-regulation algorithm shown (xi) The constraint ¢; was computed using a radius R3 = 2.

in Fig. 5 was implemented using a cutoff frequency of (xii) The maximum allowed values for the second and third joints
100 rad/s for the first-order low-pass filter. were set to ¢y max = 1.12 and g3 max = 1.37, respectively.
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Fig. 10b. Frames 7 (top left) to 12 (bottom right) of the robot configuration at regular intervals of A: reference path (thick solid line), path followed by the robot end-effector
(dotted line), boundary of the allowed workspace (thin solid line), boundary of the constraint ¢; for point p; (thin dashed line), robot joints (solid discs), end-effector (solid
star), moving links (extra thick solid lines) and fixed link (solid triangle). In Fig. 11 the active constraints at each frame are also shown.

(xiii) We considered an initial robot position error e,(0) =
[0.1 — 0.3]" and the initial robot configuration q(0) =
[0 7/3 n/3 =/3 0.73 1.54]" rad.

6.2.4. Simulation results

Figs. 9, 11, 10a and 10b show the simulated behavior of the
global system. In particular, the robot configuration at each time
step is given by the joint positions shown in Fig. 9. For better
visualization, twelve frames of the robot configuration at regular
intervals of A are shown in Figs. 10a and 10b. Note that the

tracking error is made zero and that all constraints’ are fulfilled, i.e.
min(¢;) < 0, see Fig. 11. Note also that the constraint supervision
algorithm operates in the SM (in some phases with several active
constraints) except in two phases aroundt = 1.5sandt = 5.3 s
where no constraint is active, see Fig. 11. Moreover, the minimum-
amplitude auto-regulation algorithm scales (i.e. far < 1) the

7 The constraints ¢1 and ¢, are not represented in Fig. 11 because they are always
fulfilled since x. = y. = 0 and R, > 2L. Moreover the constraint ¢g, which is
given by the tracking point pg, is neither represented because it does not satisfy
the transversality condition (20) (see Sections 3 and 4.5) and, therefore, it is not
affected by control action u.
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desired workspace velocity vector py except in the two mentioned
phases where fag = 1. Furthermore, the filtered value bsy; of the
control action u generated by the constraint supervision algorithm
is zero in these two phases because no constraint is active.

6.3. Case study: PUMA robot

In this case study, the well-known 6DOF robotic arm PUMA-
560 is considered, which is a classical 6R serial manipulator
with spherical wrist. The results shown have been obtained with
the freely accessible Robotics Toolbox (Release 7.1) for MATLAB®
developed by P. Corke [28]. This Toolbox includes the kinematic
model of the PUMA-560 robot, which has been used to generate
the results.

Three elements are considered for the robot workspace vector:
the Cartesian coordinates [xg yg z]T of the end-effector position
Pee = Pe, i.€., there is no reference for the end-effector orientation.
Assuming that the end-effector position lies as usual on the last
joint axis, the angle gg of the last joint has no influence on the end-
effector position and, hence, the last joint will not be considered.
Therefore, the robot has two (5 — 3) degrees of redundancy.

6.3.1. Constraints

It will be considered that the boundary of the allowed work-
space is given by three vertical planes a, b and c. Since the allowed
workspace is convex and assuming for simplicity that the width
of the robot links is negligible, the following constraints must be
fulfilled to guarantee that every part of the PUMA robot is inside
the allowed workspace (see Section 4.5):

0 =Yi—Y¥a <0, (60)
obi = =i —¥p) <0, (61)
oi=Xi—X. <0, i=1,...,6, (62)

where the subindex i is associated with the end-point of the ith
moving link (e.g., p; is the position of the end-point of the ith
moving link) and y,, y, and x. are the parameters of the vertical
planes a, b and c, respectively.

The following constraints are also considered for the joint
limits:

O—qi:_]+|Qinorm|§0, i:1v~"75 (63)

where Ginorm = (¢i — i mid)/(Aqi max/2) is the normalized joint
position obtained using the mid joint position g; mig and the joint
maximum range of motion Ag; max.

6.3.2. Reference
The end-effector reference path is given by the following mod-
ified helicoidal expression:

Xref(A)
pref()\) = _Vref()h)
Zref()‘)
0.6277 + 0.15(cos(1) — sin®(A) — 1)
= —0.1501 4 0.15 sin(}) , (64)

0.0926 — 0.0375A

with A = 0...4m, where the units for linear and angular dimen-
sions are meters and radians, respectively. It is important to recall
that for the PUMA-560 manipulator the Z-axis of the robot base
frame is aligned with the first joint and its origin is located at the
same height of the second joint, i.e., the shoulder joint.

05

far

active constraints
<
5
LD
=

Time (s)

Fig. 11. Scale factor fyz for the desired workspace velocity vector py; motion
parameter X (the circles correspond to the time instants of the frames in Figs. 10a
and 10b); minimum value of the constraint functions ¢;; horizontal lines indicating
when a constraint is active (the dashed vertical lines correspond to the time instants
of the frames in Figs. 10a and 10b and the circles indicate the active constraints at
those instants); filtered value by, of the control action u generated by the constraint
supervision algorithm.

q’!LOT"UL

Time (s)

Fig. 12. Resulting normalized joint positions qnorm: q1 norm (thin solid line), g3 norm
(thin dashed line), q3 norm (dotted line), g4 norm (thick dashed line) and gs norm (thick
solid line).
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0.5

0.2 0

04 -0.2
X (m)
0.6

Fig. 13. 3D and top views of the PUMA robot in its initial configuration and the
paths followed by the reference (thick solid line), robot end-effector pg (thick dotted
line) and points p, (dark dashed line), p; (thin dotted line) and p4 (light dashed line).
The limit planes of the workspace constraints are shown as thick dotted lines in the
top view.

6.3.3. Simulation conditions and parameter values
Simulation was run under the following conditions:

xiv) The same conditions (i)-(viii) of the first example were used
(see Section 6.2.3), except for the constraint approaching
parameter K of the joint limit constraints which was set to
0.02s.

xv The tool length was set to 94 mm, i.e., the distance from the
end-effector position to the wrist center is equal to 150 mm.

xvi The workspace constraints were computed with y, =
0.05m,y, = —0.32 mand x, = 0.645 m.

xvii The joint limit constraints were computed using a mid joint
position vector qug = [0 m/2 — m/2 7 /6 0]" rad and
a joint maximum range of motion Aq,,, = [5.55 4.643
4.957 4.887 3.491]" rad, see [29,30].

1 -

057

fAR

0.05

-0.05

min(¢;)

8 & o
(SRS
T T T

|

active constraints
pSHPSHE SR
(33

bsum
o

-1 . . . . .
0 0.5 1 1.5 2 25 3 3.5 4 4.5

Time (s)

Fig. 14. Scale factor far for the desired workspace velocity vector py; motion
parameter A; minimum value of the constraint functions ¢;; horizontal lines
indicating when a constraint is active (only the constraints which become active
at least once are shown); filtered value bs), of the control action u generated by the
constraint supervision algorithm.

xviii We considered an initial robot pose error e,(0) = [0.05
0.1 0]" m and the initial robot configuration q(0) = [—0.168
1.084 —2.9350 — 1.29] rad.

6.3.4. Simulation results

Figs. 12-14 show the simulated behavior of the global system.
The robot configuration at each time step is given by the
normalized joint positions shown in Fig. 12, where it can be seen
that the joint limit constraints are fulfilled, i.e., |qnormi| < 1.
Fig. 13 shows the paths followed by the reference and the end-
points of the moving links,® where it can bee seen that the tracking

8 The path followed by point ps is not shown in Fig. 13 because this point lies
on the straight line connecting the points p4 and ps (i.e., ps fulfills the workspace
constraints if both p4 and pg fulfill them, see Section 4.5). Note also that point p;
remains static.
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error is made zero and that the workspace constraints are also
fulfilled. Fig. 14 shows that, as expected, all constraints are fulfilled
(i.e.,, min(¢;) < 0) and that the constraint supervision algorithm
operates in the SM (i.e., the value of bgy is non-zero) when some
constraint is active, which occurs in six phases of different lengths.

7. Conclusions

A variable structure algorithm for redundancy resolution was
proposed using sliding mode related concepts. The strategy acts
as a supervisory loop, shaping the commanded joint velocities
in order to fulfill C-space and/or workspace constraints. In this
manner, the algorithm activates when the robot is about to violate
the constraints, modifying the commanded joint velocities as much
as necessary in order to fulfill all the constraints and reaching their
limit surface smoothly depending on a free design parameter. The
proposal also includes an additional sliding-mode supervisor block
in order to auto-regulate the minimum-amplitude required for the
main supervisory loop to achieve the sliding regime.

The proposal can be easily added as an auxiliary supervisory
loop to conventional redundancy resolution schemes. Moreover,
the proposed algorithm improves the classical conservative
potential field-based approach for collision avoidance in the sense
that it fully exploits the robot workspace and allows an additional
secondary task while the constraints are fulfilled.

Although the algorithm was illustrated for a particular kine-
matic controller and two particular robots (6R planar robot and
PUMA-560 robot), the conclusions drawn for the redundancy res-
olution method also apply to other kinematic controllers and/or
redundant robots.
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