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SUMMARY

Among the many challenges to deal with, when a robot
is interacting with its environment, friction at the contact
surface and/or at the joints is one of the most important to be
considered. In this paper we propose a control algorithm for
the tracking of position and force (unconstrained orientation
case only) of a manipulator end-effector that does not require
the robot model for implementation. This characteristic has
the advantage of making it capable to compensate friction
effects without any previous estimation. Furthermore, no
velocity measurements are needed, and the unit quaternion
is employed for orientation control. Experimental and
simulation results are provided.
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1. Introduction

When a robot manipulator is in contact with the environment,
it is necessary to control not only position but also the
force exerted at the contact. For this aim, several approaches
have been proposed in the literature (see refs. [1-3] for an
overview). In general, there are two categories for interaction
control strategies: direct and indirect. While in the first case
the contact force can be set to a desired value by using an
explicit force feedback loop, in the second one the force
control is achieved exclusively via motion control. To this
last category belong compliance and impedance control,*
while to the first one belong some techniques like hybrid and
parallel control.? For instance, in ref. [5] hybrid schemes are
developed by using the orthogonal property of the velocity
vector. This way, force and position terms are well defined
and taken into account separately. On the other hand, note
that most control algorithms make use of velocity and force
measurements, which may not be available. Solutions to this
problem are given in refs. [6, 7].

Another important issue in force control design and
implementation is the possible lack of an accurate system
model. Some solutions to cope with this problem are given
in refs. [10, 15-16]. This is specially true when dealing with
friction effects. In ref. [8] a model is proposed that considers
many of the most important characteristics of friction,
like arbitrary steady-state, hysteretic behavior because of
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frictional lag, and spring-like behavior in stiction. It also
gives varying break-away force depending on the rate of
change of the applied force. Another phenomenon in robotic
systems is meshing friction. This is caused by the inclusion
of high-reduction gears in joint transmissions, and it is
specially important at low velocities. In ref. [9], a new model
i1s introduced to describe this kind of friction, and some
experimental results are presented to validate it successfully.
In this paper we introduce some essential modifications to
the force control algorithm given in ref. [10], yielding the
following remarkable differences with the original work:

(a) The velocity observer has been modified to deal with
curved surfaces. The algorithm in ref. [10] can strictly
work with planes.

(b) The new algorithm allows not only the use of the
analytical Jacobian but also of the geometrical Jacobian.
This represents an essential advantage, since the later is
easier to compute than the former.

(c) By taking advantage of the geometrical Jacobian,
the orientation problem is further analyzed to employ the
unit quaternion. It is important to point out that only the
unconstrained orientation case is considered, but keeping
an appropriate orientation of the end-effector improves
force tracking.

(d) As explained in Remark 3.2, the usual closed loop
orientation error dynamics for the unit quaternion given
by?

Aw, + KDOA @, + KPooRdden =0
is simplified to
Aw, + k°Ryle, = 0.

This represents an advantage, since the implementation
is simpler.

(e) External perturbation terms are considered for analysis.
Complex friction effects can be included here.

(f) A more complete set of experimental results is presented.

(g) Simulation results are presented for curved surfaces, and
the complete model of a 6-degree of freedom (DOF)
robot manipulator is written down.

(h) Analternative proof for the boundedness of the Lagrange
multiplier A is provided.

It is important to stress that despite the very similar structure
of the control-observer scheme presented in ref. [10], the
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complete set of experiments carried out in this work for
planes are more difficult to implement than with the original
algorithm, and this would simply not work for the experiment
and the simulation presented for the robot in contact with a
sphere.

The paper is organized as follows. The robot model
for constrained movement and some properties are given
in Section 2. The force/position controller with observer
scheme is proposed in Section 3. Section 4 presents
experimental results, while Section 5 shows a simulation for
a very fast sampling time. The paper concludes in Section 6.

2. System Model and Properties

Consider an n-DOF rigid robot in contact with its
environment, represented by an m-dimensional constraint.
The dynamics of the system is then given by!!

H(@)j+C(q.9)q+Dg+g@)=7—1,— J (@A,
(1)

where g € R" is the vector of generalized joint coordinates,
H(q) € R is the symmetric positive definite inertia
matrix, C(q, ¢)q§ € R" is the vector of Coriolis and
centrifugal torques, D € R"*" is a diagonal positive semi-
definite matrix accounting for viscous friction, g(q) € R" is
the vector of gravitational torques, T € R" is the vector of
torques acting at the joints, 7, € R" represents any bounded
external perturbation whose first derivative is also assumed to
be bounded, and L € R™ is the vector of Lagrange multipliers
(physically represents the force applied at the contact point).
Jo(q) =Ve(q) € R™" is assumed to be of full rank in
this paper.! Vo(g) denotes the gradient of the surface vector
¢ € R™, which maps the vector onto the normal plane at the
tangent plane that arises at the contact point described by

o(q) =0.

Remark 2.1. 7, can include complex friction terms
(modeled with smooth functions) like those described in
refs. [8, 9]. A

Our goal is to design a force control law where the desired
task is directly given in work—space coordinates. To do this,
first of all consider the following well-known relationship:

p
o n o
x=b }=me, @)
n

where J(g) € R®" is the geometrical Jacobian of the
manipulator, *w, € R is the angular velocity of the end-
effector, while °p, € R"™") is the end-effector position.
We assume n = 6 and v = 3. Whenever the robot is not
in singularity, one also has the following relationship:

qg=J " 3)

! Note that since J,(q) provides directions where it is possible
to apply forces, Rank(J,(¢g)) < m means that the constraints are
redundant because in that case at least two rows of J,(gq) are
dependent linearly.
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Assumption 2.1. The robot doesn’t reach any singularity.
A

Remark 2.2. Notice that the robot will not reach any
singularity as long as the desired path and a neighborhood
around it do not pass through a singular configuration.
The size of the neighborhood is given by the maximal
possible error between actual and desired trajectories and
can conveniently be expressed by the constant yp,x given in
Appendix A. See also Remark 1 in ref. [12] A

Then x is given in this case by

°p,

0
p,
= = ! . 4
X {()¢n:| / Owndﬂ ( )
0

Remark 2.3. As explained in full detail in ref. [4], 0¢n
in Eq. (4) does not have any physical meaning. Still there
is no analytical reason at all not to employ it as long as
only force and not torque control of the end-effector is
pursued (i.e. only unconstrained orientation is considered).
Note that a drawback of using a nonphysical variable is that
it cannot be measured and it has to be computed as said in
Section 4. A

We can further set> x =[x y z ¢« ¢y &1
Suppose now that we rewrite constraint ¢@(gq) =0 in
Cartesian coordinates, i.€.

o(’p,) = 9(x) =0, &)

where we make explicit that ¢(x) = 0 indeed depends only
on the upper part of x so that the lack of physical meaning
of the lower part of this vector is not relevant. Then we have

_ de(x)

J(px = Ix and J(p(Q) = J(pr(q) (6)

One can rewrite Eq. (1) as

H(@)j+Cq.q)§ +Dg+g(q)=1—1,—J (@)J
@)

Property 2.1. The vector X can be written as
x = 0,(x)x + Px(x)k = O,(x)x, (®)

where  Q,(x) = (L — Px(x)), Py(x) = J} J . and

J o = Jox (Jq;ngx)_l e R stand for the Penrose’s
pseudoinverse and Q, € R"*" satisfies rank (Q,) = n — m.
These two matrices are orthogonal, i.e. Q, Py = O (and
in fact QXJZx = 0 and J, 0, = O). Note that the last
equality in Eq. (8) is due to the fact that @(x) = J,xXx =0
in view of constraint (5). A

2 Using x as vector and scalar (to designate the x-coordinate) should
not cause any confusion.
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(b)

Fig. 1. (Colour online) Planes tangent to the surface at actual and desired positions. (a) Large tracking error; (b) small tracking error.

To further simplify the stability analysis, we make the
following.

Assumption 2.2. The matrix J, is constant. A

Remark 2.4. A direct consequence of Assumption 2.2 is
thatboth Q, and P are constants, meaning that the surface is
a plane. We do this assumption only for the sake of simplicity
in designing and proving stability for our control-observer
approach. In fact, the whole analysis of the next section is
based on showing that the position and velocity errors, both
for tracking and observation, lie exclusively in the space
spanned by Q, (see Egs. (26)—(28)). When this matrix is not
constant, the tracking error can be written as

Ax =x —xq= 0,(x)x + Py(x)x — Q,(xq)xq
— P (xq)x4. 9
In Fig. 1 two cases are shown, namely when the tracking

error is large, and when it is small. For the second case it can
be appreciated that

Ax = Q,(x)(x —xq) = @, (x)Ax, (10)
because it is tangent to the surface. This fact allows to carry
out a local stability analysis for a small enough region around
Ax = 0. Note, as shown in the figure, that how small the error

must be, for relationship (10) to hold depends on how smooth
is the surface. Also, after Property 2.1, it holds

Ak~ Q(x)(E — k) = Q,(X)A%. (1)

A

3. Force Control-Observer Design
To design the control law, consider an auxiliary variable x,
and define the tracking error as

Ax éx — Xa. (12)
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It is assumed that x, and its first two derivatives are bounded.
One may think of x, as the desired value for x. A possible
definition is given in Eq. (44) to use the unit quaternion.
On the other hand, suppose that velocity measurements are
not available, then an estimate of x is given by X, and the
observation error is

x —x. (13)

Finally, as given in ref. [12], we define the auxiliary error
variable as

2R —x, (14)
The force error is given by
A
Al = A — Aq, (15)

where Aq € R™ is the desired bounded force, with at least its
first derivative bounded. Now, we define the sliding variable,

$= 0, (¥ 4+ AE) + JLEAF =5, +51, (16)

where Ax € R™" and &, € R™*™ are diagonal positive
definite matrices and

t
AF:/ ALdD. (17)
0

Our design approach is based on making s tend to zero.
First of all note that s, and s; are orthogonal vectors,
and P, J} = J,,. Thus, they both must become zero if s
becomes zero. In this case, since J gx is assumed to be of full
rank, so is J;X, and one has AF = ( because &, is a positive
definite matrix. However, the fact that s, becomes zero does
not necessarily implies that ¥ and A% will be zero as well.
To achieve this, the observer must be designed properly. First
of all, recall that from Eq. (8) one has ¥ = @, x. On the other
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hand, Assumption 2.2 guarantees that
x = 0,x + Pyx, (18)

with Pyx # 0. This means that the part of the vector x lying
in the space spanned by P, must be constant. Then x, must
be chosen to satisfy

Xa = Qxxa‘i'PxxaE Qxxa+Pxxa 19)
Xy = OyX,. (20)

For the estimated variable X, one too has

£ = 0,.%+ P&, (1)
&= Q%+ P,%. (22)

The observer has to be designed to comply with Py¥ = Pxx
and thus Pyx = 0. To achieve this goal, we propose

t
£ = Qx/ xdo + Pyx, (23)
0

t
* =0, (xa — A%+ deZ/ z(9)dY + Az + kdz) ,
0
(24)

where A, € R"*" is a diagonal positive definite matrix and
kq 1s a positive constant. Obviously, one has Pxfc = (0 in view
of Eq. (24). But, since Q, and P are constants according to
Assumption 2.2, we also have

t t t
/ xdo = f Q.xdv = Q, / xdv. (25)
0 0 0

To compute Eq. (25), we took advantage of the fact that
0,0, = 0,. This means that the integral on the right-
hand side of Eq. (23) lies only in the space spanned by Q,,
implying that the part of the estimated vector X lying in the
space spanned by Py is Pyx, which is what we were looking
for. Note, however, that it has been multiplied by Q, to deal
with curved surfaces as well. On the other hand, since we
have P,x = P,x = P,x,, it holds

z2=0.2 xX=0,x. (26)
In other words, Pyz = PyX = 0. Since Q,%, = X,, then

z2=0.2 X=0Q.x. 27)
While Assumption 2.2 implies that only planes can be
considered, we will show by means of experiments that
the control-observer approach also works well with smooth
curved surfaces (as can be expected after Remark 2.4). This is
due to the inclusion of @, in Eq. (24), contrary to the observer
in ref. [10]. Now, suppose that we have O, Ax = A« Q, (for
example by setting A, = k¢I, with k; > 0). Then s, in Eq.
(16) can be rewritten as

sp= Q, (X + AX) = X + A% (28)
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From Eq. (28) one can conclude that both ¥ and ¥ tend to
zero if s, tends to zero, i.e. if s does. But showing that ¥ and
X tend to zero is not our main goal. Rather, this fact is used
to prove that Ax, Ax, z, and z do tend to zero as well, with
a proper design of the controller. Consider

= Q, (kg — AK) — JHEAF +54— K,0, (29)

where K, € R"*" is a diagonal positive definite matrix and
o € R", with

sq = s(0)e ™, (30)

o= / {Kﬂsl(ﬁ) + sign(sl(ﬂ))} dd, 31
0

§1 =8 — S84, (32)

where 0(0) =0, and Kg € R*™*" is a diagonal positive

. . . .. . A
definite matrix, k; is a positive constant, and sign(s;) =
[ sign(syy) ... sign(sy,) 1%, with s;; element of s;, i =
1,...,n.sq4 € R" could be set to zero without affecting the
stability analysis, and it is only used to get a better transient
performance by getting s;(0) = 0 (see ref. [12] for details).
Then, consider

[l

X — X (33)
= 0, (A% + AX)+ J 6L AF —sq+ K 0,

Sx

A

si=4—¢, =T Q@& —x)=T"@sx. (34

Our next step is to rewrite the robot dynamics (7) in terms of
s; as follows

H(q)s: + C(q. )s: + Ds; =7 — J (@[, A — y,. (35)
where
Yo = H@i, + C(q, )i, + Di, + g(@) + 7, (36)

Consider now the auxiliary variables

to=%— Az, 37)
rE i — %, =34 Az, (38)
So = iy — ki (39)

Based on all previous definitions, the proposed control law
is

T=—K,J 'so+ JTng)»d - JTJ;&AF, (40)

with K, € R"™" and &, € R™*™ being positive definite
matrices, and the dependence on ¢ has been omitted for
simplicity. By substituting Eq. (40) in Eq. (35) and by taking
into account that s, = sx — r, one gets

H(q)$: + C(q, q)s: + Kpps: = —JTngA)»
+ KpJ 'r — JTILE AF — y,, (41)
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Fig. 2. (Colour online) Robot A465 of CRS Robotics in contact with a flat surface.

where Kpp 2 D + K,. Equation (41) is related to the
boundedness of the tracking and force errors. We still need to
describe the dynamics of the observation error. This can be
done as explained in ref. [10] by assuming A, Q, = 0, A,
(one can choose A, = k,I, with k, > 0) to get

F+kar = Q, (A% + AX). (42)

Now consider the following definition for the state of the
error dynamics (17), (41), and (42)

y=[sT T aF"]" 43)

T

Theorem 3.1. Consider a bounded continuous trajectory
x, (with bounded derivatives), which is chosen far away
enough from any singularity, and a desired bounded force Aq,
with bounded first derivative. Then, for the observer (23)-
(24) and the control law (40) in closed loop with system (7),
a proper combination of the gains ki, kq, Ax, A,, Kg, K,
&,,&,, and K, can always be found depending on the initial
condition y(0), the desired trajectories, and the robot model
parameters so that any variable in the error dynamics given
by Egs. (17), (41), and (42) is bounded and tracking and
observation errors (Ax, Ax, z,Z, AF, AL) tend to zero. A

Remark 3.1. The result of Theorem 3.1 is only local,
since gains depend on y(0). Furthermore the region of
attraction cannot be made arbitrarily large in general and,
actually, it should be chosen rather small to work with curved
surfaces. A sketch of the proof is given in Appendix A. A

Remark 3.2. As explained before, definition (4) does not
provide any physical meaning. However, for force control
the unconstrained orientation should be perpendicular to
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the contact surface. The best option is to employ the unit
quaternion. First we define

0 .
)4
o= ¢ , (44)
0“)d - ksoRdden

with x, = fot x,d?Y. k. is a positive scalar gain, 0 Pq 1s the
desired position of the end-effector as before, %wq € R? is
the desired angular velocity, and OR4 € R¥3 is the desired
rotation matrix, i.e. it represents the desired orientation. %e,, €
R3 is the vector part of the unit quaternion associated to the
rotation matrix given by 4R, = °R1°R,,, where °R,, € R**?
is the rotation matrix between the end-effector frame and
the base frame. Note that the desired position ° p; has to be
chosen to satisfy Eq. (5), and care should be taken to avoid
getting a not-bounded x,. Also, the desired orientation Ry
has to be chosen perpendicular to the surface at 9(°p,) = 0.
Then, according to Theorem 3.1, it is guaranteed that Ax —
0 and Ax — 0. Clearly, the position error requires no extra
analysis, but the orientation case does. When Ax = 0, the
orientation error dynamics is easily computed as

Aw, +k"Ryle, =0, (45)

where A @, = ", — "@,. It is worthy to note that the closed
loop dynamics presented in ref. [2] is more complex and
involves more gains, since it is given by

A@, + KpoAw, + Kp,'Ryle, =0, (46)

where Kp, and Kp, are positive definite matrices. However,
the stability analysis can be carried out in a similar way
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Fig. 3. (Colour online) (a) Polished surface with rolling end-effector (less friction); (b) not-polished surface with finger (more friction).

as done in the reference to conclude that °R, — R4 and
"'Aw = 0, — "wq — 0. A

4. Experimental Results

4.1. Testing different levels of friction

In this section the theory of Section 3 is tested. The test
bed consists of the 6-DOF industrial rigid robot A465
of CRS Robotics, which has been especially adapted for
implementation of research control algorithms'® (see Figs. 2
and 10). We have carried out five experiments. For the
first three, we used a plane as physical constraint, while
in the fourth one a curve (part of a sphere) is employed.
Experiment 5 assumes that the surface is flat, while it is
actually slightly concave, thus introducing a mismatch in the
constraint equation.

Our first two experiments consist in making a circle on a
plane with a slope of 45°, as shown in Fig. 2. The movement
begins at point A and goes to point B in 4 s. From there,
a circle is made which finishes again in B. The experiment
lasts 10 s. The orientation, i.e. the z-axis of the end-effector
coordinate frame, has to be perpendicular to the surface (see
Fig. 26). Also, we have chosen the x-axis to point upwards,
parallel to the surface. To check out that the control algorithm
works well under different conditions of friction, we use two
surfaces and end-effectors as shown in Fig. 3.

We have implemented the following control law in terms
of input voltages (see Appendix B for details),

V =—KyJ s+ D' Do {J T pha — T T8 AF ).

https://doi.org/10.1017/5026357471200015X Published online by Cambridge University Press

The different parameters of the control law are K, = diag
{2.625 1.5 2.625 2.625 2 2.625}, Ax = diag {46.5
44 47 46.5 44 46.5}, A, = diag {45 45 45 45 45 45},
K, = diag {0.07 0.07 0.07 0.7 0.7 0.07}, Kg = diag
{20 19 20 19 19 19}, & =10.7, & =0.00001, k4=
100, k; = 0.001, k. = 0.001.

Figure 4 shows the tracking errors Ax. Recall that
difference in the experiments is the presence or absence of
high friction on the contact surface. As can be appreciated,
the results are quite similar so that we can conclude that the
algorithm is working as foreseen in theory in this respect.
The first three elements of Ax correspond to position errors.
As can be appreciated in both cases, they are under 2 mm for
most of the time for the x- and z-axes. Regarding the y-axis,
the error became suddenly larger after 4 s. The reason is that
while the desired trajectories are continuous for position, we
have done a discontinuity in the desired velocities at t = 4
s, when the circle begins at point B, so that necessarily the
error in velocity affects the position tracking. On the other
hand, keeping the orientation constant makes the desired joint
angles to change rather abruptly, which causes increment in
the errors at = 6 s and 9 s, when the extremes of the circle
are being done. Note, however, that the last three elements of
Ax show good outcomes. Recall that this part of the vector
has to tend to zero in order for the orientation and angular
velocity errors to do so as well. As can be seen in Fig. 4, the
maximal error is about 0.1 rad, caused also by the extremes
of the trajectory. It is important to point out that we got °¢,,
by employing

%¢,(kT) =", (k — DT) + Jo(@)gkT) — q((k — 1)T)},
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Error Ax (x)
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Error Ax (y)

0 2 4 6 8

Error Ax (2)
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Error Ax (¢X)
0.1f
0.05¢ 1
g o —/\/
-0.05¢} 1
-0.1¢ ‘ ‘ ‘ ‘
0 2 4 6 8
Error Ax (¢y)
0.1f
0.05¢ 1
T ofe
-0.05¢} 1
-0.1¢ ‘ ‘ ‘ ‘
0 2 4 6 8
Error Ax (¢Z)
0.1}
0.05¢
K 0

-0.05¢
-0.1}

Fig. 4. Experiments 1 and 2. Testing different levels of friction on contact surfaces. Tracking error vector Ax. Surface with friction (—)

and without friction (- - -).

where J,(gq) € R¥" is the lower part of the geometrical
Jacobian J(g) and T = 10 ms is the sampling time.

In Fig. 5 the observation errors are shown. In order to have
a better point of comparison, we use the same scales as in
Fig. 4. It can be appreciated that the observer is working very
well, and most remarkably, the outcomes are very similar for
both cases, i.e. with and without friction.

Figure 6 shows real force against desired force, and
the corresponding errors. The outcome values can only be
considered to be acceptable, although they could improve
with a smaller sampling time because it would allow to set
gains larger, specially &. Note, how small this parameter
had to be set. Still, the error is bounded by 10 N for most
of the time and it is quite similar in both cases so that one
can conclude that friction is not the cause of these errors.
At about time ¢ = 65 the force error becomes larger in the
unpolished surface. However, we consider that the reason is
not friction itself but a small hole that the irregular surface has
at a particular point, which causes the robot to push stronger
when falling there. We have opened a window from¢ = 5.5
to 6.5 s, where it can be seen that the errors remain bounded
by £10N for the polished plane.

4.2. Testing the effect of velocity in friction
The third experiment that we have carried out is basically
the very same as Experiment 1, but three times slower. Since

https://doi.org/10.1017/5026357471200015X Published online by Cambridge University Press

friction is dependent on velocity, it is aimed at analyzing
whether the performance is affected, for the better or the
worse, when the velocity diminishes. Note that it is natural
to expect better results for slower movements. In Fig. 7 we
show results for the tracking errors. It can be appreciated that
the outcomes are slightly better for slower velocities. Then
we can conclude that a slower movement is essentially not
affecting the performance in the tracking errors.

On the other hand, by comparing Fig. 5 with Fig. 8, it can
be seen that the observation errors improved. We claim that
a lower velocity is not the one single cause for this, but also
the fact that the implementation of many digitalized observer
integrals becomes less sensitive to the sampling period.

Finally, a comparison of Fig. 6 with Fig. 9 clearly shows
an improvement. In conclusion, the results are slightly better
in all cases, and much better in the force control, so that
in this case the friction factor might be the reason for the
improvement.

4.3. Testing the algorithm on a curved surface
This experiment is meant to test the proposed algorithm in
a surface that is not a plane. For this goal, we use the part
of a sphere as shown in Fig. 10. As pointed out in Section 3
(after Remark 2.4), the observer (23)—(24) together with the
control law (40) can deal with this kind of constraints.

The desired trajectory and orientation can also be seen in
Fig. 10, while the total time of the experiment is 12 s. The
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Fig. 5. Experiments 1 and 2. Testing different levels of friction on contact surfaces. Observer error vector z. Surface with friction (—)

and without friction (- - -).
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Fig. 6. Experiments 1 and 2. Testing different levels of friction on contact surfaces. Surface with friction (—) and without friction (- - -

(a-b) Desired force (- - -) versus real force; (c—d) Force error AA.
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Fig. 7. Experiment 3. Slow desired trajectories. Tracking error vector Ax.
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Fig. 8. Experiment 3. Slow desired trajectories. Observer error vector z.
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Fig. 9. Experiment 3. Slow desired trajectories. (a—b) Desired force (- - -) versus real force (—); (c—d) force error AAX.

Fig. 10. (Colour online) Robot A465 of CRS Robotics in contact with a curved surface.
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Fig. 11. Experiment 4. Movement on a curved surface. Tracking error vector Ax.

results for the tracking error are shown in Fig. 11. It can be
appreciated that the errors are in fact smaller than for the flat
surface. The reason is probably that the movement is less
complex from the required joint angles point of view.

Figure 12 shows the observation errors. By comparing with
Figs. 5 and 8, it can be seen that these are similar to other
cases. Finally, Fig. 13 shows the desired and real forces,
together with the corresponding error. The results are indeed
good, because for most of the time the errors are bounded by
about 5 N.

4.4. Testing robustness in the case of not well-known
surfaces

To analyze the effect of the exact knowledge of constraint (5),
we consider making the flat surface slightly concave. Our
goal is to repeat either Experiment 1 or 2. To protect our
test bed, we preferred to repeat Experiment 2. This should
not invalidate the results because the outcomes of the first
two experiments are similar. Besides, right now we are not
testing the behavior because of friction. In Fig. 14 we show
the concave surface, while it is a matter of course that it is
assumed to be perfectly flat as before.

The results can be appreciated in Figs. 15 to 17. The direct
comparison is with Figs. 4 to 6. In general, the results are
slightly worse for position but slightly better for orientation
so that altogether we consider them to be similar. As to
force tracking, it gets clearly worse when the circle is being
made. For the first 4s the outcomes are similar in magnitude.
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Since we are carrying out the faster experiment, we could
expect better results for slower movements. In any case we
think that our approach shows a good degree of robustness.
Experiments for a convex surface are quite similar to the
case of the concave one so that we omit them here for lack
of room.

5. Simulation Results

The experimental results of Section 4 were not as accurate
as expected from the theory developed in Section 3. We
claim that the reason is the digitalization process necessary
for implementation. However, for hardware issues, we were
not able to have a sampling time faster than 10 ms, which
in practice proved to be too large. Not being able to
set gains better, exact tracking was not always achieved
in the experiments. To show that our claim is correct, a
simulation has been carried out for the same robot A465
of CRS Robotics. In Appendix B the complete model of this
manipulator can be found.

We have chosen to use the same sphere as that of
Section 4.3. However, to clearly show the difference of the
control algorithm of Section 3 and that of ref. [10], the task
to be accomplished is more demanding. As illustrated in
Fig. 18, the desired trajectory is larger than that depicted in
Fig. 10. This makes more evident the curvature of the sphere.
Furthermore, the required time to reach the final position will
be smaller (the total simulation lasts for 8 s instead of 12 s
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Fig. 12. Experiment 4. Movement on a curved surface. Observer error vector z.
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Fig. 13. Experiment 4. Movement on a curved surface. (a) Desired force (- - -) versus real force (—); (b) force error AA.
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Fig. 14. (Colour online) Slightly concave surface.
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Fig. 15. Experiment 5. Testing robustness in the case of not well-known surfaces. Tracking error vector Ax.

https://doi.org/10.1017/5026357471200015X Published online by Cambridge University Press

161


https://doi.org/10.1017/S026357471200015X

162

Error z (x)

(mm)
o

0 2 4 6

Error z (y)

(mm)
o

(rad)

2
—4 .
0 2 4 6
Error z (2)
4
2 L
E 0 et
_of
—4 :
0 2 4 6

(rad)

(rad)

Robot force control without dynamic model

Error z (¢X)

0.1
0.05¢

-0.05¢
-0.1¢ ‘ ‘ ‘ ‘
0 2 4 6 8

Error z (¢y)

0.1
0.05¢

-0.05¢
-0.1} ‘ ‘ ‘ ‘
0 2 4 6 8

Error z (¢z)

0.1
0.05¢

-0.05¢
-0.1¢

t(s)

Fig. 16. Experiment 5. Testing robustness in the case of not well-known surfaces. Observer error vector z.
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Fig. 17. Experiment 5. Testing robustness in the case of not well-known surfaces. (a—b) Desired force (- - -) versus real force (—); (c—d)

force error AA.
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Fig. 18. Simulation. Desired trajectory for simulation.

of the experimental outcomes). The constraint is given by?
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Fig. 19. Simulation. Tracking error vector Ax.

3 This definition allows to have J ;5 J ;X =1L
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with =06 [m], k=0 [m], [=0.55 [m],
and r=0.2 [m]. The sampling time has been
chosen as 0.1 ms that allowed to set K, = diag

{0.75 0.75 0.75 0.75 0.75 0.75},& =20,%& =20, A, =
diag {11,000 11,000 11,000 11,000 11,000 11,000},
K, = diag {1.5 15 15 15 15 15}, Kg = diag
{0.5 0.5 0.5 0.5 0.5 0.5}, kg = 5000, k; = 0.001, k, =
5,and A, = diag {5000 5000 5000 5000 5000 5000}.

Remark 5.1. By comparing the gains used for simulation
and those employed in Section 4, it is easy to realize that
most of the ones defined here are by far larger. In general,
gains should be large enough to achieve a good performance
and the user should begin with gains related to the observer,
i.e. kg and A,. Next Ay, &,, and &, should be set carefully
large enough to diminish tracking errors. On the other hand,
K, should be chosen not too large to avoid abrupt changes
in the output. The integral gains should be kept zero until the
tracking error becomes small enough. Only then the integral
term should be included to achieve exact tracking. A

Figures 19 and 20 show tracking and observer errors,
respectively. We kept the same scale as for the experimental
results, this makes more evident that tracking has been
accomplished. Recall that our approach guarantees only local
stability so that we have chosen, just as for the experimental
results, to set initial error conditions to zero. We do not
consider this to be a disadvantage, since it is always possible
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Fig. 20. Simulation. Observer error vector z.
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Fig. 21. Simulation. (a) Desired force (- - -) versus real force (—); (b) force error AA.
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Fig. 22. Simulation. Velocity tracking error vector Ax.

to regulate the robot’s initial position and orientation to a
specified value. As to the desired force, we were able to
choose a more complex and larger reference (we do not risk
to damage a sensor this time). The desired values go from
200N to nearly 10N. It can be appreciated in Fig. 21(a)
how fast the error tends to zero, although in the end there
is a small residual term of about 0.1 N (Fig. 21(b)). Still,
we consider the outcome quite acceptable according to the
theory.

Since for simulation joint and Cartesian velocities are
available, in Figs. 22 and 23 the corresponding tracking
and observation errors are shown. As could have been
expected, these are also very good and in accordance with
the theoretical development of Section 3. Finally, to show
that exact orientation tracking is being accomplished (as
it is indicated from the fact that tracking errors Ax are
zero), in Fig. 24 the orientation matrix ‘R, = °RI°R,, is
shown. It can be checked that it is the unit matrix during
the whole simulation, meaning that the end-effector acquires
the desired orientation. Certainly, this can also be seen by
drawing both R4 and °R,, together, as done in Fig. 25. It can
be recognized the rotation of the end-effector as depicted in
Fig. 18.

6. Conclusions
Model-free tracking and force control for rigid robots are
studied in this paper. Only unconstrained orientation motion
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is considered. It is assumed that no velocity measurements
are available so that an observer is introduced that delivers
results directly in Cartesian coordinates. For implementation
only the constraint equation and the manipulator Jacobian
are necessary. To deal with the orientation problem, the
unit quaternion has been employed. The control-observer
scheme employs a second-order sliding mode variable to
avoid the knowledge of the robot model. This characteristic
allows to compensate for example friction terms without any
previous identification. It has been shown that force, tracking,
and observation errors tend to zero under the condition
that no singularity is reached. This assumption is made for
simplicity, but a subregion of the dextrous workspace free
of singularities and proper gains can always be chosen to
guarantee it. To simplify the mathematical stability analysis,
itis assumed that the contact surface is a plane, but it is shown
that the scheme also works for curved surfaces.
Experimental results are carried out to test the proposed
algorithm. The outcomes are in acceptable agreement with
the developed theory, both for flat and curve surfaces.
However, because of hardware restrictions, the sampling
time could not be set small enough to tune gains properly.
This fact avoided to get even better results and certainly
represents a disadvantage of the approach because it turns
out to be sensitive to the discretization process. To show
that with a faster sampling time outcomes can be improved,
a complete simulation for the same robot manipulator in
contact with the curved surface was carried out. For this case,
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Fig. 23. Simulation. Velocity observer error vector Z.
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Fig. 25. Simulation. °R, = [°x, %y, %z,1(—)and°Rq =["xq °yq ‘zal(---).
the results were pretty well in accordance with the developed 7. J. C. Martinez-Rosas, M. A. Arteaga-Pérez and A. M.

theory.

It remains as a future work an extension of the approach

to torque control.
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Appendix A: Proof of Theorem 3.1

The proof of Theorem 3.1 is similar to that given in refs.
[10, 12], so that we now present a sketch and stress few
differences. First consider the next lemma.'3

Lemma 6.1. If a diff@rentiable function f(¢) has a finite
limit ast — 00, and if f(¢) is uniformly continuous, then it
holds f(t) — O ast — oo. A

As done in refs. [10, 12], we prove Theorem 3.1 in three
steps: (a) The boundedness of y in Eq. (43) implies the
boundedness of any other closed loop variable. (b) With a
proper choice of gains, the observer (23)—(24) and the control
law (40) guarantee the boundedness of the state y in closed
loop. (c) If all closed loop variables are bounded, then the
inclusion of the sign function in Eq. (31) makes all errors
tend to zero.

(a) We have to show that if || y|| is bounded by 0 < yp.x <
00, then any other signal is bounded. As said before, the main
difference of the algorithm presented here with that given in
ref. [10] is a modification in the observer so that this part of
the proof is all similar with step (a) of the proof in ref. [10].
However, in this work we present an alternative way to prove
that the Lagrange multiplier A is bounded. This term can be
computed as explained in ref. [14] to get

A= (JHTY) I H e =2+ T,a), 48)

where 7 = C(q,9)q + Dg + g(q) + T, must be bounded
because it depends only on bounded variables as shown in
ref [14], and 7, is bounded by assumption. It only remains
to show that the input torque 7 is bounded. By taking into
account Eq. (40), and the fact that after Eq. (34) one has
so = J(q)s; —r,itis

T=—K,(s; — J '+ JTJEX)vd — JTJZX‘;‘,AF,
which is bounded when y is bounded.
(b) This part of the proof can also be carried out as
explained in ref. [10] because the change in the observer

does not essentially affect it.

(c) Till now we have only shown that y is bounded.
We still have to prove that tracking, force, and observation
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Fig. 26. Base and end-effector coordinate frames for robot A465 of
CRS robotics.

errors tend to zero. Showing that Ax, Ax, z, z, and AF
tend to zero can be done exactly the same way as done in
step (c) of the proof in ref. [12]. One just have to take into
account Egs. (16) and (26)—(27). Then it only remains to
show that AL — 0. We use Lemma 6.1 for this. First of all,
we know that AF is bounded and has a limit (AF — 0 as
t — o0). Then, in order for AX to tend to zero, we only
have to show that it is uniformly continuous, or equivalently,
%Ak is bounded. But, since AL = A — A4 and A4 and its
derivative are assumed to be bounded, it remains only to
show that %X is bounded. It can be seen from Eq. (48)
that A = A(q, ¢, X, Tp, 5:, I, g, AF). Since the derivatives
of all functions involved in model (1) exist, one has %A =
Mg, q, 4, %, %, Ty, Tp, Sp, S0, T, Fy Aa, kg, AF, AX). By re-
calling that 7, is bounded by assumption, %X must be
bounded because after the discussion of step (a) all variables
have been proven to be bounded, including § and ¥. A

Appendix B: Kinematics and Dynamic Model of Robot
A465 of CRS Robotics

The Cartesian position and orientation of the end-effector
of the robot A465 of CRS Robotics used in Sections 4
and 5 for control implementation is computed by measuring
joint positions and substituting them in the corresponding
direct kinematics. To achieve this goal, the standard Denavit—
Hartenberg approach has been employed.* The base and end-
effector coordinate frames are shown in Fig. 26. For the sake
of simplicity, the middle coordinate frames are not shown
in the figure. The following homogeneous transformation
matrices have been obtained:

ci 0 s 0 ¢ —s2 0 aer
s1 0 —c1 O {2 o 0 as
A=lo 1 0 4| =0 o 1 o
L0 0 O 1 0 0 0 1
c3 0 53 0
83 0 —C3 0
A=19 1 0 o
L0 0 0 1
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Table 1. Direct kinematic parameters of robot A465 of CRS
Robotics.

dy =0.330 (m) a; =0.305 (m) ds = 0.330 (m) deg = 0.148 (m)

Table II. Nomenclature for trigonometric functions.

sy =sin(q;) ¢y =cos(q1)  s23 = sin(g2 + ¢3)
sp =sin(g2) 2 =cos(qa) ¢33 = cos(g2 + g3)
s3 =sin(g3)  c3 = cos(gs)
54 =sin(qs) ¢4 = cos(qs)
ss =sin(gs)  ¢s = cos(gs)
s¢ = sin(gs) ¢ = cos(ge)
C4 0 —S84 0 Cs 0 S5 0
S4 0 C4 0 |55 0 —Cs5 0
A4_0—10d4 A45=10 1 0 o0
L0 O 0 1 0O 0 0 1
_Cf, —S6 0 0
| 9%e6 Ce 0 0
A=10 0 1 d
| O 0O 0 1

The relationship between the robot end-effector position and
orientation with respect to the base frame is given by

ORn
OTn:|: T
0

Note that it is °p, = °d,,. The values and definitions of
different parameters can be read in Tables I and II. Note that
inverse kinematics is not necessary for our approach. The
elements of the associated geometrical Jacobian J(q) have
been computed as

Odn
= A AyA3A4AsAq.
1

Ju = —dgSss1023¢4 + deSsc154 + deS1523¢5 — S18523d4
— §1a2C3,
J12 = —ci(dssascass — dscrzcs — ca3ds + assa),

J13 = c1(—des23cas5 + dgcazcs + c23ds),

J1a = —dess(—s1ca + €102354),

J15 = de(c1c4c23¢5 — €152385 + 5451C5),

Ji6 =0,

J21 = dgss5c1023¢4 + dgSs55154 + deC1523¢5 + C1523d4 + Cra202,
J22 = —s1(dgSa3cass — decrzcs — ca3ds + azss),

Jo3 = s1(—dgs23c4s5 + decazcs + ca3da),

J2a = —dgss(s1¢2384 + c1c4),

Jos = —de(s152385 + 54015 — §1€4C23C5),
J26 =0,

31 =0,

J32 = dessca3cs + dgsazcs + sazdy + axea,

J33 = dessca3cs + dsSazcs + 53ds,
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J34 = —S23deSa,

J3s = de(s23€4C5 + C2355),

J36 =0,

Jar =0,

Ja2 = 81,

Jaz = 81,

Jaa = c1823,

Jas = —C1€2354 + s1€4,

Jas = §5C1C23C4 + §55154 + €1523Cs,

Js1 =0,

Js2 = —c1,

Js3 = —ci,

Jsa = 51523,

J55 = —S1C2354 — C1C4,

J56 = $551C23C4 — §5C154 + S1523C5,

Jor =1,

Je2 =0,

Jes =0,

Joa = —C23,
Jos = —S2354,

J66 = §23C485 — €23C5.

In order to calculate the dynamic model of the robot, the
Euler—Lagrange method was used.* To have a simulation as
accurate as possible, motors’ dynamics were also included,
resulting in'’

(H(q)+ D,'Dj)§+ C(q.4)q + (D + D;'Dy) 4 + g(q)
= D;'DxV — J"(q) (J A + fo).

[ € R" represents the friction between the robot end-
effector and the contact surface. Dy, D;, D¢, and Dy €
R™" are all diagonal matrices given by

D di 1 1
n = diag) 3 2
D; = diag{Jm Jme}s
. K, K K 6K
D, — dlag!fml L KaKo ﬂ}
Ral Ra6
K K
DK=diag{ L }
Rair Rq616
Fori =1,...,6, r; is the gear ratio, Jy,, is the rotor inertia,

Jm1 is the rotor friction coefficient, K, is the torque constant,
R.; is the armature resistance, and Ky, is the back emf
constant. The corresponding values can be read in Table III.
By recalling that the inertia matrix is symmetric, the
elements of the lower part of H(q) € R"*" are given by
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Table III. Motors parameters.

Motor 1 2 3 4 5 6

ri 100 100 100 101 100 101

Jm1 (kgm?) 9.0376 - 107> 9.0376 - 107> 9.0376 - 107> 49.107°° 49.107° 49.107°
fo1 (kgm?/s)  9.70996 - 1073 9.70996 - 1073 9.70996 - 103 0.02234 0.02234 4.6792-107°
K. (Nm/A) 0.14234 0.14234 0.14234 0.053 0.053 0.0392

Ry (2) 0.84 0.84 0.84 2.7 2.7 6.9

Kp1 (Vs/rad) 0.14229 0.14229 0.14229 0.0534 0.0534 0.0392

hi = mal%c5 + ma(azcs + 1i3523)* + ma(aacy + leasas)? — Lipacoz — Is1185(s23¢4¢5 + €2385) + I533¢5(523C485

2,222 _ _ _
+ms ((a2cs +lessazes + dasa + lescarcass) +15s2s2) €23¢5) — lg1155C6(523€4C5C6 + €2355C6 — $235456)

2.2 2) — I65228556(823€4C586 + C238556 + $2354C6)

2
+ me ((a2ca + L5235 + dasas + legCa3cass)” + 125555
2 2 2 2 + Ig33¢5(8523¢485 — €23C5),
+ Loy + Diisy + Iooc; + sy + 1333655
hsy = —mslessa(sa3(les + dacs) + azcacs)
2 2 2 2 2 c594\923\tc5 4C5 2€2C5
+ I411855¢5 + Lanncys + Ia33syzsy + Isi1(s23c4cs
5 . 5 — mglceSa(523(les + dacs) + arcarcs) — s23541520
+ €2355)" + 15085385 + I533(523¢485 — €23C5)
5 + Is1156(523€4C5C6 + €2355C6 — $235456)
+ Is11(8523€4C5C6 + €2355C6 — $235486)" + I622(523C4C556
) 5 — I62206(523C4C556 + 235586 + $2354C6),
+ 238556 + 52354C6)° + Ig33(523C485 — C€23C5)°,
he1r = (s23€485 — €23¢5) 1633,
ha1 = mslcssass(ca3(ds + leses) — arso — lc5523¢4585)

+ melegsass(caz(dy + legCs) — arsy — l.g523Ca8
6lc65455(c23(ds + le6Cs) — arsr — 1c6523¢485) o = mol2, + my (a% + 1 1 2aslass)

+ 523¢4854(La11 — 1433) + Is1184¢5(523C4C5 + €2355) 5 s

+my (Cl2 + lc4 + 2612[043‘3)

— I520850384C4 + I5335455(523C485 — €23C5) . 5 5

+ms(a; + (sscales)” + (da + csles)” + 2azs3(ds

+ Is11(523€4C5C6 + €2355C6 — $235456)(54C5C6 + C456)

csl, 2l5a0c3C48 me (a> ssCaleg)’
+ I22(523€4C586 + 2355856 + $2354C6)(54C5856 — C€4C6) +Esles) + 2lesarescass) + ms ( 2+ (ss¢ales)

+ I6335455(823C485 — €23C5),

+ (dy + csle6)* + 2a2s3(ds + csleg) + 2le6a2¢3C455)

hat = —mslessuss(lessa3cass — c23(ds + Lescs)) + I3z + I + Lavisg + Lizacy + Isiisgcs

— MgleeSass(leeS23C485 — Ca3(ds + lesCs)) 4 Isppcd + Is33s252 + Ig1i(sacsc6 + Ca56)°

+ s23¢484(1a11 — 1a33) + Is1154¢5(s23¢4C5 + €2385) + Isaa(sacs556 — cace)” + 6335353,

— Is2252354¢4 + I5335455(523C485 — €23C5) h3y = m3le3(les + aas3) + malea(lea + azs3)

+ Is11(523€4C5C6 + €2355C6 — $235456)(54C5C6 + C456) +ms((dy + lescs)® + axs3(dy + leses) + (Lescass)?

+ I622(523¢4C556 + €235556 + $2354C6)(S4C556 — €4C6) +lesarcicyss)

+ L6335455(523C485 — €23C5), + me((ds + leocs)” + ars3(da + legCs) + (leoCass)
hay = —mislesss(lescasss + arcaca + sx3ca(da + lescs)) + lesazcscass) + Lon + Lasy + Lizscs

— meleess(leeC23ss + arcacs + s23¢4(ds + legcs)) + 15115302 + 15226'421 + 1533.5‘2352 + Ig11(s4¢5¢6 + C4S6)2

Table IV. Masses, friction coefficients, moments of inertia, and centers of mass.

l; =0.150 (m)
m; =18.3 (kg)
111 =0.8 (kgm?)
L1 =0.70 [kg m?]
Is;; =0.18 [kg m?]
dll =3 [kgmz/v]
by =0.61 [Ns]
cby =0.47 (N)

Iy =0.140 (m)
my =15 (kg)
11, =0.7 (kgm?)
I3, =0.75 [kgm?]
Is2, =0.20 [kgm?]
dy =2.6 [kgm?/s]
by =0.61 [N's]
cby =0.47 [N]

I3 =0.070 (m)
msz=13.5 (kg)
I133=0.9 (kgm?)
333 =0.60 [kg m?]
Is33=0.15 (kgm?)
d33 =2.5 [kgm?/s]

b,=0.61 [Ns]
cb, =0.47 [N]

l.4 =0.140 (m)
my4 =10.8 (kg)

D11 =0.85 [kgm?]
L = 0.45 [kgm?]
Is11 =0.10 [kg m?]
dyy = 1.8 [kgm?/s]

ls =0.03 (m)

ms =5.8 (kg)

L =0.8 [kgm?]
Lin» =0.50 [kg m?]
Is2 =0.08 [kgm?]
dss = 1.5 [kgm?/s]

I = 0.04 (m)
me=1 (kg)

D33 =0.75 [kgm?]
L3z = 0.40 [kg m?]
Is33 = 0.09 [kg m?]
des = 1.2 [kgm?/s]
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+ Ispa(s4cs86 — caco)* + Igazsiss,
hay = —mslssass(ds + leses 4 arsz) — melesass(ds + lescs
+ azs3) + sacsss(Is33 — Isi1)
— Ig1155¢6(54¢5C6 + C456) — I6225556(54C586 — C4C)
+ Ig3354585¢Cs,
hsy = mslcsca(les + dacs) + mslesas(szcqcs + ¢385)
+ melesca(les + dacs) + melesar(s3cacs + c3s5)
+ Ispaca + Ie1156(54C5¢6 + C456)
— Isa2¢6(54C556 — C4C6),

hey = 55541633,

hs = mslZ + mally + ms(ds + lescs)? + ms(lscass)®
+ me(ds + leocs)? + me(leocass)? + Lo + Lupisi
+ Lzzcl + Isnsfcg + Ispci + 1533S§S52 ~+ Is11(8ac5¢6
+ cas6)” + Tsaa(s4cs556 — cace)” + Ig335553,
haz = —mslcssass(dy + lescs) — meleesass(da + lescs)
+ sa¢555(1533 — Is11) — Le1155¢C6(54C5C6 + C456)
— I6225556(54¢586 — CaC6) + 16335455Cs,
hs3 = mslesca(les + dacs) + meleoca(les + dacs) + Isaaca
+ Ie1156(54¢5¢C6 + €a86) — I622C6(54C556 — CaCo),

he3 = 5485133,

has = ms(lesss)® + me(leess)® + Lo + Isiiss + Iszscs
+ Isnisicg + lexnsssg + Igaacs,
hsy = sscese(le22 — Io11)s

hes = Is33¢s,

hss = msl% 4+ mel% + Isy + Isi1sz + Iexac?,

hes =0,

hes = Ig33.

The matrix C(q, ¢) can be computed by using the Christoftel
symbols after H(q) as explained in refs. [4, 17]. We omit it
here for lack of room. The elements of the gravity vector
g(q) € R" are given by
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g1 =0,

82 = magleaca +m3g(arcsr + lezsas) + mag(azca + leasas)
+msg(axcy + dasrz + (c23cass + $23¢5)les)
+meg(azcr + dasaz + (ca3cass + 523¢5)les),

83 = m3gle3sos + magleasys + msg(dasas + (c23¢ass
+ 523¢5)les) + meg(dasaz + (ca3cass + 523¢5)lco),

84 = — msgs235485lcs — Megs235485lc6,

85 = msg(s23¢4Cs + €2355)les + meg(s23cacs + c2355)lce,

8 =0,

where g = 9.81(m/s?) is the gravity constant. The values of
the masses, moments of inertia, and center mass positions can
be seen in Table IV. Besides the motor friction coefficients

D¢, we consider only viscous frictions. As to the matrix
D e R*™™",itis given by

D = diag{d deg }- (49)

To model friction between the surface and the robot end-
effector, it is considered that the former is made out of
steel, while the later of aluminium so that it is f; =
B,x + Bcsign(x), with

B, = diag{by by b, 0 0 0}, (50)
Bc = diag{cby cby cb, 0 0 0}. (G2))
Different parameters for D, B, and B¢ are given in Table I'V.
The values for B, and B¢ can readily be found by a simple

Internet search.
The Lagrange multiplier was computed according to

r=(Jod@ (Hp) + D;' D) T @' JT) !

+InJ(@) (H@)+D;'D) " (r - Clq, d)q
—(D+ D;'Dpq — g(q) — I @) f)]. (52)

where
1
Jox==[x—h y—k z—=1 0 0 0]. (53)
r

Note that instead of substituting directly the second derivative
of constraint (47), the following linear stable equation was
implemented:

P(x) + ap(x) + Bo(x) =0, (54)

with « = 300 and 8 = 22500. See ref. [18] for details.
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