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Abstract additional DOF are exploited at the step of theerise

In this work we exploit an anfis network to achighe  kinematics resolution to create an internal motiufn
singularities avoidance of a redundant robot. Thiter ~ joints (i.e. self-motion).

must carry out a trajectory tracking in the Caaasipace Singularities avoidance problem is tackled as an
near a singularity point. The singularity aVOidanceoptimization of a criteria (a scalar function h(.))
without affecting trajectory tracking is involvedavself-  gjngyjarities avoidance constitutes the secondask, t
motion method. The analytical determination of t&df | hich must be carried out in addition to the maiskt

motion is obtained on the optimization of scalardiion  eqyiting from the tracking trajectory in Cartesigrace.
depending on the robot manipulability measure.i&wv  gyr goal is to reduce the computation time inhetent
to reduce the on line cumbersome computations due the analytical calculations of singularity avoidanby
the analytical method, a learning network basedsasf using adaptive neuro-fuzzy networks.

used to generate this self-motion. The leamingc@®e  pg first, a redundant robot is defined from B8MA
uses the input-output data coming from the ana@tic 550 ropot as a planar 3 dof robot [3] [4]. Thisabnust
self-motion. The two methods of avoiding singularit perform a trajectory tracking in Cartesian spacelewh
(based on analytical method and on anfis one)&sted  5\giding a singularity point located on its tragt To
in the case of 3 dof planar robot performing, imMe&san  is end, self-motion method is used. The analytica
space, a trajectory near a singular point. Theiodta method is obtained on the optimization of scalacfion
results show that the proposed criteriaensure @& go depending on the robot manipulability measure ] I
control when the robot operates near a singulpoigt. view to reduce the on line cumbersome computaiiores

. ) ) to the analytical method, a learning network basefis
Keywords: redundant robot, singularity avoidance, self- js sed to generate the self-motion [9]-[11]. Finathe

motion. adaptive neuro fuzzy inference syseerfis) control of redundant robot when it tracks a trajeginear
_ singular point is tested where the self-motion is
1. Introduction performed using analytical and anfis methods.

Singularities are considered as geometric conssraih
the robot. Beside, on these points, the robot obrgrost
and the driven torques become huge, which can (m)ndu2 Position of the broblem
to a technical failure. So, avoidance is often ddye Athree dof (n—3)planar robot is used in this wodkich
modifying the trajectory so that it moves away frirase =3)p

points; this inevitably led to a workspace reduttio derives from PUMA 560 where titk, 6, and 6sjoints

Kinematic redundancy can be used to overcome thes¥€ locked and th, &; and & joints are free to move.
difficulties by maximizing the available workspadhis ~ As the desired task is the the end-effector pasitg, on
must be done in parallel with the desired taskrateoto ~ the vertical plan, in arbitrary orientation so,stihequires
keep the performance required by the executionhef t only two dof (n=2). Therefore, the degree of redundancy
main tas1]-[2]. r for this robot is oner=n-m=1. The state vector is
Robots are cinematically redundant if thelof is greater ~ defined as following:

than them degrees necessary to fix the position and T T

orientation of the effector in the operational spather a= [ql az Q3] = [92 63 95]
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Figure 1. Robot Control without singularity avoidance

Wherel is the Jocobian of the robot

Since in our case the Jacobiais not square matrix so,
its inverse is calculated by the pseudo-inversehatet
and it is noted by *. Using the pseudo inverse, the joint
velocity is [1][4]:
Ap
J*=3".33NH*

®)

=J"x

and

(6)

Sometimes, the robot cannot reach to some desoiedsp
in its workspace. This is due to of unusual kingéosat
The joint solutionsq, to these points make Jacobian
singular and therefore not reversible.

The actuator torque vectot is determinate using
computed torque method and it is related to theotrob
dynamics by [5]:

r=AJ"(w-J4) + Qq,q) (6a)
Where:

W(t) = Xy +Ky.(Xg =X) + K .(%g =X) (6b)

Qa,9) = B(g,9) + C(q,4) + G(a) (6¢)
With:

A inertia matrix of the robot.

B: Vector of Coriolis forces.

C: Vectors of centrifugal forces.

G: Vector of gravitational forces.

Xg: desired trajectory in operational space

The desired trajectory in operational space (decircour
case) is imposed such as it passes close to thgeiina
Cartesian space of a singular paipt The application of
control law (6) conducts to the robot behavior shaw
Figure 1. This last is obtained when the end-effect
tracks the circular path near an image in Cartespate
of singular poinig. It appears that the trajectory tracking
is achieved well far of the singularity meanwhilean it,
the torques and tracking errors values explode lwiiay
conduct to the failure of actuators. To solve firisblem,

it is possible to exploit the redundancy which e t
subject of the next section

3. Singularity avoidance based on self motion

The direct geometrical model (DGM), gives theln the case of redundant robots, the self-motiom loca
position of the end-effector in this vertical planegypioited in order to achieve singularities avoictarThe

according to the joint position (q).

X = a, COS) +ag cos@ +d,) +d, sin(ey +d,)
+dg sin(q, + 9, +03)

X, ==, sin(y) —ag sin(¢, +d,) +d, cos, +0d,)
+dg cosfy +0, +0s3)

)
(3)

Where x=[x;, %]  is the vector of co-ordinates in
Cartesian space anday( as, ds, L) are geometric
parameters of PUMA 560.
Direct kinematic model (DKM) gives joint velocity
according to Cartesian velocity, such as:

x=Jq 4

problem can be tackled by having recourse to aascal
functionh(q) [1-4]. Beside, the desired trajectogyt) for

a redundant robot is represented by a vector oéd#ion

m related to the main task constraint. THROF, in more
can be exploited to perform a secondary task relate
the optimization of an objective functiaf) [1][3].

In order to achieve the secondary task, we addjgto

given by (7), the self-motion tergp . This last is taken
as being projection into the kernel spacd.of

G, =0a(l-J3%J)z (7)



The self-motion terng, confers on the robot arms an

ability to be reconfigured without affecting the im#ask.

This leads to modify the solution of equation (4 a

follows [1][4] :
a=4q, +4a, €)

z in (7) is the matrix (vector for the casel) of an

arbitrary projection on the kernel af It can correspond

to the projection related to the gradienthéd).
z=0h )

To satisfy the singularity avoidance, the functigq)

can be selected as being the manipulability measure

proposed firstly Yoshikawa][6]:

h(a) =+/det(3(q)." (a))

So, for the robot used in this work, if we set:

(10)

det(" J) = Mg ;Me,, - M€’ (11)

With:

Mg, = 812 cod(q + o+ )+ 22sirt(qq +q, )+ a2 sirP(c) +
2d2cod(q+a, W+ 4dyd, COSE + 0, )COSEL + G + ) —
Adsag Sin( +0p )cOSEy + 0 + G ) 22, g SiN(y YOS + G + ) —
4d, a; cosfy + ) sin( +dp) —2d,a, cosfy +ap )singy) +
22,8, Singy ) sin( + o)

My, = 3¢ Sirf(q + Gy + 0 J+ 265 co8(qp +p )+ 207 sirP (g + ) +
400, Sin@ + 6 ) SiN@ + G + 0s) + 4085 COS( + G )SiN(G + G + ) +
2a,d;cosf )sin(q + & + G I+ 4d, 85 SiN@ +p )COS( + ) +
20,8, SN+ )OSG, Y+ 243 COSG oSG + ) +85cod ()

a2

Mg, =~3d5 cosfy + G+ Gp)sin(q + p + G )= 20kd, Sin@(cy +p) + ) =
2.0;3; COSY(€} + ) + O) ~ 8,0 COSRY + Gy + G )~ ff SiN@(cy + ) -
28yd, cOS(¢t + 0 ) 22, cOSRey +0lp )+25 SINQ(ch + ) +
a8, SINQQ, + Q) + 8 cosg; ) singy)

In order toapply this method for 3 dof planar robot, we
firstly isolate a singularity poirtl, . This can be carried
out by using 2x2 minordin; (i=1,2,3 in the condition
that the searcheg) makes allMn, =0[6]. In our case,
we have isolated a singularity point which makes
Mn;=0, Mn,=0, andMnz=0.

The calculation ofih involved in generalised inverse
term is such as:

Oh=[gh &h &h] (13)
where
sh :% 0;(Me;;.Me,,) +0, (Mezz.Melll)—Z.ai (Me,,.Me,,)
(det(Me))?
(14)

and 9, (.)stands forg(.)/aq, with i=(1,2,3)

Thereafter, the relations (10) to (14) are computed
order to determine (9) and to obtain the robottrabn
incorporating self-motion related to the used eciit.

4, Control robot and singularity avoidance based anfis
4.1 Anfisnetwork of the self-motion

In this section, our goal is to design a black box
generating the self-motion which ensures singylarit
avoidance. Firstly, we simulate the robot accorhpiig
the path trajectory near the singular pajptwhere we
use the control law (6) where the self-motion is
performed using previous analytical method with
relations (7) to (14). The Cartesian positiondpeities
and Jacobian of robot arm are well defined. Moreove
data related to scalar functidr{q) and the self-motion
arms g, obtained from this analytical method are stored.
Thereafter, these data will be used as an offiliaming

of an anfis network which must generate at its outpe
velocity vectorg,, when the manipulability measunéq)

is applied to its input.

Learning can be made, on the basis of measurements
given byN; input-output pairs of data with thé' pair is
denoted by:

z(k)andy(kF=[ya(k)... w(K)]" with k=(1,N) (16)

For thek™ measurement, the elemeatk) andy;(k) with
(i = 1, n) are respectively the manipulability measure
h(a(k) and the self-motion velocityy,; (k) related to the

i arm.

For thek™ measurement, the outp@rg k (s)estimated by
a anfis network based on TSK modee{) where itsi"
rule is given by [10-11]:

If zis Aj then §\ =aly+d,z; 17)

Where z is input fuzzy variable anc}/ij is thej™ output
value for thei" rule. Input variable for nej is described
by mj fuzzy sets @\} A}"j) which are respectively

associated to membership functionguAg...,uAmj) and
i i

Al

j stands for one of fuzzy set among thgfuzzy sets.

Moreover, the coefficients(aijo, aijl) are the j"
consequence parameters. The overall out@lﬂt is
obtained by combining results over Bl rulesas:

NE i i
_ Zin#Yi

X

Where, the firing degrefezi of thei" rule is determined

(18)

using the t-norm operattng(.) :

H =t (A () (19



Since the analytical computation of the self-motiprof
MIMO type: the three variables;h, é-h and dsh are
simultaneously used to determine the joint velesij,,

4,2 andqg,, . However, in the context of this work, we

intend to build networks generating the fuzzy sedftion
in the form SISO also, there will be a netwadikt for
each self-motiorqnj with j=(1,2,3).

The Tablel gives the conditions and the performainde
the learning process. So, foef, we have the numbey

of used input-output pairs of data, the membership
function shape, the number of fuzzy gt the epochs
numberNe, necessary to perform the quadratic ereys
on the exemplar.

Net N, | sheap| m Nep €
Net | 400 | II-sig | 7 400 | 1.29
Net | 400 | bell 3 700 | 2.21

Net 400 | Dbell 9 400 3.78

Tablel: Conditions and performances of learninggss

4.2 Simulation results

The robot must follow the trajectory (a circle) nea
singularity pointge. In this aim, the control law is yet
involved by equation (6) but, for this case, theagation
of the self-motion, achieving the singularity avende, is
carried out by the previously trained networkie{, Net
andNeg). Results of the robot’s behaviour in the plan,
shown in Figure 2 and Figure 3, reveal that thizttary
tracking is achieved with around the same trackimgrs
while maintaining singularity avoidance. Moreovéng
driving torques remains in allowable intervals. Trable

2 gives results for average values of robot contrioén
the self-motion is carried out with analytical madhor
with learning network. The results examination ase
that the performances of the control robot withf-sel
motion based anfis are sensibility similar to thatcol
with self-motion based on analytical method.

Method Torques Tracking errorg
T1 T2 T3 S €

analy | 43.9138| 5.8775| 0.4900| 0.5661| 0.5172

anfis 43.0217| 6.5886| 0.4596| 0.0866 | 0.1174

Tab.2 Results of robot control with avoidance slagty
based on analytical or anfis method

5. Conclusion

Redundancy can be applied to singularity avoidance
problem. The r DOF in more are exploited to cremate
self-motion that acts towards the optimization of a
scalar function can be selected by exploiting the
characteristics of jacobian. A control incorporgtthis
procedure is developed for trajectory of a plan&xCd-
robot resulting from a PUMAS560. That operates in an
area containing a singularity point. Results shotied
beside this singular point, measuring the maniplityab
criteria leads to keep performances.
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Figure 2. Robot Control with singularity avoidance

Analytical case



Learning Network FIS is achieved using the criterio
of manipulability measure. The network proposed can
also copy the shape. One can say it allows having
better performances by simplifying calculations.
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Figure 3. Robot Control with singularity avoidance
ANFIS case



