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Abstract: The accuracy is one of the main characteristics of the robots working in industry and in other
domains. The industrial robots resolution, accuracy and repetability are influenced by some factors e. g.
the actuators, type of command, sensors, the elements dimensions and masses, speed, the weight of

manipulated objects.

Using the mathematical procedures for solving nonlinear simultaneous equations

and the inverse problem in the errors theory is presented one method that allow to compute the maximal
values of the robot generalized coordinates deviation thus the operational coordinates values to be
situated between the imposed limits. In the presented numerical example the method is applied for the
study of possible attainted accuracy of the R-R-R type serial robot, often used in industrial applications.

Key words: the inverse problem in the error theory, simultaneous nonlinear equations, Newton-Raphson

method, accuracy of serial robots, C programming

1. INTRODUCTION

The robots are used in many working places,
in manufacturing, for pieces displacements
between two positions, in automobile
production lines, especially to perform welding,
in electronic industry, in medical fields and
also at home, for cleaning, cutting grass, a. o.

The accuracy and repetability describe the
ability of the robot to follow a imposed
trajectory with little or no variance.

In [6] the authors define two kind of
accuracy: absolute accuracy (the robot accuracy
in returning to previously held position during
the repetitive motion) and relative accuracy
(robot’s positioning accuracy for any point in
the work place relative to a known coordinate
frame).

Upon the past decades great strides have
been made in the study and manufacturing of
robots with high accuracy of movements.

The robots characteristics as resolution,
accuracy and repetability are subject of many
scientific papers [1], [2], [3], [4], [7], [8], [14],
[28] solving different problems, regarding the

influence of some variation of elements length,
relative  orientation of joints, friction,
temperature, loading, manufacturing tolerances,
actuator characteristics, a. 0.

In figure 1 is shown the difference between
accuracy and repetability.

Very important aspects are linked with the
type of robots: serial or parallel, the parallel
robots being more accurate than serial robots if
are considered only the influence of the initial
positions errors. If we take in account all the
factors that influence the accuracy the answer is
unknown, depending on the specified problem
[10], [13].

Studiing robots accuracy it is obvious that
the displacement of heavy masses, with
different speeds, the elasticity of elements [11],
[12], the backslash in joints, the joint
clearances, the influence of inertia forces,
including Coriolis inertia forces have to be
considered [16], [22], [27].

Other aspects that have to be studied are the
type of actuators, the sensors used to receive the
information and of cause the command of robot
[15].
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The robot end-point have to cover the
imposed trajectory observing the imposed
accuracy. To obtain such displacement of end-
effector it is necessary that each robot
coordinate (determining the relative element
positions) with known theoretically computed
values has effective values contained in
specified limits.

Poor accuracy
Poor repetability

Good accuracy
Poor repetability

[=]

Poor accuracy
Good repetability

Fig. 1. Accuracy and repetability

Good accuracy
Good repetability

This research uses the theory based on the
inverse problem of error theory and the
Newton-Raphson’s method to solve
simultaneous algebraic equations.

A serial R-R-R type robot will be considered,
the end-effector movements being on parallel
directions with the axes of fixed Cartesian
frame.

Two problems will be solved. The first
consists in computing of the generalized
coordinates (the relative elements positions,
joint coordinates), corresponding to successive
end-effector’s positions [9], [17], [18], [20],
[25]. The second is the following: for each end-
effector position that is affected with known
absolute errors has to find the possible maximal
errors of generalized coordinates.

2. MATHEMATICAL BACKGROUND

1. The solving of the algebraic nonlinear
system of equations F(X)=0 with known initial
approximate solution X© are achived with the
Newton-Raphson numerical method [5], [19],
[23]. After each step on obtain a more accurate
solution, X&) =X® 4+ A®  the vector A®

containing the solution corrections. The new
obtained solution X** have to satisfy the
equations  F (X% )=F(X® + A% )=0. After
expanding the functions using the Taylor series
and considering only first two terms will result a
linear system of equations
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of, of  9f |“ra g g q®
0X; 09X, 9 X,
ofp 9fp  9f | 15 f,
X, 09X, d X, ==
of, of  of

9x, ox, " ox, | L] RN

or 3(X0 ) A% = F(x) (1)

where J (X® ) is the Jacoby’s matrix. The values
of the partial derivatives contained in this matrix
may be computed using a numerical formula for
functions derivatives [5], [24],
IF(Xq, Xgpeer Xjpeer X)) ~
dX; -

1
= m[f(xl,xz,..,x,—Zh,..,xn )—

J

-8f(Xy, X5, X;—hx )+ (2)
+8F( Xy, X5, X5 +h,0, X )=
(X Xg, e X5 +20,00, X)) ]
If the following condition is accomplished
‘ J(XW ‘;t 0, the column vector A®  will result

after the simultaneous equations (1) solving,
using one of known exact method (the method of
partial pivoting), the new solution being:

Y(+1) Zy(k) | ACK) 3)

Using repeatedly this procedure will result the
successive solutions, more and more accurate,
XO  x® x@ o0 X o xeh oo
X (number_of_iterations) ' the golutions’ succession being
convergent if some conditions are accomplished
[5].

2. The second mathematical problems that
have to be considered is the following: how to
approximate compute the variation of some
function when its arguments are modified (the
direct theory of errors problem) and the inverse
problem: which are the allowed modification of
arguments values thus the function values have
maximal imposed variations (the inverse problem
of theory of errors).



A function with n variables is considered
v=f(u,,u,,...,u,) , its argument having values
affected by errors, the absolute value of errors
being known,

|A¢ [=IU —u, |, k=1,n 4
where with Ui were denoted the exact values and
with wui the approximate values.

Considering from the Taylor series
f(u1+A1,u2+A2, Uy +A)= f(ul,uz,

. _Zzau au, Ayt

only first two terms and considering the absolute

values, on obtains

| f(u +A,u, +A,,..,u, +A)-f(uy,u,,..,u, )=
0 f of

<

Z ou; A ; ou;
The function absolute error may be written as

follows:

Uy )+

| A

of )

From (5) formula may be established also the
relative error formula,
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|A | 1 n n
5, =vl< —

2 IVIZ‘

Z lals

=1

<> a1 (6)
i=1
Starting again from relation (5) the inverse
problem of the error theory may be solved: if the
maximal absolute errors of function are known,
we have to compute the maximal allowed errors
of function arguments.

It exists many possible methods to solve this
problem [5], [23]. In our studied case the most
adequate method is to consider all the function’s
absolute errors of arguments being equal

0
a—UiInf(ul,uz,...,un)

(approximate equal) [A;]|=[A,|=....=]A,]l,
resulting the formula
[A, | .
Al=——+—, i=1,n 7
P NET ™

x

= duy,
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3. DIRECT AND INVERSE GEOMETRIC
PROBLEM SOLVING FOR THE R-R-R
TYPE SERIAL ROBOT

The study of accuracy was performed for the
serial robot of type R-R-R, because such robots
are wide spread in industry and other domains,
including PUMA robots (figure 2) having first
three joint of type R (rotational).

Fig. 2. The PUMA robot (Unimate)

It is obvious that the study about the positional
accuracy have to start with the solving of the
direct and inverse geometric problem.

The structural scheme of the R-R-R type robot
is presented in figure 3.

The position of the manipulated body, linked
with the last robot’s element, with respect of
fixed system of coordinates, is determined with
six parameters (in general case), the three
coordinates of mass center, Xc, yc , Zc , and the
three Euler’s angles w,¢,0. These parameters

are the operational coordinates and the
parameters that define the relative positions of
robot elements are the generalized coordinates.

In our case, the vector of operational
coordinates will contain only three elements, the
coordinates of point P with respect of the fixed
system Oogxoyozo [ Xpo, yeo , zpo |' and the
vector of generalized coordinates will contain the
three angles of rotation 0,,9,,9;, that

determine the relative positions of the robot
elements.
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P[x3,g3,z3 1

Fig. 2 The R-R-R robot structural scheme

If the generalized coordinates ¢,, ¢,, ¢; have

known values (the relative positions of robot
elements are known) we can obtain the values of
operational vector of coordinates after some
matrix ~ multiplications.  Performing  these
operations we can solve the direct geometric
problem.

The object of the inverse geometric problem
consists in finding the generalized coordinate
values thus the manipulated object reach the
desired position (the values of the operational
coordinates will be equal with the imposed
values).

The following homogeneous 4x4 matrices are
used to express the relations between coordinates
of the same point with respect to two successive
system of coordinates:

Xo cose;, -sing; 0 O || x,
Yo |_| sing, cose, 0 O |y,
z, | | O 0 10|z
1 0 0 0 1] 1
@y, = ((01))1- Wy, (10)
X, 1 0 0 0 [ x,
Yi |_ 0 cosg, -sing, L, ||V,
z, 0 sing, cosg, O z,
1 0 0 0 1 |

(1)VP — ((21))T (Z)VP (11)
X5 1 0 0 0 || X5
Ya |_ 0 cosq; -sing; L, || y;5
z, 0 sing; cose; O || z4
1 0 0 0 1
@y, = AT By, (12)
The matrix relation between vectors 2V,
and )V, can be write as follows
(0)\/P — ((01))T ((12))T ((23))1' (3)\/P (13)
or
Orx cose, -sing;, 0 O
y| | sing; cose; 0 O
z| | 0 0 10
1] 0 0 01
1 0 0 0 |
0 cosg, -sing, O
0 sing, cose, L,
0 0 0 1
10 o  01%9x,
0 cos¢g; -sing; L, Yo
0 sing; cosg; O pAS
0 0 0 1 ] 1

As a result of matrix multiplications one can
obtain the expressions of coordinates Xpo, ypo
si zpo , therefore the relations of direct geometric
problem:

Xpo = Xp3 COSQ; —[(Yp3 COSQ; —Zp;3 SiNG; +L,)COSQ, —
—(Yp3 SiNQ; +2,; COSQ;) SiNY, ]SiNg,
Yro =Xp3 SINQ; +[(Yp3 COSQ; —Z,5 SiNQ; +L,) cOSQ, —
—(Yp3 SINQ; +Z,5 COSQ;)SiNg, ] COSQ,
Zpo =(Yp3 COSQ; —Zp3 SiNQ; +L,)sing, + (14)
+(Yp3 SINQ; +2,5 COSP;)COSHP, +L,;

Considering different values for the robot
coordinates ¢,, 9,, 05, using the relations (14),
will result the values of operational coordinates
xpo , ypo and zpo

The same relations (14), considered as a
system of nonlinear equations with unknowns
(Pl ! (PZ ! (P3

f (91,9,,05)=0
f5 (01,02, 95)=0
f3 (91,02, 93)=0
may be considered as the mathematic model of
the inverse geometric problem. The approximate

(15)



numerical solving of the system (15) will be
performed using the Newton-Raphson method.
As part of the inverse geometric problem we
consider that the point P, belonging to the
manipulated object, covers some trajectories
parallel with the system of coordinate frames
(figure 4), along the segments AB (parallel to
Ox), CD (parallel to Oy) and DE (parallel to Oz)

[-0.25;1.50;1.501
Zﬂ [-0.25:;0.50:1.501

| Franeaneaseaseases \,/@“
= D
s B i
; E
; [-0.25;1.50;0.501
0. 500 s O S -8
: o
H
0. 505 e B e &

Fig. 4. The considered trajectories of end-effector,
AB, CD and DE

The obtained numerical results (the variation
of the angles o1, @2, @3 ) are presented in figures
5, 6 and 7, each of them corresponding to the
displacements lengthways of the specified
segments.

Generalized
coordinates
[degrees]

¥ B S M

-0.50 -0.25

—0.25<{x<{0. 25
y=1.5; z=1.5

x[hl

} } [-=
Yhf.ﬁ\u.ﬁu

Fig. 5 The variation of generalized robot coordinates,
the displacement of end-effector is along of AB direction
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Fig. 6 The variation of generalized robot coordinates,
the displacement of end-effector is along of CD direction
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Fig. 7 The variation of generalized robot coordinates,
the displacement of end-effector is along of DE direction

4. THE DETERMINATION OF THE MAXI-
MAL ABSOLUTE ERRORS OF THE
GENERALIZED COORDINATES ¢1 , ¢2
AND ¢3 THUS THE OBTAINED
ABSOLUTE ERRORS OF THE OPERA-
TIONAL COORDINATES xpo,yro AND zpo
WILL BE IN IMPOSED LIMITS

The possible maximal deviations of the three
operational coordinates xpo , ypo and zpo Wwith
respect of the exact values are noted with
| Ao | [Aypo |, 14,50 | - The maximal absolute

allowed errors of the generalized coordinates
0,,9,,9; have to be computed thus the
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operational coordinate values to be situated
between the desired limits.

There has been established the following:
considering a function y=f(x1,x2,...,Xn) that
depend on n variables, if the absolute error of
function is |Af| results that the maximal
permissible errors of variables are computed with
formula

|Af]
3| 2f
= 9X
supposing that all errors of variables are equal.

In the frame of direct geometric problem the
relations (14) were determined, establishing links
between operational coordinates xpo , ypo and zpo
and generalized coordinates ¢,, ¢,, @5 .

Considering the following values of point P
coordinates related to mobile system O3 X3 y3 z3
and the system O xo yo zo , linked to the
basement,

|AX, |~ . i=1,n (16)

Xpo -0.25 Xps3 0.15 P,
Yoo |=| 1.50 |, Ye3 |=| 0.60 |=| p, |,
Zy 1.50 Z,3 0.40 P;

L,=1.0; L,=1.0
after solving the inverse geometric problem we
will obtain two results, one of them being the
following :

(degrees) (radians)

15.123 0.02674333
36.940 =| 0.64472462
—-78.679 -1.37320760
The following values of operational

coordinates maximal errors are considered:
| Aeo 1=0.0075 [m], [A,p|=0.0075 [m],
|A,p |=0.0125 [m],
and the problem consist in determination of
maximal errors of generalized coordinates @1 ,
¢2 and @3 (all equals, |A,,|=[A,,]=1A,;5] ),
assuming that the point P displacement follow
some certain direction in space.
The equations (14) may be written in the
form:
Xpo =fi (91, 9,,95)=p, COSQ, —
—[(p, cos@; —p; sing; +L,)cos ¢, -
—(p, sing; +p; oS @;)sing, ]sing,

Yeo = (01,9,,05)=p, Sing, +
+[(p, cos@; —p; sing; +L,)cos ¢, -
—(p, Sin@; +p; Cos ;) sing,]cos
Zoo =5 (01,9,,05)=
=(p, COSQ; —p5 SiNQ; +L,)sing, +
+(p, Sing; +p5 COs@;)cos g, +L,

First, we consider that the point P
displacement is take place on direction, parallel
with Oxo axe. The allowed maximal deviations
are noted with |Axpo |. According to formula (16)
one can compute the equal possible errors of
generalized coordinates thus the obtained error of
the operational coordinate xpo be smaller than
the imposed value |Axpo I.

The partial derivatives are computed,

0 X
o =—PLSINg, -
D,
—[(p, cose; —p; Ssing; +L,)coso, —
_(pz sin(p3+p3 COS(Pa)Sin(Pz]COS(Pl
d Xpg . )
3 = [(p, cOs@; —p; Sing; +L,)sing, +
\p)
+(p, SiN@; +p5 COS ;) COS @, ]Sin@,
aXF’O .
90 = [( p,sing; +p; cos¢; —L,)cos e, +
3

+(P, COS ;5 —P3 Sing;)sing, ]sing,
and the maximal error values of generalized
coordinates result

lAq)l l(x—variable) zIA(/JZ |(x—variable)
zIA¢J3 | (x—variable) =
1A 5!
> o
| 09
In a similar way, we can use this procedure
considering that the P point executes

displacements on the directions of Oyo and Ozo
axes, the maximal allowed errors being |Aypo |
and |Azpo | . According to the same formula (16)
the equal error of generalized coordinates are
computed, that yield errors of operational
coordinates ypo and zpo in the desired limits.
Again, the partial derivatives are computed,



d ¢,
—[(p, cose; —p; sing; +L,)coso, —
— (P, sing@; +p; CoOs @;)sing, ]sing,
ay—PO= [-(p, cos¢; —p;sing; +L,)sing, —
J¢,
— (p, sin@; +p; COS ;) COS P, ] COS O,
ay—m):[(_pz Sing; —p; COS @3 ) COS @, —
d Q3
- (P, COS @5 —p; sing;)sing,]cos ¢,
0Zpy
RN
E)Z;m:(pz COS@; —p5 Sing; +L,)cos ¢, -
J ¢,
—(p, sing; +p3 COS@;)sing,
aZ_PO:(_pz Sing; —p; COS @5 )sing, +
J @3

+(p, COS @5 —p; Sing;) cos ¢,
then the maximal allowed errors of generalized
coordinates,

265

|A(p1 |(x—variable) zlAq)z | (x—variable) z|Aq)3 |(><—variab|e) =

=~0.259 [degrees]
(pll(y—variable)zlA z|A

~0.518 [degrees]
(pll(z—variable)zlA ~[A

~0.322 [degrees]

The correctness of these results may be
verified after computing the operational
coordinate values considering different values of
generalized coordinates, to exact values adding or
subtracting the error values.

In Table no. 1 are presented the eight possible
values of generalized coordinates values and the
obtained values of the operational coordinate xpo.

As we notice the equal value of absolute
errors of the three angles is 0.259 [degrees] ,
added or subtracted to exact values of generalized
coordinates, and the obtained operational
coordinate xpo has values that satisfy the
imposed condition.

In a similar way are obtained the numerical

|A q)2|(y—variable) (;)3|(y—variable)z

|A q>2|(z—variable) (;)3|(z—variable)z

A | oa=lA L , values presented in the Tables no. 2 and 3.
@l "(y—variabe) @2 ' (y-—variable) . . .
The considered operational coordinates are ypo
~A | L 1A yPO | and zpo (the maximal absolute errors are
93" (y-variable) 310 v,, |Aypol=0.0075 and |Azp0l=0.0125) and the
Z maximal absolute errors of the two angles are
j=1 J ?; 0.518 [degrees] and 0.322 [degrees].
|A(p1 |(z—variab|e) z|Anp2 | (z-variable) zl A(p3 | (z-variable) =
= | AzP 0 |
- i 02y
=\ 99
The following numerical results were obtained:
Table no. 1
Min. XP0 Max.
o1 e2 ¢3 XP0 (obtained) XP0
15.123-0.259 36.940-0.259 -78.679-0.259 -0.243665
15.123-0.259 36.940-0.259 -78.679+0.259 -0.243907
15.123-0.259 36.940+0.259 -78.679-0.259 -0.242513
15.123-0.259 36.940+0.259 -78.679+0.259 -0.242740
15.123+0.259 36.940-0.259 -78.679-0.259 -0.2575 -0.257242 -0.2425
15.123+0.259 36.940-0.259 -78.679+0.259 -0.257492
15.123+0.259 36.940+0.259 -78.679-0.259 -0.256051
15.123+0.259 36.940+0.259 -78.679+0.259 -0.256285
Table 2
Min. yPo Max.
o S »3 ypo | (obtained) | ypo
15.123-0.518 36.940-0. 518 -78.679-0. 518 1.5055
15.123-0. 518 36.940-0. 518 -78.679+0. 518 1.4925 1.5074 1.5075
15.123-0. 518 36.940+0. 518 -78.679-0. 518 1.4969
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15.123-0. 518 36.940+0. 518 -78.679+0. 518 1.4985
15.123+0. 518 36.940-0. 518 -78.679-0. 518 1.5010
15.123+0. 518 36.940-0. 518 -78.679+0. 518 1.5028
15.123+0. 518 36.940+0. 518 -78.679-0. 518 1.4925
15.123+0. 518 36.940+0. 518 -78.679+0. 518 1.4940

Table 3

Min. Zpo Max.

o1 ¢2 ¢3 YA (obtained) ZPo

15.123-0.322 36.940-0.322 -78.679-0.322 1.4874
15.123-0.322 36.940-0.322 | -78.679+0.322 1.4955
15.123-0.322 36.940+0.322 | -78.679-0.322 1.5044
15.123-0.322 36.940+0.322 | -78.679+0.322 1.5125

15.123+0.322 36.940-0.322 -78.679-0.322 1.4925 1.4874 1.5125
15.123+0.322 36.940-0.322 | -78.679+0.322 1.4955
15.123+0.322 36.940+0.322 | -78.679-0.322 1.5044
15.123+0.322 36.940+0.322 | -78.679+0.322 1.5125

In Table no. 3 we can notice that exists two
situations (noted with italic) when the method
fails. The explanations are the following: only
two terms were considered from the Taylor series
and all the errors of generalized coordinates were
considered equals.

The numerical results contained in Tables
1, 2 and 3 show the maximal possible values of
robot coordinates that allow us to obtain a point P
accurate position [-0.25, 1.5, 1.5], the maximal
deviations from these coordinates being as
follows,
| Ao |= 0.0075[m], |A o |= 0.0075[ml],

| A, |=0.0125 [m].

ﬂﬁhsnlute errors

[Ldegrees]
lo.s0
lov-60
0.518 i
; 10.40 fop,
0.322" At
To.as9,  +—— . F
: 10.20 *
|A%= Au=0.00F5; Az=0.0125|
E LMl
-0.50 -0.25 0.25 0.50

Fig. 8 The maximal allowed absolute errors of robot
coordinates during the displacement along the AB direction

Absolute errors
ﬂ [degrees ]

{o.80
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0.60
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0. 40
dop b 0.322
b 0.259
0.20 '
0.5 1.0 1i5 uInl
+ + + [—=

Fig. 9 The maximal allowed absolute errors of robot
coordinates during the displacement along the CD direction

ﬂﬁbsulute errors

[degreaes]

lo.7o
lo.eo
lo.so 2 0.518
lo.ao
lo.zo 90.322

X _i0p.259
lo.zo

|&%= Au=0.0075; Az=0.0})25 |
lo.1o ;
0.5 1.0 1i5 zIm1
+ + + [-=

Fig. 10 The maximal allowed absolute errors of robot
coordinates during the displacement along the DE direction



Using the same method one can solve this
problem not only for a fixed established point but
for all points belonging to some covered
trajectories. For each point of the three selected
trajectories having known positional deviations
were determined the allowed absolute errors of
generalized coordinates.

The numerical results are presented in figures
8,9 and 10.

S. CONCLUSIONS

The proposed method successfully solves the
imposed problem and was transposed in a C
program.

It is obvious that the method works also in
the case of other considered trajectories, other
absolute errors values and we can obtain similar
diagrams as in figures 5 ~ 10.

Based on the results contained in figures 8, 9
and 10 we can notice if the imposed problem is
really possible — can the robot command
guarantee the obtaining of the necessary
accurate positions of the robot elements or such
precision can’t be attained.

Also, the proposed method is usefull for the
study of kinematic accuracy, solving the inverse
problem of error.

6. REFERENCES

[1] Beasley, R. A., Howe, R. D., Increasing
accuracy in image-guided robotic surgery
through tip tracking and model-based
flexion correction, 1IEEE Transaction on
Robotics, 2009, Vol. 25, No. 2, pp. 292-302

[2] Cardoso, F. C. a. o., Kinematic and dynamic
behavior of articulated robot manipulators
by two bars, ABCM Symposium Series in
Mechatronics, 2012, Vol. 5, pp. 1132-1141

[3] Cheng, F. S., Calibration of robot reference
frames for enhanced robot positioning
accuracy, Chap. 5, 19 pp., in “New
Technologies — Trends, Innovations and
Research”, C. Volosencu (Ed.), INTECH,
2012, 396 pp., ISBN 978-953-51-0480-3
[4] Conrad, K. L., Shiakolas, P. S., Yih, T.
C., Robotic calibration issues: accuracy,
repetability and calibration, Proc. of the 8"

267

Mediterranean Conference on Control &
Automation (MED 2000), Rio, Patras,17-19
July 2000, 6 pp.
[5] Demidovich, B. P., Maron, 1. A., Computational
Mathematics, Mir Publishers, Moscow, 1973,
691 pp.
[6] Hayati, S., Mirmirani, M., Improving the
absolute positioning accuracy of robot
manipulators, Journal of Robotic Systems,
1985, Vol. 2, No. 4, pp. 397-413
[7] Jin, M. a. o., High-accuracy tracking control of
robot manipulators using time delay
estimation and terminal sliding mode, Int. J.
Advanced Robotics, 2011, Vol. 8, No. 4, pp.
65-787
[8] Johnsrud, V., Improvement of the Positioning
Accuracy of Industrial Robots, MS Thesis,
Norwegian University of Science and
Technology, 2014, 191 pp.
[9] Khalil, W., Dombre, E., Modeling, Identification
and Control of Robots, Butterworth-
Heinemann, 2004, 483 pp., ISBN 978-
190399666-9
[10] Lintott, A. B., Geometric Modeling and
Accuracy  Enhancement  of  Parallel
Manipulators, PhThesis, Univ. of
Canterburry, New Zealand, 2000, 184 pp.
[11] Maric, P., Djalic, V., Improving accuracy and
flexibility of industrial robots using
computer vision, Chap. 7, 26 pp., in “New
Technologies — Trends, Innovations and
Research”, C. Volosencu (Ed.), INTECH,
2012, 396 pp., ISBN 978-953-51-0480-3
[12] Meggiolaro, M. A., Dubowsky, S., Mavroidis,
C., Geometric and elastic error calibration of
a high accuracy patient positioning system,
Mechanism and Machine Theory, 2005, Vol.
40, pp. 415-427

Merlet, J. P., Jacobian, manipulability,
condition number and accuracy of parallel
robots, Journal of Mechanical Design, 2006,
Vol. 128, pp. 199-206

[14] Negrean, L., Kinematics and Dynamics of Robots.
Modelling, Experiment, Accuracy, Editura
Didactica si Pedagogica, Bucuresti, 1999, 222
pg., ISBN 973-30-9313-0

[15] Olofsson, B., Topics in Machining with
Industrial Robot Manipulators and Optimal

[13]

Motion Control, PhD Thesis, Lund
University, 2015, 268 pp., ISBN 978-91-
7623-435-8

[16] Oueslati, M. a. o., Improving the dynamic
accuracy of elastic industrial robot joint by
algebraic identification approach, First



268

International Conference on Systems and
Computer Science, 2012, Lille, France, 6 pp.

[17] Popescu, P. a. 0., Mechanics of Manipulators
and Robots. Problems. Vol. 2, Direct
Geometric Model (in Romanian), Ed. Did. si
Pedagogica, Bucuresti, 1994, 116 pp.

[18] Popescu, P. a. 0., Mechanics of Manipulators
and Robots. Problems. Vol. 3, Inverse
Geometric Model (in Romanian), Ed. Did. si
Pedagogica, Bucuresti, 1994, 130 pp.

[19] Press, W. H. a. o., Numerical Recipes in C++.
The Art of Scientific Computing, Cambridge,
University Press, 2003, 1002 pp., ISBN 0-
521-75033-4

[20] Siciliano, B., Khatib, O. (Eds.), Springer
Handbook of Robotics, Springer, Berlin,
2008, 1628 pp., ISBN 978-3-540-23957-4

[21] Spong, M. W., Hutchinson, S., Vidyasagar, M.,
Robot Dynamics and Control, 2004, 303 pp.

[22] Strimaitis, M. a. o., Evaluation of dynamics and
positioning of robotic system operating in
heavy loaded high speed conditions, Journal
of Measurements in Engineering, 2013, Vol.
I, Issue 1, pp. 28-34

[23] Ursu-Fischer, N., Ursu, M., Numerical Methods
in Engineering, vol. I, Casa Cartii de Stiinta,

Cluj-Napoca, 2000, 282 pg., ISBN 973-686-
039-6

[24] Ursu-Fischer, N., Ursu, M., Numerical Methods
in Engineering, vol. I, Casa Cartii de $tiinta,
Cluj-Napoca, 2003, 288 pg., ISBN 973-686-
464-2

[25] Ursu-Fischer, N., FElements of Analytical
Mechanics (in Romanian), Casa Cartii de
Stiintd, Cluj-Napoca, 2015, 605 pp., ISBN
978-606-17-0820-8

[26] Vilcovici, V., Bélan, St., Voinea, R., Theoretical
Mechanics (in Romanian), ed. II, Editura
Tehnicd, Bucuresti, 1963, 1007 p.

[27] Verdonck, W., Swevers, J., Improving the
dynamic accuracy of industrial robots by
trajectory pre-compensation, Proceedings of
the 2002 IEEE International Conference on
Robotics & Automation, Washington, DC,
May 2002, pp. 3423-3428

[28] Zhang, J., Cai, J.,, Error analysis and
compensation method of 6-axis industrial
robot, International Journal on Smart
Sensing and Intelligent Systems, 2013, Vol.
6, No. 4, pp., 1383-1399

O metoda de calcul a preciziei pozitionale a robotilor seriali de tipul R-R-R

Abstract: O caracteristica importantd a robotilor utilizati in industrie si in alte domenii este cea privind
precizia. Rezolutia, precizia, repetabilitatea sunt definitorii pentru robotii industriali, fiind influentafi de o
serie de factori cum ar fi actuatoarele utilizate, tipul comenzii si al senzorilor, dimensiunea §i masa

proprie a

elementelor, viteza de lucru, greutatea sarcinilor manipulate. Se prezinta o metoda de
determinare a posibilelor variatii ale coordonatelor robot astfel incdt sa se obtina

valori ale

coordonatelor operationale intre anumite limite impuse. Exemplul numeric analizat se refera la un robot

de tip R-R-R, des intalnit in aplicatii industriale.
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