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Abstract. The article describes existing methods and appesto industrial robots accuracy simulation basedhe
matrix methods at multiply industrial robots’ matg The main problems and disadvantages of usiegetkxisting
approaches based on the analysis of informatiomaices also shown. Quaternion-based method of tiridlusobot
kinematics and accuracy simulation proposed to e#eser these disadvantages for stochastic simulationultiply
motion of industrial robots’ grippers. Forward kinatics task and Forward accuracy task solving utiegproposed
guaternion-based method described also. The Indlusibots’ quaternion accuracy model proposedse as a basis of
accuracy simulation for examine their working space
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1. Introduction worldwide researchers [1 + 21]. For today there are
Pose accuracy is complex concept. It primarilyknown different descriptions of IR movements’
defined by errors’ value which has been defined bysuch as matrix which are use homogeneous
errors in industrial robots’ (IR) links joints. Feard  transformations and Euler angles [1 + 21] and also
kinematics task (FKT) solution is prerequisite of quaternions [9, 22 + 27].
successful pose accuracy definition, in particthar Detailed analysis of these descriptions denotes
position of end-effector coordinate system (localthat the large majority of researchers use matrix
coordinate system) in the Industrial Robotmethods for IR kinematics description but
coordinate system (global coordinate system)quaternions used by fewer researchers and only for
Industrial robots’ grippers (IRGr) are the end-efte IR ideal movements’ description.
for mechanical assembly and technological service Using of mentioned classical matrix mathe-
of flexible manufacturing cell working position. matical apparatus for FKT solving, for description
To improve understanding of solving problemsof the local coordinate systems position in the
essence is expedient to divide movements oflobal coordinate systems have some obvious
industrial robots’ handling system links and disadvantages which are substantively complicates
industrial robots generally. It is proposed totheir usage namely IRGr pose accuracy definition at
distinguish ideal and real movements (Figure 1).  multiple motion intoi-th (i =1,1 , wherel — total

amount of point of IR working space) point working

Industrial Robot Motio n —IRM and/or . . . .
IR Handling System Links Motion —LM space which coordinates is given by IR control
Y system.
\deal motion (M) — is the IR Especially appreciable complications during
t and/ ts of Real Motion (RM) —is th ilicti 1 1 H
Iri]::lzeTvﬁrr:ou?ner?c:rsmz\éig]uenrlirigOtf iseathe0 I?Ig( mgvelr?wen? and/ prObab”lSth |nvest|gat|0ns Of IRGr pose errors
influence on movements’ working-off| | movements of its links with error$ random Components forasmuch induding errors
It is expressed by generaliz accounting that influence . .. .
coordinates (GC) value 4 and for | | movements' working-off value of links joints to homogeneous transformation

rotational movements is easured i
degrees, for linear — millimeters.

IM=IRM < LM =0

matrix which are array of the certain random
variables and displaying IRGr multiple motioni
point of IR working position. Said increases Kn
times digit capacity of data arrays, wh&re number

2. Methods of industrial robots’ accuracy of movements into onieth of IR working space.

simulation and problems of their using The multiple motion intoi-th point working
FKT can be solved by different methods, for space accounting lead to durable, many operations,

example, Denavit-Hartenberg, using rotation matrix' caurng the expenditure of much labour

and Euler angles which are extended for accurac alculations u_nd_er the multidimensional arrays
characteristics research of additional variable x4x100 and it is necessary to perform near the

parameters which are reproduced errors randon]16:7772168 operations [21 + 24, 28, 29, 30] for one

: : int of Working space (WS) to form the array of
appearance and also used for accuracy simulation ﬁﬁmogeneous t?anpsform(atio%s IR handling sy};tem

RM=IRM & LM =60+ 4

Figure 1. The essence of industrial robots movesnent
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(HS). The investigations of other points of cargyin Preliminary analysis of information sources [1,
similar calculations, which in turn leads to the 2, 5, 9, 10, 25, 26, 31] in which a descriptiortiod
increasing of quantity the calculations lintimes, HS link’s kinematic features with using of diffeten
wherel is number of IR WS analyzed points. mathematical apparatus is carried out and also
Moreover classical mathematical apparatus [1]11 + 15] investigations of the IR pose errors and
2,4,6,7,9, 10] that are used to describe thesahu identified earlier [4, 5, 13 + 16,] that the IR @riis
movements and locations of the IR HS linksa vector which has angular and linear components
complicate or don't allow to create a mathematicahnd allows to replace the classic view of IRGr
model for the case when the direction of the link'serrors in matrix form (1) by the corresponding
axis does not coincide with the main axes directiomjuaternion analog (6) in the case of angular motion

of the accepted coordinate systenTg*z"™). errors and (7) in the case of errors of linear
As an alternative to the mentioned it is movements.
proposed to use of the mathematical apparatus of 1 -g gy «

guaternions, quaternion operations a similar to the

<

0
€, 1 -g o
)

vectors and they are less time-consuming and A'| = , (1)
lengthy if to compare with matrix operations. gy g 1 z
For example, the operation of multiplication of 0 0 0 1

two quaternions only which intentionally reflects \ypere:

the r_o_tary r_notion of the IR’_ HS link relative to the &, &, £ — the errors of angular movements around
specific axis IR CS requires from the CPU 12 ¢ corresponding axes;

multiplications and 35 additions. However, it 5 8y, 5, — the errors of linear movement along the
requires 27 multiplications and 18 additions during corresponding axes.

the operation using the rotation matrix. Consio@rir_\ To decrease operational load during computer
that processor spends only 1 cycle on the operatiogimylation of kinematical features IR HS links that
of addition and subtract_lon and multlpllc_atlon IS consider random components of errors in the IR HS
performed for 4 cycles, it can be determined thafjnks joints and from the unified system positidhs
multiplication of two quaternions is for 83 cycles s proposed to use of mathematical apparatus of
and the multiplication of two rotation matrixedes gy aternions to describe the errors of IR HS motions
the 126 cycles. In consideration of the Tpaps allowed to carry out not only deterministic
multidimensionality of data arrays (1 by 4 by 100) simulations but also stochastic systems and objects
that reproduce randomness of the occurrence Ghat in turn expands the area of IR HS kinematic

errors in IR HS links joints, the shown cycles giryctures quaternion descriptions using.
guantity increases in hundreds times.

One of the possible approaches to the3 Quaternion accuracy model
mentioned avoid is to use of the mathematical Using the mathematical apparatus of

apparatus of quaternion as an information b"?‘SiS fo uaternions that is used to describe the objects
:jhe IRb HSh accuracfy hmodel. Itl makes possfltl)llqelj otions in three-dimensional space in relative to
escribe changes of the mutual movement o rbitrary vector, that can coincide or not with tRe

"”k? n ah ter(rjns ,Of ger)grahz_et:j ﬁoordlnatelcs r']nCS axes, there is proposed the introduction of the
positions that don't coincide with the axes of theg, aled  O-model of IR HS accuracy

basic 'previously accepted CS .and to reduce thEharacteristics which is a description of the exiiar
operating load on the CPU in the automatedy e |R Hs links joints using the specified
processing of IR HS accuracy models that in turn A thematical apparatus of quaternions.

leads to the reduction of costs for the acquirifig o O-model of IR HS accuracy characteristics

modern expensive computers. ; - -
: : . envisages the introduction of the concept of a
. Begldesh_tt;]ls a fulnctlongl l_model IR HS I'[3IS] Generalized Quaternion of active links’” movements
using in which angular and linear IR HS links () \y from the number of activated (Figure 2),

motions are described by angular and lineaf nicy is 4 function from the quaternion of ideal

qua_tt_ernions_ respectiv_ely fro_m the unified SYSteMjink's movement and the guaternion of errors that
positions it is appropriate to introduce a des@ipt .. rs during the links move:

of the errors in the HS links’ joints and total pos _
error of the IR HS characteristic point (the pBlg where: QLM = f(Q’ EQ)’

IRGr) using mathematical apparatus of quaternions. o _
Q — the type and direction of constructive and

)
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certain ideal movements of eathh link in Q',_1 is a quaternion of thd-th link motion
relative to the previoud-{1)-th link in terms of relatively to the IE1)}th link of IR HS at
quaternions and generally is denoted as working-off the given by control systeff}.;-th
Ql—l(si V)D(L|N||_1,ROT|I_1), here is theIN|'_1 of generalized coordinates;

. : . EQ\_. - the quaternion of motion error of theh
— the quaternion of linear motions of IR HS link relatively to the k-1)-th link IR HS at

e | : ) .
links; ROT|; — quaternion of angular IR HS ~ working-off the given by control system
links motions; generalized coordinates;

EQ — quaternion that reflects the error of working- “-” and “+" are mathematical designation of

off generalized coordinates (GC) in joints of  algebraic operations of multiplication and

active IR HS links and similar to the type of addition respectively;

motion in joints of links MS PR are generally [ is the mathematical designation of disjunction

| (e ( | sl ) . logic function [33].
TZLkainiiSfr?l o}lgsr,lg;lzjarsle_rlr,cfé_'l ’—r:qiraet(leili:n _ In the context of the mentioned and illustrated
of linear errors b1 (Figure 1) above, the actual rda1 movement of

' thel-th link relatively to the IE1)-th link of IR HS
with the consideration of errors in the links’ jtsirnis
determined by the expression:

LM{_; =6} ¢ +24) 1, (4)

where:

0.1 — GC that is worked-off by thé-th link
relatively to the IE1)-th link MS PR for the
movement of IRGr to the given by control
system point IR WS;

A'~; — IR HS joint links errors at working-off the

o', GC.
Figure 2. A graphical representation of the essefice Forasmuch to the IRGr pose error is a random
quaternion rotational motion dur|.ng the moving IRGr  \,51ue so it defines the necessity of investigations
from (i—1)-th to thei-th point of WS the way of IRGr multiple positioning in thith

_ point of its WS. The multiplicity is displayed like
_ In turn QLM each link reflects the real IR HS - itidimensional data arragQ(v:s)1, which is
links motion and depends on the amount Ofyetermined by the expression (5) that contains
movement of a certain kind of motion théh link “pages”, where K is the number of IRGr
relative to previousl¢1)-th link —~ Qs and the  consecitive movements froni—{)-th to thei-th
error’'s value of in the joints of these IinksEQ'H point of IR WS.
at working-off the required for positioning IRGr in | | —
thei-th point IR WS GC by the expression (2) and it EQ(SV)i1 =EQ_,, |k=1K -
is also a quaternion product & and EQ that is | | | |
determined by the expression (3) - (EQ|_11’ EQ| ~1pr EQ|_1k_l , EQ| _1k)’

The specification of the quaternion motion \ynere:

QLM of I-th link relative to the previoud—{1)-th
link definition makes it possible to obtain the
expression (3) that substantially reflects the relatively to the I-1)-th IR HS link at thek-th
consideration of errors in joints of IR HS active  working-off by given control system GC, hefe

(®)

EQl'_1k — the quaternion of motion error of thé¢h

links at working-off by them GC and it is the —total amount of analyzed worked-off motions;
equivalent of the real IR HS links movement which (S, V) — scalar and vector components of the
is determined by the expression (4). quaternion;

— — means the logical inheritance;
Taking into account mentioned above the

QLM (v,8)-1 = [q'_l Q]
(3)  quaternion of the links' joints errorEQ(s;v):_1k

R jD
Q1=ROT_;

which described-th link movement relatively to
(I-1)-th for rotational degrees of motions takes the
form:
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EQV), .y, =
[ d

= . g
cos—=X +v[3in

-1

2

(R |l
Q_=ROT_=EQ 4=¢ 4

(6)
[
EQ(SvV)|_1k -
| | | |
€ _ €4 €, &
=| cos1 % + X [Bin—% +Y [8in—K +Z [3in o
2 2 2 2
where:

EQ,'_1k and 6, v) — see expression (5);
5,'_1k— error's value in the joints of rotational

motion moduled-th and [-1)-th links of IR HS
during thek-th working-off given by control
system GC;

Assuming that each IR HS link is a veclor
with coordinates (X Y', Z) that determine the
linear size value (length H) of the link which is
calculated by (11), description of the relative
movements of IR HS links using of Q-model of IR
HS accuracy will be in the vector rotatibron the
quaternion QLM'; when Q\;=ROT\; and
EQ\_1=¢'_1 which is analytically described by the
expression (10) and substantially is a multiplyirig
the vector to the left on the quaternion and to the
right on the conjugate quaternion or in linear
movement of the link on the quaternio@LM'H
whenQ'_; = LIN'_; andEQ'_; = §',_..

Taking into account mentioned above, the
actual position coordinates’ determination of the
[-th link in CS (-1)-th takes the form of the
expression (10), as a result of conducted opemation
is a multidimensional arrag; of thel-th link actual

v is the unit vector means the axis direction of thecoordinateS'

relative movement of IR HS links,0(X,Y,Z).
Similar to the expression (6) the quaternion of

errors in links’ jointsEQ(s;v): ~1,, during the motion

of the I-th link relatively to the IE1)-th link for
linear degrees of motion takes the form:

EQ(s, v): a4 "

_ [
—(O+v[&5|_1k

] Lyl 4
Q4=LIN1=EQ_1=8 4

()

EQ(S,V):_lk :(O+X Eél_]k +Y Eél_]k +Z [EBI_lk

where &, — the errors value in the joints of the

1=
linear modules of motion of tHeth and (-1)-th IR
HS links at thek-th working-off given by the
control system GC.
The product of the quaternion motioQeM of
the IR HS active links @IR;_;) during the IRGr
pole moving from the-th to the (~1)-th WS point

and it is the matrix equivalent of homogeneous Pcxi

transformations MS PR and is defined as follows:

Ql Rii—l = (Qé EEQ%)E(Qf EEQf)D.. [ﬁQf_l [EQ||_1), (8)
where:

QIFii_l— the quaternion of IR HS real motion;
Q.. andEQ'_; — see expression (3).

Pl = [QLM {1 [y [QLM| 4

0
QLM ;=RoT;

]mn4m»

(10)
D[Il +QLMII—1‘ Iyl
QM =LIN|,
where:
| is the vector with the coordinates' (X', Z);

=X P f (' ay
where X, Y', Z' — the coordinates of theeth link
position in the own CS.

The actual coordinates' definition of the IRGr
pole position at the real motion of active linksrfr
the number of activated is in FKT solving using the
Q-model of IR HS accuracy characteristics. In the
result it is obtained the multidimensional array
Pc, of the IRGr pole position in theth IR WS

point with the using oK positioning iterations and
is formed as specified in (12):

=((pb_s+ pEb)+ t22)

L—|+1
+. P

=1L (12
)

where:
pi is the vector of coordinates' of théh link in CS
of the {—1)-th link position, see expression (10);
L is the total number of the IR HS links.

Taking into account the expressions (2) and (3)4 conclusion

the quaternio@IR,.; of IR HS real motion (8) of
moving from thei-th to the {-1)-th IR WS point
takes the form:

QIR =QLMEMLMZ .. MQLM| 4l =1L, (9)
whereQLM'_; — see expressions (2) and (3).

This approach allows providing the the IR WS
accuracy examination with the perspective of the
appropriate  methods developing reducing the
operational load on the CPU and increasing of the
accuracy analysis efficiency by reducing the
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duration of the performed calculations.
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