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Abstract: This article is devoted to the adaptive cyclic control of an industrial robot manipulator
on the example of moving objects with a positional trajectory. The specific features of applying the
principle of adaptive cyclic control to industrial robots are also presented. The kinematic scheme
describing the movement of the robot working body with the adaptive cycle control system and the
transition states of the working body based on limited positions in space are presented, the sequence of
movement of the manipulator links and the selection of information about the actions at individual levels
of mobility, control in the case of a variable sequence of links by positional coordinates the formation
of programs was considered. During the control process, a model describing the transition states of the
robot working body movement zone according to the positional coordinates corresponding to the cyclic
control signals was developed, and mathematical models reflecting the interdependence of each state
were presented. Based on the mathematical models that describe these transition states and reflect the
interdependence of each state, an algorithm for controlling the movements of the industrial robot
manipulator with high accuracy and speed has been developed.

Keywords: industrial robot, cyclic control, control algorithm, kinematic scheme, working body
zone, positional coordinates of the cycle, control signals of the cycle, transition states.

Annomayusn. Yuwby maxona no3uyuon mpaekmopusiu XapaxKamianysuu 006seKmiap Mucomod
canoam pooom MAHUNYIAMOPUHUHE AOANMUE YUKIUK Oowkapuwea Oa2uwinanaou. Llynuneoex
A0anmue YuKIuK 60wKapul mamouuIuHu caHoam pooomaapuea KyaiauhuHe y3uaa Xoc Xycycuamiapu
Kenmupunean. Aoanmue yukanu Oowlkapuul MusuMu  OunaH  pobOm  UWYU  OP2AHUHUHE
XapakamiauuwuHy maecu@rosyy KUHeMamux cxemMacu 6a UwHy OpeaHuHuHe @aszooa YeKiaHeaw
nozuyusiiapy  Oyuuya Ymuul XOIAMAApu KeLmupuiean Oynub, MAaHunyusmop 38eHONAPUHUHS
Xapakamnamuwi KemMa-Kemuueuuu xamod XapakamuauiukHuHe UHOUSUOYan Oapaxcaiapuoacu
xapakamiap — mygpucuddzu  MAavbIyMOMJAPHU — MAHIAW, NOUYUOH —Koopounamanap — Oyiiuua
36EHONAPHUHZ  Y3eapysuan — KemMa-Kemaueu —Oyrean — xonamoa — Oowkapuuwi — 0aCmyprapuHu
warananmupuw Kypunean. bowixapys sccapaénuoa yuxaux bowkapu cueHanapuea Moc pooom uuwidu
OpeaHu  XapakamidHuuwi 30HACUHUHZ NO3UYUOH KOOPOUHAmMAanapu Oytuya Ymuwi XOoaamiapuHu
mascughnoguu Mooenu uuwaad YuKUIean 6a Xap Oup XoIamuuHe y3apo 00TUKIUSUHY AKC DIMMUPY el
Mamemamux MoOenapu Keamupuiean. Ywby ymuw xoramiapunu magcugnosuu 8a xap oOup
XOnamHuuue Y3apo OOMUKIUSUHU AKC SMMUPYEUU MAMEMAMUK MOOeLIap acocudd caHoam pooom
MAHUNYIAMOPUHUHE XAPAKAMAAPUHY TOKOPU AHUKIUKOA 64 Me3KOPAUKOA OOWKapuul aieopumumu
UAA0 YUKUTCAH.

Kanum cyznap: canoam pobomu, yukiux OOWKaApuwl, 60WKaApUuL areopummu, KUHeMamux
cxXema, uwyy Opean 30HACH, YUKTHUHS ROSUYUOH KOOPOUHAMANAPU, YUKTHUHE OOWKAPULL CUSHALTADU,
Ymuw X0aamiapu.

Annomayua: J[auwnaa cmames noceéawjeHa a0AnMUEHOMY YUKIUYECKOMY YNPAGIEHUIO
MAHUNYIAMOPOM NPOMBIUIIEHHO20 pPOOOMA HA Npumepe OBUICYWUXCA 00BEKMO8 € NOZUYUOHHOU
mpaexmopueu. Ilpedcmaegnenvl maxdce 0COOEHHOCMU NPUMEHEHUs NPUHYUNA — AOANMUBHO20
YUKIUYECKO20 YNPAGIEHUs K NPOMblUAeHHbIM pobomam. TIpedcmaesnensvi KunemMamuyeckds cxemd,
onucelgarowasn osudicenue paboyezo opeana poboma ¢ a0anmMueHoOl CUCMEMOU YNPAGIeHUsL KOHIYPOM
U nepexoonvle coCMoanUL NPedeibHbIX NOJ0NCEHUT pabo1e20 op2ana 8 NPOCMpPaHcmee, paccmMompenbl
8b100p NOCICO0BAMENLHOCHIU OBUICEHUS 36€HbEE MAHUNYAMOPA U UHQOpMAyuu o nepemeujeHusax
OMOENbHBIX YPOBHEU NOOBUINCHOCU, hopMuposanue npospamm YnpasieHus 6 ciyyae NepemeHHOU
nocne008ameIbHOCMU  36eHbe8 N0 NO3UYUOHHBIM Koopounamam. B npoyecce ynpasnenus Ovlia
paszpabomana Mooenb, ONUCLIBAIOWAs NepPexoOHble COCMOAHUS 30Hbl 08UdNCEHUs paboyeco op2aHa
poboma no nO3UYUOHHBIM KOOPOUHAMAM, COOMEEMCMBYIOWUM YUKAUYECKUM CUSHALAM YRPAGIEHUS, U
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npeocmasiieHbl MamemMamuyecKue Mooeu, Ompadxicaruue 63aumMo3asUuCUMOCHb KAHCO020 COCMOSHUSL.
Ha ocrnose mamemamuyeckux Mooeietl, ONUChl8AOUUX Mt NePexoOHble COCMOHUS U OMPAANCAIOUIUX
83AUMO3ABUCUMOCHIL  KAJICO020 COCHOSIHUS, pA3paboOman  anecopumm YApAGIeHUus O8UICEHUIMU
NPOMBIULTEHHO20 POOOMA-MAHUNYIIMOPA C BbLCOKOU MOYHOCHbIO U CKOPOCHIbIO.

Knrouessle cnosa: npomviuiiennolii pobom, Yukiuveckoe ynpasgieHue, aieopumm YnpasieHus,
KUHEMAMUYECKasi CXeMa, 30HA paboueco meid, NO3UYUOHHbIE KOOPOUHAMbL YUKAA, YAPAGISIOuUe

CUCHAJIbL YUKIA, nepexodnble COCMOAHUA.

Introduction

The accuracy and speed of position-trajectory
moving objects depends on the principle of their
control. Important characteristics of objects moving
along the trajectory, such as displacement, speed and
acceleration, describe their quality indicators [1,2].
The process of adaptive loop control of position-
trajectory moving objects can be seen in the example
of multi-link manipulators. In the case of position-
trajectory moving objects, the cyclic control system
of robots with an intermediate position is
characterized by a number of features, using various
technological devices with expandable stops and
complex control logic of individual parts of the
manipulator [1,3]. The main principle of application
of cyclic control to industrial robots is to determine
the position of the manipulator in terms of spatial
coordinates, and also includes the following specific
features in the control process:

- programming of logical and technological
process data of a discrete type, which determines the
sequence of movement of the flexible links of the
manipulator, the position according to space
coordinates and determines its duration;

- selection of information about actions at
individ levels of mobility indicated by means of stop
points or position sensors with the help of an
adjustment regulator;

- comparison of the set and real state of the
manipulator links through position sensors installed
on mechanical parts;

- open loop management;

- extended parking spaces are managed;

- practical application of algorithms for braking
robot links when approaching a parking place;

- formation of technological programs in the
case of a variable sequence of links according to
positional coordinates;
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u
Uje—>pH2 ~
= (O
2
us Uj u3
uj
|
Uy |
a

- quick blocking in case of emergencies.

Research methodology

A characteristic feature of a trajectory-moving
robot with a cyclic control system is that the
manipulator handle is located at a limited number of
points in space, that is, with a cyclic control system,
the area in which the manipulator handle can move
can be limited [1,3,4]. If the manipulator has k
degrees of mobility, each of them contains p; points,
i=12,...,k, where the corresponding link can be
located, then the number of points n that can be
gripped is written as follows: n =Yk, p;.
Manipulators of this class are equipped with
information sensors, which inform about the entry of
the internal i — moving link into each permissible
position with a d} signal. Then, for each mobility

level i, a separate control signal u]‘f can be given,

which will move this level to the desired state [1,3,4].
Class 1 manipulators can then be defined as finite-
state automated robots with the following attributes:
U= {uf}, X ={p;3}, Z ={d}}.
The type of functions f(-) and h(:) is
determined by the kinematic scheme of the
manipulator. Fig. 1 a and b show the structure of a
typical kinematic scheme of the manipulator and the
working movement zone [2,5]. Each stage has two
positioning points. The mathematical description of
the manipulator as a control object looks like this:
U= {u%' u%' u%' u%' u%’ ug}’
X = {pl'pZ' ""pS}; Z = {d%! d%’ d%’ R d%}
It can be described on the example of the state
diagram of the manipulator as a cyclic control object

(Fig. 2).

Fig. 1. Manipulator with cyclic control system: a — kinematic scheme; b — working movement zone.
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Fig. 2. State diagram of a manipulator with a cyclic control system

Analysis and results

Using this state diagram, as we mentioned
above, it is possible to express a limited number of
cases of a position-trajectory moving robot part or
technological equipment with cyclic control [4,5].
Therefore, considering the model of these states as
limited automaton states, they can be described by
finite state equations:

Xp [t] = @q kp(xq [t - 1]ruk [t - 1]):
yr [t] = l/)qkr (xq [t], wk)

1)
p= 1,“',7’1;7" — 1'...'m; q= 1,"',7’1.; k =
1,-,ur;
where p — number x;, is the position of the
manipulator moving along the x coordinate;

transition state of the i — th link x, with number g;
v, — output signal r — with number; output signal u;
with number k;r = I,---, N — moments of time in the
motion cycle; ¢ xp, — transition functions;

Yqrr — State transition output functions can be
represented.

Using the state diagram of the manipulator
shown in Figure 1, the kinematic diagram describing
the directions of movement in an expanded [6,7]
manner and the states of the positional coordinates of
the movement zone of the robot working body
corresponding to the cyclic control signals can be
presented in Figures 3 a and b.

3 P

Fig.3 a. Kinematic scheme of the manipulator

Fig.3 b. Working movement zone of the
manipulator handle.

In this case, it is possible to construct a table of
transition states for all possible coordinates of the
working movement zone of the [3,7,8] manipulator
handle presented in Figure 3-b (Table 1). The task of
the finite state is to describe each of the elements
included in equations (1). The functions ¢, and
Yqrr Can be represented in the form of a transition
table, the rows and columns of which are defined by
the names of states and input signals. The elements of
the transition table are the names of the new states
that the robot will pass through (in t), as well as the
names of the output signals [1,4,8].

To represent manipulator movement, arrow 1
represents half-angular rotation through the
x coordinate, arrow 2 represents elevation through
the y coordinate, and arrow 3 represents the positions
corresponding to the manipulator's links for linear
motion through the x coordinate. To perform
movements, there are three positions to move forward
along the directions of the 3 arrows, and Figure 3
shows the positions resulting from the three
movements. The points x,,---,x,, — are the final
position of the handle [3,9]. We usually do not take
into account the correct movement of the handle. The
total number of manipulator states is n = 12. Limit
switches, equal to the number of output signals, are
represented by m =7, the number of direction
sensors. The number of input signals is w = 6 and
describes the control commands of the mechatronic
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modules that provide movements in the robot links
with a cyclic control system.

It can be seen from Table 1 that the input
signals are: u,,u, — for moving the manipulator to
the right and left when turning; u;, us — to move up
and down in the rise of the manipulator; us, ug — are
given for moving the manipulator back and forth
[4,7,10].

Let us assume that there is no motion when
u;, = 0, but there is motion in the given direction

when u, = 1. In that case, the execution of the
commands is determined by the output signals y;
received from the direction sensors.

Output signals: y,, y, — signals received from
the right and left turn sensors; y;,y, — signals
received from upper and lower lift sensors:
¥s, Ve, Y7 — represent signals received from three
transmission sensors.

Table 1
All possible transition states for a manipulator with a cyclic control system
Cyclic control signals
Positional coordinates of the cycle. Uy [t —1]

Uy u, Us Uy Uc Ue
X4 X, Xy X
X2 X1 X3 Xe
X3 X4 X2 X7
X4 X3 X1 Xg
Xs X6 Xg Xq X1
X6 Xs X7 X10 X2
X7 Xg X6 X11 X3
Xg X7 Xs X12 X4
Xq X10 X12 Xs
X10 Xq X11 X6
X11 X12 X10 X7
X12 X11 Xq Xg

If y.=0, the direction sensor of the
manipulator has not been reached, then its signal is
determined by the output signal y,.. When y,. = 1, the
manipulator is in this state.

The elements of the transition table are the
states x, = x,[t], from which we get the logical
functions:

x1[t] = x5[t — 1] ~uy [t — 1] + x,[t — 1] - ug[t — 1] + x5[t — 1] - ug[t — 1];
X [t] = x1[t — 1] ~uq [t — 1] + x3[t — 1] - ug[t — 1] + xg[t — 1] - ug[t — 1].

Then, we omit the t — 1 argument:
xX3[t] = x4 - Uy + x5 " Uy + X7 Ug;
Xa[t] = x3 Uy + X1 " Uy + Xg " Ug;
Xs[t] = xg - Uy + Xxg - U3 + Xq - Us + Xg " Ug;

Xelt] = x5 - Uy + X7 - U3 + X5 - Us + Xqg " Ug;
x7[t] =x9'u1 +x6'U4+X3'uS +X11'u6;
Xglt] = X7 - Uy + X5 - Uy + Xy " Us + X1 - Ug;

Xo[t] = X10 " Uz + X172 Uz + X5 " Us;
x10[t] = %o - uy +2x11 " Uz + x4 " Us;
x11[t] = %12 - Uz + 210 " Us + 27 " Us;
x12[t] = %11 " Uz + X9 Uy + Xg " Us;

In the case under consideration, there is the
following relationship in the form of logical functions
between the output signals y,.(r = 1,---,7) and the
states x,(p = 1,---,12):

yilt] = x[t] + x3[t] + x6[t] + x7[t]+x10[t] +
x11[t];

yalt] = xq [t] + xa[t] + x5[e] + xg[t] + x0[t] +
x12[t].

Then, we omit the t argument:

V3 = X1 + X3 + X5+ Xg + X9 + Xq19;

Vo =%x3 + X4 + X7+ xg + X1 + Xq13;
Vs = X1 + X5 + X3 + Xy
Ve = X5 + Xg + X7 + Xg;
Y7 = X9 + X109 T X11 + X12,

It can be seen from the y,-[t] coupling formulas
that they mean that the output signals y,[t] are
separate from the input signals u,[t]. We should also
not forget that the time period between moments i and
i + 1 is equal to the time of development of the next
position of the manipulator and depends on its inertia
and the mass of the load carried by the handle. In this
regard, the duration of this period is not important
[9,10,11]. Thus, instead of system (1), the state of the
manipulator should be represented by a system of
simplified equations.

Xp[t] = @q ip (xq [t — 1], e[t — 1]);
yrlt] = Y kr (xq [t])' (2)
wherep =1,---,12; r=1,---,7, q =1,---,12; k=
1,---,6, represent the values of transition states. From
the transition table, we get a set of arbitrary [7,12]
logical functions w [t] = Fp (xp[t], xp [t + 1]):

uq[t] = xq[t] - x5 [t + 1] + x4[t] - x5[t + 1] + x5[t] - xg[t + 1] + xg[t] - x, [t + 1] + xo[t] -
X1t + 1] + xq2[t] - x14[t +11;
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Uy [t] = x,[t] - x1 [t + 1] + x3[t] - x4t + 1] + x6[t] - x5 [t + 1] + x7[t] - xg[t + 1] + x10[t]
“Xo[t + 1] + x14[t] - xpp [t + 1];
us[t] = x3[t] - x5 [t + 1] + x4[t] - 21 [t + 1] + x5 [t] - xg[t + 1] + xg[t] - xs[t + 1] + x4 [E]
“Xpolt + 1] + x15[t] - xg[t + 1];
Ug[t] = xq[t] - xalt + 1] + x5 [t] - x5[t + 1] + x5[t] - xg[t + 1] + x6[t] - x, [t + 1] + x3[t]
“Xpp[t + 1] + xq0[t] - x4 [t + 1];
us[t] = xq[t] - xg[t + 1] + x5 [t] - xglt + 1] + x3[t] - x7[t + 1] + x4[t] - x6[t + 1] + x5[t] -
. x:;[t + 1] + x6[t] . xlo[t + 1] + x7[t] 'x11[t + 1] +x8[t] . xlz[t + 1],
uglt] = xs[t] - xq [t + 1] + xg[t] - x2[t + 1] + x5 [t] - x3[t + 1] + xg[t] - x4 [t + 1] + xo[t] -
'x5[t + 1] +X10[t] 'x6[t + 1] + xll[t] 'x7[t + 1] +X12[t] 'x8[t + 1]

¥

p=01r=0k=0U,=0n=0¢;, =011 =0

3

Paep = L Pqrr =1.n=12,u,, =6
m=7w=61u=0

no

€8

=5t — 1] - up[t — 1] + [t — 1] - ug[t — 1] + x5[t — 1] -ug [t — 1;
=xg[t— 1] w [t — 1]+ x5[t — 1] - ug [t — 1] + xg[t — 1] - ug [t — 1];
Aglt] = x4 Uy + X5 uy + x50 Ug:

Aglt] = xq-up + x5 uy + xp° U
Xs[t] = Xg- Uy + Xg Uy + Xy - Us + Xo " Ug;
Xelt] = X5 Uy + XUy + Xp- Us + Xy Ug;
x[t] = xg -y Fxg - uy + g - us + Xy - U
Xglt]l = x5 Uy + X5 Uy + Xy U + X5 Ug;

Xplt] = X107 Up + Xpp Uy + X5 Us;

X10lt] = Xg Uy +Xy3 - U + Xg - Us;

X1alt] = Xpp- Uy + X307 Uy + X5 - Us;

xpa[t] = xpy - up + Xg - Uy + Xg - Us;

.V:L[t] = J1'2[15] + Iz[t] + Jfe[t] + J('7[3]'*'7(10[1:] + 7('11[3]5
Vo [t] = xa[t] + x4[e] + x5 [6] + xg[t] + x5[t] + x5 ]
V3 =J(1+ J(2+I5+Ie+ Ig+)(m;
Va =J(3+I4_+I7+J(H+qu+k'12;
¥s = JL'1+ IerJc'g +X+;
Ys = JL'5+ J[6+J('7+ng

Y7 =XgtXpptay+xg

no

yes J

C Completing the process )

Fig.4. Cyclic control algorithm of industrial robot
manipulator

The desired control algorithm can be

constructed using the given transition table, and in

this case, the formulas u,[t], -+, ug[t] are used,
excluding [1,13,14] unnecessary links from the right
side. The set of formulas obtained in this way
represents the cyclic control algorithm of the robot
and is also a control model (Fig. 4). The signals
uq[t], -+, ug[t] presented as input signals of the finite
transition state are the signals of the tasks of moving
the output elements by the mechatronic module with
three degrees of freedom of movement for the
manipulator. Robot control levels and the operation
of technological equipment can be described by
decision tables containing y;,- decision fields u, and
x, states [6,15]. These tables do not contain all
possible transitions between x,, and marked only,
since they are less complete for marked transitions
than transition tables. Therefore, adaptive loop
control models are convenient for accurately
expressing important characteristics of robots moving
along a trajectory [3,16], such as displacement,
velocity, and acceleration, and their quality
indicators.

Conclusion

In the article, the structure and algorithm of
adaptive cyclic control of an industrial robot
manipulator is considered as an example of moving
objects with a positional trajectory. As well as a
kinematic scheme describing the movement of a
robotic working body with a cyclic control system,
which presents transition states on the space-limited
positions of the working body, allows obtaining the
movement sequence of manipulator zvenos and
information about movements at individual levels of
mobility. The kinematic scheme of the manipulator
reflecting all possible transitions in positions and the
transitions in limited positions of the working body in
space are considered. Using the given state scheme, a
model describing the transition states of the robot
working body movement zone according to the
positional coordinates corresponding to the cyclic
control signals in the control process and
mathematical models reflecting the interdependence
of each state were developed. Based on these
mathematical models, an algorithm for controlling
the movements of an industrial robot manipulator
with high accuracy and speed has been developed,
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which allows simulating the cyclic control of the
manipulator ~ using  high-level  programming
languages. This serves to prevent and eliminate errors
in the management process.
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