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Abstract. The strategy for designing intelligent control systems based on quantum and soft computing

technologies is described. The synergetic effect of quanturorgglhization of a robust knowledge base, ex-
tracted from imperfect knowledge bases of an intelligerty controller, is presented. The developed tech-

nology improves the reliability of intelligent cognitive control systems in unforeseen control situations, for

examplewith various types of interacting robots.

Benchmarks demonstrated the effective immatation of a quantum fuzzy inference circuit as a ready
made programmable algorithmic solution for lovevel control systems embedded in a standard board,
demonstrated the quantum superiority of quantum intelligent control of classical control @bjeatsling the
FeynmanrManin thesis.

The correct physicahterpretation of the process of controlling set§anization at the quantum level is
discussed on the basis of quantum informatf@rmodynamic models of exchange and extraction of quantum

(hidden) wvaluable information from/between classical p

clesd model. A new information synergetic effect
controller is created in real time from twareliable knowledge bases of a fuzzy controlléis effect is purely

i s

quantum in nature and uses hidden quantum information extracted from classical states. The main physical and

informationthermodynamic aspects of the model of quantum intelligenta@asftclassical control objects are
discussed.

Keywords quantum fuzzy inference, intelligent control in unpredicted situations, robustness, quantum al-

gorithms, industrial robot.

One of the intelligent control system applica-namic structure in accordance with the problem to
tion areas is the development of autonomous |rdse solved.
bots that are able to operate under conditions of in- Specialists has been considering the possibility
formation uncertainty and unpredicted contrel si o f unstable industrial
tuations. Application area of robots ranging framtime. But practical importance of controlling such
household and business sectors to solutions of spabjects has appeareelatively recent. The fact is
cific problems of militaryindustrial complexes| that unstablecontrol objects(CO) have many
and aerospace is mainly associated with mongtasseful qalities (e.ghigh-speed performangdt is
nous or dangerous work. In 2011 during the adcipossible if these objects are properly controlled.
dent at the Fukshima nuclear power plant, spe-However, in a case of control failure, an unstable
cialists used mobile robots on tracks with estabebject can become a significant thrdatsuch si-
lished U.S. companjRobotmanipulators and alsg tuations, it is possible to apply the computational
Monirobot machines designdxy Japan's Nuclear intelligence technologiesuch as soft computing
Safety Technology Center in 1999 after an aqcifincluding neural networks, genetic algorithms,
dent at the Tokaimural tie backgrond of intelli- | fuzzy logic, etc.). The advantage of iatelligent
gent control system for the deactivation/decentacontrol system is a capability to achieve a control
mination of nuclei power plant was describedgoal if information about CO functionality is in-
in [1]) nuclear plant. complete. Thédasis of anyntelligent control sys-

The principal feature in the construction of{atem(ICS) is aknowledge basg<B) (including pa-
multilink robotic manipulator is modularity which rameters of membership functions and set of fuzzy
provides adaptability anéconfigurability of ady | rules), therefore the main problem of designing
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ICS is design of optimal robust KB, which guarah-the CO functioning conditions: CO internal struc

tee high control qualityin any complex dynamig
systems provided there are the abovementio
control difficulties.

Development of duzzy controlle(FC) is one
of the most perspective areas of fuzzy syst&os
CO developers, fuzzy systems are so attractive
cause of the fadhat they are universé@bpproxi-
mat oro systems with p
structure In addition theyallow controlling a dy-
namic object without expertt should be noted
that sometimesnvolving knowledgeexperts to
create an ICS KB can contributedchieving con-
trol goals.Even an experienced expert has diffic
Ities to find an optimal KB of FC in situations d
controlling nonlinear CO with stochastic noisg

ture, control actions (reference signal), a tiree d
ndey in the measurement and control channels, un-
der the change in conditions of functioning in the
external environment, and the introduction of other
weakly formalized factors in the control strategy.
b&o control a dynamical object in different situa-
tionsit is necessary to consider all of them, i.e. to

odesigh the tequiced numbey of &KByithe suseaoh d
which will help to achieve the required robustness

control level.
Nevertheless, how is it possible to determine
what KB to apply in the current tirfle

u- A particular solution of a given problem is due

f to introducing a generalization of strategies in

psfuzzy inference models on a FC finite set designed

(Optimal KB is a base with an optimal parameteiin advance in the form of neguantum fuzzy infe

of membership functions and a set of rulesoad-
ing to the approximation wittequired accuracy of
an optimal control signal

This work describes developing an intellige
control system forl) a stroboscopic robot (with
partially unstable generalized coordinates), 2)
dundant planar manipulator with thrdegrees of
freedom(DoF) and 3) an autonomous (globally u
stable) dynamic mobile rohoConfiguration re-
dundancy provides many solutiors fa dynamic

inverse problem that allows operating CO in a ha

zard environment.

Design technology knowledge
bases on soft computing

Application of fuzzy neural networks canng
guarantee achieving the required accuracy of
proximation of aeachingsignal (TS) received by
agenetic algorithn{GA). As a result, an essentia
change in external conditions leads to losing ac
racy of achieving the control goal. However, a n{
developed tool calle@oft Computing Optimize
(SCO) can solve this problem [21 is possibleo
design a robust KB for controlling complex dy
namic CO using the SCO design technology &
previously received TS thakescribe the specifig
situation of control. The benchmarks of vario
CO and control systems based on this approath
be found in [3]

The designed (in the general form for randd
conditions) robust FC for a dynamic CO based
the KB optimizer with the application of a so
computing technology (stage 1 of timormation
design technology IDT) can operate efficientl
only for fixed (or weakly varying) descriptions @
the external environment. This due to possible |

rence(QFI) [2, 3.

ICS model based orQFI

nt
With regard ® computer science, the QA struc-

relure of QFI model (as a particular case of the
general quantum control algorithm of setfya-
_nization) must include the following necessary
QA features: preparing superposition; selecting
quantum correlatiortypes; applying aguantum
oracle(black box model) anttansportingextrac-
ted information (dynamic evolution ofdni nt el | i -
gent ¢ o0 n twithorhinimsnt entrapy); a
quantum correlatioover a classical correlation as
a computing power source; applyiag interfe-
renceoperator for answer extractiogiantum pa-
rallel massivecomputation;amplitude amplifica-
tion of asearching solution; effective quantum sol-
R/“lng of classical algorithmically intractable
(unsolved)roblems
In this section, we will show #i we can use

CYdeas of mathematical formalism of quantum me-
FYhanics to discover new quantum control algo-

rithms that classical computers can effectively si-

mulate.

- We will use a CO mathematical model descri-
N@ed in MATLAB /Simulink. The kernel of the
abovementined FC design tools is a-salled
USSCO T SCOptKB™ that implements advanced

C8oft computing ideas.

The QFI quantum algorithm implements the
NTollowing actions B]:
on - the fuzzy inference results are processed for
ft each independent FC;

- valuable quantum inforation hidden in in-

dependent (individual) KBs is extracted based on

f the methods of quantum information theory;
DSS - in online mode, the generalized output ro-

N

N

bt
a

al

of the robustness property under a sharp chang

e lbust control signal is designed in all KB sets of FC
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in this case, the QFI output signal in the @
line mode is an optimal control signal of the P
controller varying gains, which involves the nece
sary (best) qualitative characteristics of the out

n

tS

tional information from designed individual KB

DFC that are created for different control situations

based on different optimization criteria.

put Thus, the quantum algorithm in the QFI model

control signals of each FC, thus implementing thés a physical prototype of production rules, imple-

selforganization principle.

Therefore, the domain of ICS structure efficie]
functioning can be essentially extended by inc
ding robustnesswhich is a very importartharac-
teristic of control quality. The control signal rd

u

ments a virtual robust knowledge base for a fuzzy

ntPID controller in software (for the current unpre-

dicted control situation), and is a problémde-
pendent toolkit. Fig. 2 shows an intelligent robust
control system of essentially nonlinear CO.

h
n

bustness is the background for maintaining {
control reliability and accuracy under informatia
uncertainty or a weakly formalized description
functioning conditions and/or control goals.

The Q@I model based on physical laws of quan:-

tum information theory uses unitary invertib
(quantum) operators for computing with the foll
wing names:superposition, quantum correlatio
(entangled operators), amderferenceThe fourth
operator, measurement i@sult quantum compu;
tation is irreversible.

In the general form, the quantum computi
model comprises the following five stages:
preparation of the initial (classical or qua
tum) statalY oud
execution of the Hadamard transform f
the initial state irorder to prepare the superpos
tion state;
application of the entangled operator or t
guantum correlation operator (quantum oracle
the superposition state;
application of the interference operator;
application of the measurement operator,
the resul of quantum computingyY oud

Fig. 1 shows the QFI functional structure.

This QFI model solves the problem of robu
control of essentially nonlinear unstable CO in U
predicted control situations bgxtracting addi

e
h-
N

—
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QUANTUM FUZZY INFERENCE FOR KNOWLEDGE BASE DESIGN
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Fig. 1. The orine functional structure of QFI
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Fig. 2. A schematic diagram of a selfganizing
ICS in unpredicted control situations

The next stagef this work will describe a

hdoenchmark using the developed ICS design tech-
teology.

td=ontrol object simulation with partial unstable

general coordinates

A control object modelWe have chosen the
stroboscope robotic manipulator model as the mo-
dified Benchma k o 5 wi Hlyganfic system
A dynamic peculiarity of this system is the follo-
wing: one generalized coordinate is locally un-
stable (angle) and another coordinate is globally
unstable (length).

The model of @awingdynamic system (as a dy-
namic system with globally and locally unstable
behavior) is shown in Fig. 3.

Swing dynamic system behavior (as an essenti-
ally nonlinear dynamic system) under control is
described by secoratder differential equations
for calculaing the force to be used for moving a
pendulum:

5{+(2% #)X -)%sinx U= ), "
geoky -y gosx =(y {0}
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Fig. 3. A swing dynamic system

The equations of the entropy production rd
are the following:

dt

A swing motion described by Eqgs (1), (4
shows that a swing systengi®bal unstablalong
the generalized coordinateand local unstable
along thegeneralized coordinatg. In addition,
model (1) hasonlinear essentially nonlinear crog

ds _al .. d .
_S'L:a@_.;.iz & ,Oq§:2kl e )
c I ml° - dt

links affecting the local unstable by the generdli

zed coordinate. In Egs (1), (2 andy are gene-
ralized coordinategjis theacceleration of gravity
mis a pedulum weight/| is a pendulum lengttk
is elastic forcefis afriction coefficient x(t) is ex-
ternal stochastic noise; andu, are control forces.

Dynamic behavior of the swing system (fre
motion and PID control) is demonstrated in Fig.

A control problem:to design a smart contrg
system to move the swing system to the giy
angle (reference) with the given length (referen
cey) in the presence of stochastic external noi
and a bound limitation on control force.

A swing system can be considered as a sim
prototype of ahybrid system consisting of a fey
controllers with the problem of organizing a cod
dination process between controllersc¢erdina-
tion control problem).
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Fig. 4. The swing systefree motion
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A control task to design robst KB for fuzzy
PID controllers capable to work in unpredicted
control situations.

Let us consider the excited motion of the given
dynamic system under two fuzzy Rtdntrollers
and design two KBs for making a teaching situa-
tion:

Noisex: Gaussian (maamplitude = 1);

Noisey: Gaussian (max amplitude = 2);
Sensordéds delay ti me_X
Sensords del ay ti me_y
Reference signal_x = 0;

Reference signal_y = 2;

Model parameters k{mc) = (0.4 0.5 2);

Control force boundariestJ,u¢ 10(N), tJyu¢ 10(N).

We investigate robustness of three types of spa-

lt%ial, temporal and spatiotemporal QFI correlations

and choose the best type of QFI for the given CO
and given teaching conditions.
Figs 5 and 6 show the comparison of the control
performance of threguantum fuzzy controllers
)(QFC) based on three types of QFI (spatial, tem-
poral and spatiotemporal QFI correlations) for the
teaching situation.

S

Fig. 5. A comparison of three quantum
correlation types
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Fig. 6. A comparison of control laws

A temporal QFI is better in terms of a rimmum
control error criterion. We choose a temporal QFI
for further investigations of QFI process robust

29
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ness property using modelled unpredicted con
situations.

rahe robustness property of designed controllers
(Tablel).

Let us consider a comparison of dynamic and The unpredicted situationl. Comparison of

thermodynamic behavior of our CO under diffe-

rent types of control: FC1, FC2, and QFC (temy
ral).

A comparison of FC1, FC2 and QFC perfd
mancess shown in Figs 7 and 8.
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Fig. 7. A swing motion and integral control errg
comparison in TS situation
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Fig. 8. A comparison of entropy production
in a control object (Sp) and in controllers (left
and a comparison of generalized entropy
production (right)

According to the minimum control error critg

rion under a teaching condition, QFC has befter  Fig. 11. Comparison of entropy production

performance than FC1, FC2.
Now we consider the behavior of our C

in unpredicted control situations and investigat

FC1, FC2 and QFC performances in the situati
oon 1(Figs 9 11).
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Fig. 9. A swing motion and integral control errg
comparison in the unpredicted control situation
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Fig. 10. Control forces comparison
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in control object (Sp) and in controllers (left) an
comparison of generalized entropy productio
(right) in unpredicted control situatioh

D

Tablel

Unpredicted control situations

Unpredicted situation 1

Unpredicted situation 2

Noisex: Gaussian (max amplitude = 1)

Noisey: Gaussian (max amplitude = 2)
Sensor 6s &6008y ti me_X
Sensor 6s &6.008y ti me_y
Reference signal_x = 0; Reference signal_y = 2
Model parameters k(m 9 = (0.4 0.5 2)

Control force boundarieg)xtu¢ 10(N), tJyu¢ 10(N)

Noisex: Rayleigh (max amplitude = 1)

Noisey: Rayleigh (max amplitude = 2)
Sensor 6s &600dy ti me_X
Sensor6s del asy ti me_y
Reference signal_x = 0; Reference signai %/
Model parameters (k m g = (0.4 0.5 2)

Control force boundariegdxu¢ 10(N), tUyu ¢ 10(N)
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FC1 and FC2 controllers failed in the siu

tion 1; QFC igobust

The unpredicted situatior2. A comparison of

s

trol quality criteria: a dynamic behavior perfor-
mance level and a controégormance level.
A control quality comparison is shown below

FC1, FC2 and QFC performances in the situatiin Figs 15, 16Here we have as results

on 2(Figs 12 14).

X in degrees

— Nz: FCI
wor — FC2 1
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Fig. 12. A swing motion and integral control err
comparison in the unpredicted control situatior
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in the unpredicted control situation 2
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Fig. 14. A comparison of entropy production
in a control object (Sp) and in controllers (left
and a comparison of generalized entropy
production (right) in the unpredictedatrol
situation 2

FC1 and FC2 controllers failed in the situa

on 2. QFC igobust

A general comparison of control quality of def
signed controllers. Now we consider a geners
comparison of control quality of four designe
controllers (FC1, FC2, QFC based on tempg
QFI with 2 KB). We will use two types of the con

.

- QFC is robust in all situations;

- FC1 controller is not robust i, 3 situa-
tions;

- FC2 controller is not robust i, 3 situa-
tions.

Thus, ICS with QFlbased on two KB and a
temporal correlation type have the highest robust-
ness level (among designed controllers) and show
the highest selbrganization degree.

The simulation results lead #n unexpected
(for the classical logic and the ICS design metho-
dology) conclusion: we can get robust FC online
from two not robust (in unpredictable situation)
controllers (FC1 and FC2) using QFI.

Let us consider ICS for 3 DoF redundant planar
manipulator developed by sequential increasing of
intelligence. Configuratiomedundancy provides
many solutions of the inverse dynamic problem
that allows operating the CO in a changing envi-
ronment.

A three-degreeof-freedom manipulator

A behavior manipulator is a mechanism that
performs motor functions similar to the movement
of a human hand. However, a human hand has
27 DoF, while the majority of manipulators have a
limit in 3 6 DoF, which are sufficient for a number
of practical applications.

Comparison based on integral of squared control error criterion
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Fig. 15. A comparison based on an integral
of squared control error criterion
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In this work, a redundant 3 DoF planar mani

pulator acts as CO.
Figure 17 shows a CO scheme, whaarep, and
gz are positions of manipulator links (the index i

dicates the number of links from the base of the

manipulator), fbx, py) are coordinates of manipulg
tor capture device corresponding to the aXe¥).

r

Y

Fig. 17. Three degrees of a freedom manipulal

The task of the robot arm with three degreeq
freedomis to position a capture device at a giv
point (x, py) by setting the position of the robg
arm links using angleg, gzandgzat a given level.
The equation relating to the position of the lin
and the capture device point is described as follg
ing:

ép, % COS(ql) Fy Coiql QE’)

+l;cof(a, €, &),
p, =hsin(q,) 4,sin(q, &)

+lysin(q, @, ).

3

—_ =) —— —

Nn-

Fig. 18. A three Dofnanipulator module

The aim of this work is to design ICS for a ro-
bot manipulator, which allows guaranteed control
in unexpected (unpredicted/hazard) situations
online due to applying the proposed quantum con-
trol algorithms. Despite its importance, the deve

ofopment of the design algorithm of robust ICS that
bncan operate effiently at risk is a complex and
t poorly studied area.

Earlier this objective was achieved by expert
kssystems. Soft computing technologies are applied
wo eliminate the knowledge subjectivit¥][ They
are the basis of computational intelligent tools
named SC®@f knowledge bases].

1. The development of the ICS model based on
SCO ofKB for a 3 DoF redundant planar manipu-
lator. The basis for a soft computing technology is
fuzzy logic, which does not use the law of the ex-
cluded middle. Introducing a subjectivedijtative

Since a reference signal of the model is thescale into the theory of fuzzy systems and display-

value of the positions of the manipulator lifikgs,
g2andgsz,in [3] the author has introduced a meth
of calculating these positions under known Car
sian spacecoordinates ffx, py), i.e. the solution
method for the inverse dynamics problem of 3 D
redundant manipulator.

A manipulator mathematical model is devg
oped usingn DoF manipulator dynamic equa
tions {]. The example of a simplified 3 DoF re
dundant manipulator mathematical model wa
considered ing]. Earlier in B], there was a de
scription ofMATLAB -simulation based on GA o
ICS for redundant robot manipulator.

After preliminary research, the models of 1G
3 DoF manipulator module was designed (Eg).

Developing CO takes into account the limita
ons on the ICS module models for the real wor
These models (with their software and hardwsz
implementation) are discussed further in this

ing it in the form of a linguistic approximation of

pdquantitative characteristics causes some logical

tedifficulties, such as: the objective determination of
the kind of a membership function ansl jitarame-

pRers in the production rules of KB, the definition of
the FNN optimal structure at training tasks, the use

I-of GA in multi-objective control, etc. SCO of KBs
have tried and resolved the above problejs [

- Computational intelligent design tools allade-

1s signing robust KB based on solving one of the al-
gorithmically intractable problems of the artificial

[ intelligence theoryi extracting, processing and
forming objective knowledge without applying ex-

Spert estimations.

The main element of intelligent improvement
i-of ICS based on SCO is FC, which adjusts PID
Idgains depending on current conditimmdine
are  Figure 19 demonstrates a schematic structure
paof ICS based on SCO.

per.

32
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Fig. 19. The transition to ICS based
on SCO of KBs

A group of ten test points was selected to t
the developed ICS robustness in the manipula
workspace (Fig. 20).

Fig. 20. Test space

Let us consider the followingnpredicted con-
trol situations:

Situationl. At the moment 0,2 the second p
sition of link 2 forcedly changes to the vall
o = 67 deg.

Situation2. For ICS based on GA les change
the initial condition:q; = 60 deg g2 = 57 deg
Oz =143 deg.

The following criteria evaluate ICS behavig
performance:
the percentage of solving positioning tas
for a manipulator capture device (a problemis c
sidered solved if each of the three links is po
tioned with zero error within the allowed tim
frame);
the elapsed time to solve the positionir
problem (limiti 10 s if the problem is not solved
for given time, then the positioning time is spe
fied with a minimum error).

An upward manipulator positiom{= 60 deg;
02 = 0 degigs = 0 degq) is taken as thetiai condi-

GA model for creating a training signal and
three GA of SCO were described in [6];
sugeno 0 fuzzy inference model;
fuzzy AND operation is simulated as a
product operator;
the number of input variables is 9;
the number of output variables is 9;
the optimization technique is an error
backpropagation algorithm.
Testing results of the developed ICS based on
SCO are represented in Tabkand3.
st Table2
itor Experimental results of ICS based on SCO
for points 11 5

Positioning error Points of test space
and task 1 2 3141(5
Positioning error 110 0 01010
for a link, deg 21 0 0 01010
3/ 0 0 0/0]0O
Positioning task 0,26/ 0,28(0,32/0,24/0,42
completion time, s
Table3

Experimental results of ICS based on SCO
for points 6i 10

Positioning error Points of test space
and task 6 | 78] 9]10
Positioning error 1l 0 010,010
for a link geg 21 0 0101010
' 31 0(0]0]0{0O0
Positioning task 0,34/0,36| 0,4 | 0,6 |0,64
completion time, s
Solution of positioning 100 %
D-[task (Tabler)
e

Based on the testing results it may be deduced
that ICS based on SCO copes with the positioning
task with given accuracy in all ten experiments.
Moreover, if for ICS based on GA the average

I sitioning task solution time is 5,082 s, then for ICS
based on SCO this characteristic is 0,386 s. That
kds, the average positioning task solution time under
bnlCS based on SCO is reduced by 13,17 times.
si- Let us consider the behavior of ICS based on
e SCO in he uncertain situations introduced above.
Figs 21 and 22 illustrate the results of forced
gchanging of the link 2 position (Situation 1) for the
test point 1. Therefore it can be seen that the posi-
vi-tioning task has been solved in 0,88 s (the maxi-
mum time is10 s).
Let us change the initial condition for the test
point 10 (Situation 2).

tion. For demonstration ICS based on SCO per
mance the following KB of FC was created:

|

or- Figs 23 and 24 show that the positioning task
was solved in 0,76 s.
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Fig. 21. External influence reaction of ICS
based on SCO

ff/f/)é*»

x10°
=+
e

Y

0.2660.288 0.29 0.292
X

Current position
Reference signal
Hl

[/

N

-

-0.05 -0.045 -0.04 -0.035 -0.03
X

Fig. 24. A manipulatobehavior motion trajectory

Obviously, in uncertain situations the positir
time of a manipulator capture device for ICS basg
on SCO increases (by 3,38 times for Situatior

and by 1,19 times for Situation 2), but its val
does not exceed 0,9 s while for ICS based on

34

the positiming task is not solved even during al-
lotted time (10 s).

Therefore, ICS based on SCO versus ICS based
on GA besides reducing positioning time at known
control situations on the average 13, 17 times also
ensures sustainable management in unforeseen
situations by dynamical adjusting the control pa-
rameters.

Fig. 25 depicts PID gains dynamics obtained
online for the last control example.

O O = v Ry e e
e LTI v
T Ok T V7
Ullllfy‘ \lllHH\,HlHHH
TIITLN ] ey
PO o

Fig. 25. PID gains

Remark The PID controller is ofterimple-
mented in software, and the control problem is re-
duced to finding the PID controller coefficieits,
Ki, Kp, which provide the desired motion state.
The considered Ca 3 DoF planar manipulafor
requires the control action vectar= [u1 uz ug
with the dmension equal to the number of DoF.
When we select PID as a regulator to identify each
component of the vectar, we need three terms.
Thus, it is necessary to determine nine coefficients
of the PID controller to control the 3 DoF manipu-
lator. We assumehat the range ofoefficients is
determinedy theintervak= [ 0 éwithupO 0 ]
to 1 accuracyThen thenumber of possibleets of
PID controllercoefficientsis 1008™, wheren is
the number of degreesd freedomof a manipula-
tor. For the case witthe3 DoF manipulator there
are 100903608412612608403600900/Ariants.
Using a GA [6] with the size of the initial popula-
tion of 200 individuals allows finding the solution
that is close to the optimum in less than 20 itera-
tions. However, when we need tocrease the
number of DoF, each degree will increase the di-
mensionality of the search space up to three that
will lead to an increasing time of the search algo-
rithm execution. Thus, it may lead to the fact that
the PC resources are not enough.
To reducethe dimensionality of the search
space of control parameters of the 3 DoF manipu-
lator, we have developed the control structure with
gsplit control based on three FC and KB obtained
ethy the tools named SCO.

1 2.Structures with split control. A logical
uesolution of the problem of controlling the 3 DoF
GAnanipulator would be to create the structure of an
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ICS with three FC. Depending on the control tyf
the structures can be divided into control syste
for individual links (ICS structures for three links
Fig. 26a) and the control structures by error typ
(ICS structures for proportional, integral an
differential coefficients, Fig. 26b).

©) for three |

b) for proportional, integral and differential
coefficients

Fig. 26. ICS structures

Depending orthe method of obtaining KB for
FC, it is possible to distinguish parallel and c4
cade structures of ICS based on SCO.

ICS parallel structures perform independd
control of FC. Obtaining KB for FC includes-s¢
veral stages:
obtaining parametersi 3 (threeoutputs of
the first FC): parameter$ € are assumed constan
obtaining parametersi 8 (three outputs of
the second FC): parameteiis31 7 9 are assumed
constant;
obtaining parametersi 9 (three outputs of
the third FC): parameter$ @ are assumed consta

Thus, obtaining KB for each of the three H
is independent. Parallel structures are simple to
plement and, importantly, the need to chan
KB of the one of FCs does not require chang

e, Cascade structures of ICS based on SCO per-

mBrm fquentially guided fuzzy control. Obtaining

5, KB for FC includes several stages:

s obtaining parametersi 3 (three outputs of

dthe first FC): parametersi @ are assumed con-
stant;

- obtaining parametersi 8 (three outputs of

the second FC): parametei®Q7are assumed con-

stant, parameters 3 are generated by the first FC

with KB get on the previous step;

obtaining parametersi 9 (three outputs of

the third FC): parameter$ 8 are generated by the

first and the second FCs with KBs get on the pre-

vious steps.

In the cascade structures, each subsequent ge
nerated KB accounts previously obtained KBs.
However, the need to change the KB of one of FC
will require changes in the previous KBs. In addi-
tion, the procedure for determining the parameters
plays an important role

As an example, let us consider the parallel ICS
structure for three links based on SCO since it is
simpler to implement and optimize.

3. Developing the ICS moddbased on SCO
with split control. In order to check the robustness
of ICS model with split control on the example of
the proposed parallel ICS structure based on SCO
for three links we selected ten test points from the
manipulator workspace.

ICS behavior prformance is evaluated by the
following criteria:
the percentage of the solution of positioning
tasks for a manipulator capture device (a problem
is considered solved if each of the three links is po-
sitioned with zero error within the allowed time
frame);
allowed time to solve the positioning prob-

lem (the limit is 10 s if the problem is not solved
isin the given time, then the positioning time isspe
cified with a minimum error).
nt The initial condition is the following position:
L 0 = 60 degqgz = 0 deggs = 0 deg.

The results of ICS based on SCO for three links
performance are shown in Tabkeand5.

Table4

Experimental results of ICS based on SCO

with split control for points 115

—

Positioning error Points of test space
and task 1123|415
C|Positioning error 1010101010
imfor a link, deg 2010101010
' 3 0{0[0]0]O
9% ositioning task 6,660,241,040,540,44
’e%ompletion time, s

in other KBs.
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