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Dynamicka analyza modelu
mechanického systemu
v simulaénom prostredi
MATLAB/SimMechanics

Peter Frankovsky, Ingrid Delyova, Darina Hroncova

Abstrakt

V prispevku je uvedeny spOsob modelovania mechanického systému s dvoma
stupfiami volnosti pohybu budeného harmonicky premennou silou v simulatnom

prostredi MATLAB/SimMechanics.
kinematickych veli¢in (posunutie,
v prostredi SimMechanics. RieSenie je porovnané
dynamickych pohybovych rovnic v programe MATLAB.

Vysledkom

rieSenia su Casové priebehy
rychlost a zrychlenie)
s klasickym

ziskané simulaciou
rieSenim

Kracové slova: MATLAB/SimMechanics, Simulink, Newtonove pohybové rovnice,

kinematicka a dynamické analyza.

Uvod

Pocitatové modely predstavuju v rozli€nych oblastiach
vyskumu, projektovania a riadenia pracovnu metédu
mnohonasobne rozSirujucu moznosti praktického vyuZitia
teoreticky ziskanych poznatkov. S rozvojom vypoctovej
techniky sa rozSirili i moznosti analytickej formulacie
rieSenych problémov vo vSetkych vednych odboroch.
PocitaCové modely znamenaju novu kvalitu v procese

poznania. RieSitef mbze pomocou  zostaveného
pocitatového modelu experimentovat velmi podobne ako s
laboratornym pokusnym zariadenim. Pomocou

pocitatového modelu méze testovat’ vlastnosti skimaného
objektu v rbéznych prevadzkovych podmienkach, za
pésobenia réznych vonkajSich vplyvov amdbzZe velmi
jednoducho napriklad zmenou koeficientov v rovniciach
menit' vlastnosti objektu. Pre takto charakterizovany spésob
experimentovania s pocitatovym modelom s cielom ziskat
nové poznatky o modelovanom objekte sa vZil pojem
simulacia.

PocitaCové modelovanie viac hmotovych mechanickych
systémov je beznym problémom vinzZinierskej praxi.
Pri pocitaCovych simulaciach sa pracuje s pocitatovym
modelom, ktory je pomocnym objektom pomocou ktorého
rieSime problém pévodného realneho objektu. Pocitacovy
model umozfiuje na prijatelnej drovni zloZitosti priblizne
zistit spravanie sa pévodného objektu, ktorym mdze byt
konstrukcia, mechanizmus resp. zariadenie. K realnemu
objektu sa méze vytvorit viac modelov, ktoré sa mézu lisit
zloZitostou, naro&nostou a efektivnostou vypoétu. Struktira
a parametre modelu rieSeného systému maju rozhodujuci
vplyv na pouzitelnost ziskanych vysledkov i cenu analyzy.
Idedlnym je €o najjednoduch&i model, ktory ma vlastnosti
realnej konstrukcie, stroja alebo zariadenia, ktoré
su z hladiska sledovanych javov podstatné.

RieSenie realnych problémov az po Cciselny vysledok
si vyzaduje zjednoduSenie fyzikalnej podstaty realneho
systému. Vyvoj vedie vdakanovym  vypoctovym
moznostiam od najjednoduch8ich modelov k postupnému
reSpektovaniu dalSich vplyvov az po velmi podrobné
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modely, ktoré su rieSitelné len vdaka vykonnej vypoctovej
technike.

Su vyvinuté rézne programoveé prostriedky, ktoré pristupuju
ktejto uUlohe bud rieSenim  pohybovych rovnic
v symbolickom tvare alebo rieSia ulohu numericky na
zéklade modelu pomocou abstraktnej reprezentacie napr.
pomocou blokovych schém. Tu mdZeme zaradit aj
programy Simulink a SimMechanics, ktoré boli vytvorené
ako rozsirenie programu MATLAB.

Nadstavba SimMechanics programu MATLAB/Simulink
rozSiruje jeho moznosti o prostriedky na modelovanie
a simulaciu mechanickych systémov. Obsahuje kniznice
blokov zodpovedajuce realnym sucastiam mechanickych
systémov. Nachadzaju sa v nom bloky predstavujuce teles3,
kibové spojenia, pohybové skrutky, timie, pruziny, senzory
a akéné c¢leny. Pomocou tychto blokov mozZno vytvarat
modely aj zloZitych mechanickych systémov.

V programe MATLAB sa rieSia pohybové rovnice pouZitim
funkcii pre numerické rieSenie diferencialnych rovnic.
V SimMechanics sa rieSia mechanické systémy pomocou
blokovych schém podobne ako v Simulinku. Blokové
schémy v SimMechanics sa liSia od blokov v Simulinku tym,
Ze predstavuju fyzické komponenty (napr. pruzina a timic) a
geometrické a kinematické vztahy priamo. V Simulinku
jednotlivé bloky reprezentuju matematické operacie. Fyzické
modelovanie v SimMechanics prinaSa Usporu ¢asu
pri odvodzovani pohybovych rovnic skimaného systému.

SimMechanics zachovava schopnost’ vo svojich modeloch
pouzivat aj bloky zo Simulinku. Bloky mozZno navzajom
kombinovat. To umozhuje vytvarat mechanicky model
v SimMechanics ak nemu riadiacu ¢ast v Simulinku v
jednom spolo¢nom prostredi.

V prispevku je uvedené rieSenie modelu mechanického
systému sdvoma stupfiami volnosti pohybu, ktory
predstavuju dve hmoty s hmotnostami ms a m> upevnené
k ramu pruzinou tuhosti k; atlmiCom so sucinitelom
linearneho timenia b4, ktoré su viazané navzajom pruZinou
tuhosti k, a timi€om so sucinitefom linearneho timenia b.

ATP Journal PLUS 1/2012| 6



Hmota m; je budend vonkajSou silou harmonického
charakteru F(r)=F, sin (o), kde F, = konst .

Pre model mechanického systému (obr.1) su rieSené
kinematické veli¢iny v programe Matlab a SimMechanics.
Vysledkom su priebehy posunuti, rychlosti a zrychleni
jednotlivych ¢lenov systému.

rovnovazna
poloha

rovnovazna
poloha

Obr.1 Mechanicky systém
Fig.1 Mechanical system

RiesSenie mechanického systému
v programe MATLAB

Diferencialne pohybové rovnice Il. rdadu mechanického

systému
mlj}l :_k1y1 _blyl +kz(y: _y1)+b2(yz _j}l)+ F(t) (1)
m3, ==k, (v, = y)-b,07, -3 (2)

sa pre rieSenie v programe MATLAB upravia do tvaru
diferencialnych  pohybovych  rovnic  prvého  radu
nasledujucou substituciou:

xl :yl

X, =,

X, =Y, 3)
x4 :J./z

pricom transformujeme diferencidlne rovnice (1) a (2)
druhého radu na Styri diferencialne rovnice prvého radu
v tvare:

X, =X

).Cz :L[_(b\ +b2)x2 +bz x4 _(kl +kz)x| +kz x3 +F(t)]

ml
¥ =%, (4)
X, :L[bz x, —b,x, —k,x, +k, xl]

Po tejto Uprave sa prepiSe sustava rovnic (4) do M-suboru
programu MATLAB v nasledujucom tvare:

function dx=funkciaTDS_2(t,x)
m1=75; m2=150; k1=500; k2=250;
b1=10; b2=50; F=100%*sin(2*t);
dx=[x(2); ...
(-(b1 + b2) * x(2) + b2 * x(4) - (k1 + k2)*x(1)+ ...
k2*x(3) + F)/m1; ...
x(4); ...
(b2*x(2)-b2*x(4)-k2*x(3)+k2*x(1))/m2];

Pre numerické rieSenie diferencialnych rovnic (4) ma
program MATLAB k dispozicii preddefinované funkcie, ktoré
sa lidia integratnou metddou. Riedenie poZadovanych
kinematickych veli¢in sa vykona po spusteni nasledujuceho
M-suboru:

[t,x]=ode45('funkciaTDS_2',[0 10],[0; 0; 0; 0]);

figure(11)
plot(t,x,'LineWidth',1.5)

|atp|journal| nodelovanie a simulécia mechanickych a mechatronickych systémov

grid on;

titIe(‘Casovy priebeh kinematickych veli¢in - budenie silou
F®)');

xlabel('t [s]');

ylabel('x1 [m], dx1/dt [m/s], x2 [m], dx2/dt [m/s]');
legend('x1','dx1/dt','x2",'dx2/dt");

Vykreslenie Casového priebehu hladanych kinematickych
veli¢in (obr.2) skumaného mechanického systému sa
vykresli Standardnou funkciou ode45.

Coatrry prwbmt kvmmatichych swhfin - Buderss wiou F{1

a4

) el e

thl I ' . "
Obr.2 Casovy priebeh posunuti a rychlosti
mechanického systému ziskany programom MATLAB

Fig.2 Time diagram of displacement and velocity of
mechanical system obtained by the MATLAB

RieSenie mechanického systému
v prostredi SimMechanics

Vytvorenie modelu v prostredi SimMechanics sa iSi
od prace v prostredi programu MATLAB vtom, Ze
SimMechanics pre modelovanie vyuziva graficky zapis vo
forme blokovych schém a program MATLAB je orientovany
na riadkové prikazy. SimMechanics obsahuje kniznice
s preddefinovanymi  blokmi pre linedarnu a nelinearnu
analyzu systému. Z nich sa prepojenim vstupov a vystupov
vytvori blokovad schéma rieSeného modelu. Matematicky
model mechanizmu je zostaveny automaticky pri zaciatku
simulacie. Po spusteni simulacie sa ziskany ¢asovy priebeh
vykresli graficky pomocou Standardnych blokov, alebo sa
mdzZe uloZit do pracovného priestoru programu MATLAB,
odkial je mozné priebehy kinematickych veli€in vykreslit
pomocou funkcie plot.

SimMechanics je vhodnym nastrojom na vytvaranie
blokovych schém modelov dynamickych systémov. Bloky su
konfigurovatelné uzivatelom cez grafické rozhranie
analogicky ako v Simulinku. Kniznicu blokov je mozné
roz8irit dal8imi blokmi ak to rieSeny problém vyzZaduje. Tieto
bloky mézu obsahovat predkonfigurované bloky alebo
Standardné funkcie Simulinku. Ide o univerzalny modelovaci
a simulagny nastroj, ktory sa uplatfiuje v réznych vednych a
technickych oblastiach.

Zostavenie blokovej schémy v SimMecha-
hics

Pomocou blokov z kniznic v SimMechanics a Simulink sa
vytvori blokova schéma (obr.3) a nastavia sa hodnoty

prislusnych  parametrov modelu. Blokova schéma
mechanického systému s dvoma stupfiami volnosti pohybu

ATP Journal PLUS 1/2012|7



budeného harmonicky premennou silou je zobrazen na
obr.3.

Obr. 3 Blokova schéma v prostredi SimMechanics
Fig. 3 Block diagram in SimMechanics

8B PPP ABE SAET -

Obr. 4 Kinetické veli¢iny na Scope1 pre ¢len 1
Fig. 4 Kinematic parameters of member 1 in the Scope1

PLP AGE B A%

Obr. 5 Kinetické veli€iny na Scope2 pre ¢len 2
Fig. 5 Kinematic parameters of member 2 in the Scope2

Vyhodou SimMechanics oproti klasickému pristupu
k modelovaniu systémov s viac stupfiami volnosti pohybu je
automaticka tvorba matematického modelu. Nemusia sa
odvodzovat ru€ne pohybové rovnice. Definuje sa iba
geometria avlastnosti telies avazieb medzi telesami.
PrinaSa to usporu €asu a moznost rieSenia aj zloZitejSich
systémov.

Standardné bloky v Simulinku maju vstup aj vystup.
Spojenia medzi tymito blokmi sa nazyvaju signaly. Su nimi
vyjadrené vstupy a vystupy matematickych funkcii.
Vzhladom na Newtonov zakon akcie a reakcie nie je tento
pristup vhodny pre mechanické systémy. Ak teleso A pdsobi
na teleso B silou F tak teleso B pdsobi na teleso A silou F,
takZze sa nedd presne urCit tok signdlu. Preto sa
v SimMechanics zavadzaju $pecialne spojenia dvoch
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¢lenov. Kazdy blok v SimMechanics ma porty na ktoré sa
tieto spojenia pripgjaju. Tieto porty nie je mozné priamo
spajat’ s inymi blokmi Simulinku kvéli réznosti signalov, ktoré
do nich vstupuju a vystupuju. Na tento ucel sluzia Specialne
bloky - senzory a ak&né Cleny. Tvoria rozhranie medzi
blokmi  Simulinku a SimMechanics. Ak&né cleny
transformuju vstupné signaly na pohybové a silové veli€iny.
Senzory sa zase pouzivaju na transforméaciu mechanickych
veli¢in na signaly.

V menu prostredia SimMechanics sa po nastaveni
parametrov simulacie (Cas, peridda vzorkovania, integracna
metdda) spusti  simulacia.  Vykreslenie  priebehu
kinematickych veli¢in je vykonané pomocou nasledujuceho
m-suboru:

figure(2)

set(2,'Name','priebeh simout10_F a simout11_F v Simulinku
- simulovany pohyb')

subplot(2,1,1);

plot(simout9.time, simout9.signals.values(:,1:3), ...
'LineWidth', 1.5)

title('Clen 1'),...

legend('x1 [m]','v1 [m/s]','a1 [m/s"2]')

xlabel('t [s]'),...

grid on

subplot(2,1,2);

plot(simout10.time, simout10.signals.values(:,1:3),...
'LineWidth', 1.5)

title('Clen 2'),...

legend('x2 [m]','v2 [m/s]','a2 [m/s"2]')

xlabel('t [s]'),...

grid on

Vysledkom rieSenia su Casové priebehy analyzovanych
kinematickych  veli¢in  jednotlivych  &lenov  systému
(posunutie, rychlost a zrychlenie) v intervale
0 az 10 sekund. Na obr.6 su zobrazené priebehy
kinematickych veli€¢in ¢&lena 1 ana obr.7 kinematické
veli¢iny ¢lena 2 v zavislosti na ¢ase.

Cien 1

SN P e
g w1 [
e, =——==a1 [mi] ||

:I_::-I
Obr. 6 Casovy priebeh kinematickych veliéin élena 1
Fig. 6 Plot of results of kinematic parameters member 1

1 -
=2 [m]
=2} [
o =22 [ma? |
. " B

.-.1_
.
"
Lo
] N,
-
.
=

il
Obr. 7 Casovy priebeh kinematickych velié¢in élena 2
Fig. 7 Plot of results of kinematic parameters member 2

V sulade s o€akavanim su ¢asove priebehy kinematickych
veli¢in v Matlabe aj v SimMechanics identickeé.
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Zaver

V prispevku bola uvedena ukazka tvorby simulaéného
modelu a vykreslenie vysledkov rieSenia, priebehov
kinematickych veli¢in (posunutia, rychlosti a zrychlenia)
mechanického systému s dvoma stupfiami volnosti pohybu
budeného harmonicky premennou silou v simulaénom
prostredi MATLAB/SimMechanics.
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Abstract

The main objective of this article was to show different
approaches to mechanical system modeling in MATLAB
and SimMechanics. A simple mechanical model is used to
show the advantage of physical modeling used in
SimMechanics.
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Features of the scheme
and operation of the hydraulic

jack - amplifier

Sergey Moshkin

Abstract

This article presents an overview of schemes of pressure amplifiers.
Reviewed both positive and negative aspects of their design. Also
describes the features of the scheme and the principle of the hydrau-
lic jack — amplifiers, and the possibility of effects on independently

located object

Key words: pressure amplifiers, device for pressing the indenter into
the body of drill bits, hydraulic jack — amplifier, acting on independent-

ly located object.

Introduction

The widespread use of hydraulic converters
efforts in practice, made possible by oppor-
tunities stepless control of kinematic and
force parameters between the input and
output links of mechanical systems.

About pressure amplifiers

In 1972 the USSR State Committee decided
to recognize the invention and issue to a
copyright certificate number 360832. At the
same time, it was decided to recognize of
this invention forbidden to publicize in the
open press.

At present this prohibition removed. The in-
vention of patent number 360832 is as fol-
lows. It is well-known theory of communi-
cating vessels.

If the piston rod 1 (Fig. 1 a) cross-section S,
affect the force F4, then below the piston in
the hydraulic system pressure occurs

piston rod in the second section S2, obvi-
ously, receives force

S
Fzzp'SzzFl_z (1)
Sl
If the piston rod communicating vessels join
together, for example, as shown on Fig. 1, b,
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the ratio between the forces and pressures
in the hydraulic system changes significantly
Indeed, when you press on the piston by
force F4 (Fig. 1, b) below the lower piston
occurs pressure p, which will affect on the
top piston. If we look at the balance the top
piston with a rod, it will be quite obvious ratio

F,=p-S, (2)

Cl] B | ===
5] F

o] —
’=
e[
———

vl
oty vy g1

FIG. 1, a Communicating vessels
FIG. 1, b Pressure amplifiers

From an equilibrium condition of the lower
piston we can write that

FI+F2:p'S1 (3)
then
F .S
Fy=—1-% (4)
SI_SZ
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In (4) contains the effect, which was de-
clared by the authors of patent Number
360832. It is the ability to receive force F2 in
theory any number of large, approaching the
values of S; and S; and by decreasing de-
nominator of the fraction.

k
10
. /
. /
4
s
2 [ §1=
0 0,2 03 0,6 08 10
FIG. 2 Diagram of growth amplification
factor, depending on the ratio of the pis-
tons areas
amplification factor
F S
k=—%= 2 (5)
Fl Sl - Sz

Even at a value of S,/S; = 0,9 (Fig. 2) could
be achieved k = 9, and a value of S,/S; =
0,98 we get k = 49.

A device for pressing the indenter into the
body of drill bits.

Using as a basis hydraulic device presented
at figure 1 the author of this article was creat-
ed together with L. Dvornikov and M. Hohrin
the machine for pressing the indenter into the
body of drill bits.

The disadvantage of hydraulic device shown
in figure 1 is possibility of turning out about
their axes. In that case the item will be dam-
aged

Task of the present invention is to eliminate
possibility of cranking pistons.

The essence of the mechanism consists in
the fact that the geometrical axis of the piston
cylinders are located eccentrically relative to
a common center line of the rod.
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FIG.3 - A device for pressing the indenter
into the body of drill bits

The offered device is shown in figure 3. It
consists of a hydraulic power cylinder with a
piston 3, cylinder 2 with the load piston 4. At
the same time the rod 5 of piston 3 and rod 6
of piston 4 are made coaxial and directed to-
wards each other.

Between the rods 5 and 6 is part - the matrix
7 and 8 plunger, pressed into the matrix 7.
The matrix 7 is installed in tool tray 9, mount-
ed on the housing unit 10. Channel 11 con-
nects the cylinders 1 and 2, where S; and S,
marked the square of pistons 3 and 4. The
axis- OO - is the single geometrical axis rods
5 and 6, the axis O,0; - geometric axis of the
cylinder 1, the axis 0,0, - geometric axis of
the cylinder 2, e; - eccentricity between the
axes of the OO and 0,0y, e; - the eccentricity
between the axes of the OO and O,0,. Cross
sectional area of the piston 3, more the cross-
sectional area of the piston 4.

The problem of motionless the object of
pressing

It should be noted that these designs have
one major drawback - the deformation object
can not stay fixedly. This problem can also be
solved, by hydraulic press, which the scheme
is shown in figure 4.

Press (FIG. 4) consists of a hydraulic cylinder
load, fixed rod and the piston cylinder 2,
made in one piece with the press table 3
movable rods 4, rigidly connecting the load
cylinder and the working cylinder 5, one of
the rods at the same time serves as a pipe-
line 6

The piston rod 7 of the working cylinder func-
tions as pressing plunger, which interacts
with the object of pressing 8.

ATP Journal PLUS 1/2012| 11



Figure 4 press with fixed table

Press operates follows. When submitting a
working fluid in top of load cylinder 1, the lat-
ter due to the fact that the rod and the piston
2 is rigidly connected with a table and bed,
will move up. Via a cylinder rod 4 carry away
a working cylinder 5.

Since the cross-sectional area of the lower
cylinder S1 is taken more cross-sectional ar-
ea of the upper cylinder S2, then the vertical
(down) shift rod 7 will be more than shift the
load cylinder 1, resulting to the effects rod 7
to the object of pressing 8, ie to implement
the workflow.

We find that

S, -5, 6)

then

Sl - S2 (7)
that exactly corresponds to equation (5).
Hydraulic jack — amplifier
One way of moving, lifting massive objects,
pressing is the use of hydraulic jacks, see [1,
page 94, Scheme 108]. This hydraulic jack
can also be used as a hydraulic press.
But, in this case, the force applied to the ob-
ject, is directly proportional to pressure q, the
created in the cylinder

P=gq-S (8).
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The author of the article, together with
L Dvornikov was developed hydraulic jack -
amplifier, which uses the same principle of
amplification, as a pressure transducer [2].
Force

F-S,

-5 Y

P=

significantly higher the one is defined by
equation (8), since the denominator of the
formula (9) can be arbitrarily small. Moreover,
as opposed to pressure transducer, there is
the possibility to effects on the object which
has independent location.

FIG. 5 Hydraulic jack — amplifier

The offered hydraulic jack amplifier is shown
in figure 5. It consists of a hydraulic cylinder,
the main piston 2 with two internal cylindrical
cavities 3 and 4, and additional pistons 5 and

6 with cross-section S, and S, with rods 7

and 8. The rod 7 is rigidly fixed to the hydrau-
lic cylinder 1. The rod 8 is installed with a
possibility to relative motion as the main pis-
ton and cylinder relative. The cavities 3 and 4
are filled with energy source (liquid). The ar-
row g shows the direction of source of energy
supply through the channel 10 in the rod side
9. The rod 8 acts directly on the object 11.

Device operates as follows. When applying
pressure q in the rod cavity 9, an internal
force F, acting on the piston 2, then piston 2
starts moving down, leading to the fact that
the piston 5 with piston rod 8 is moved up-
ward. Thus, the rod 8 acts on the object 11.
The force impact is determined by the func-
tion P (9). Thus, there is an opportunity and
converting the pressure and influence on in-
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dependently located object. Next exercise is
to count hydraulic system via MATLAB
[6,7,8].
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Analyza modelu mechanického sys-
tému s dvoma stupnami vol'nosti
Bﬂ-{"},bu v simulaénom prostredi

LAB/Simulink

Ingrid Delyova, Darina Hroncova, Peter Frankovsky

Abstrakt

V prispevku su porovnané spbésoby modelovania mechanického systému s dvoma
stupfiami volnosti pohybu budeného harmonicky premennou silou v simulaénom
prostredi MATLAB/Simulink. Vysledkom rieSenia su ¢asové priebehy kinematickych
veli¢in (posunutie, rychlost a zrychlenie) ziskané v simulaénych prostrediach

MATLAB a Simulink.

Kracové slova: MATLAB/Simulink, Lagrangeove rovnice Il. druhu, kinematicka

a dynamicka analyza.

Uvod

Vyvoj ainovéacia strojnych zariadeni prinaSa so sebou
poZiadavku poznania spravania sa mechanického systému
v praxi uz pred zahajenim vyroby. Overenie pracovnych
podmienok na realnych modeloch je finanéne a ¢asovo
naroné, preto sa pri urCeni dynamickych vlastnosti
a optimalizacii novych strojnych zariadeni prechadza do
oblasti pocitacovych simulacii.

Pri pocitatovych simulaciach sa pracuje s pocitatovym
modelom, ktory je pomocnym objektom pomocou ktorého
rieSime problém pbévodného redlneho objektu. Pocitacovy
model umozfiuje na prijatelnej drovni zloZitosti priblizne
zistit spravanie sa pévodného objektu, ktorym mdze byt
kons&trukcia, mechanizmus resp. zariadenie. K realnemu
objektu sa mbze vytvorit viac modelov, ktoré sa mézu lisit
zloZitostou, naroénostou a efektivnostou vypodtu. Struktira
a parametre modelu rieSeného systému maju rozho-
dujuci vplyv na pouZzitelnost ziskanych vysledkov icenu
analyzy. Idealnym je €o najjednoduchS$i model, ktory ma
vlastnosti realnej konstrukcie, stroja alebo zariadenia, ktoré
su z hladiska sledovanych javov podstatné.

RieSenie realnych problémov az po Ciselny vysledok si
vyZaduje zjednodu$enie fyzikalnej podstaty realnej systému.
V mechanike su formulované pojmy ako hmotny bod, tuhé
teleso, idedlna kvapalina, idealny plyn a podobne. Vyvoj
vedie v sulade s okamzitymi vypoc&tovymi moznostami od
najjednoduchSich modelov k postupnému reSpektovaniu
dal8ich vplyvov az po velmi podrobné modely, ktoré su
rieSitelné len vdaka vykonnej vypoctovej technike.

Simulovanie viac hmotovych mechanickych systémov je
beZznym problémom v inZinierskej praxi. Existuju rézne
programové prostriedky, ktoré pristupuju k tejto ulohe bud
rieSenim pohybovych rovnic v symbolickom tvare alebo
rieS§ia ulohu numericky na zaklade modelu pomocou
abstraktnej reprezentacie napr. pomocou blokovych schém.
Do tejto druhej kategdrie spadaju aj programy Simulink
a SimMechanics, ktoré boli vytvorené ako rozSirenie
programuMATLAB.
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Nadstavba SimMechanics programu MATLAB/Simulink
rozSiruje jeho moznosti o prostriedky na modelovanie a
simulaciu mechanickych systémov. Obsahuje kniznice
blokov zodpovedajuce realnym sucastiam mechanickych
systémov. Nachadzaju sa v nom bloky predstavujuce telesa,
kibové spojenia, pohybové skrutky, timige, pruziny, senzory
a akéné c&leny. Pomocou tychto blokov mozno vytvarat
modely zlozitych mechanickych systémov.

V programe MATLAB sa rieSia pohybové rovnice pouzitim
funkcii pre numerické rieSenie diferenciadlnych rovnic.
V nadstavbe SimMechanics sa rieSia mechanické systémy
pomocou blokovych schém podobne ako v Simulinku.
Blokové schémy v nadstavbe SimMechanics sa liSia od
blokov v Simulinku tym, Ze predstavuju fyzické komponenty
(napr. pruzina a timi¢) a geometrické a kinematické vztahy
priamo. V Simulinku vSak bloky reprezentuju matematické
operacie. Fyzické modelovanie v SimMechanics je preto
intuitivnejSie, Setri €as a znizuje pracnost pri odvodeni
pohybovych rovnic skimaného systému.

Nadstavba SimMechanics si v§ak zachovava schopnost’ vo
svojich modeloch pouzivat’ aj bloky zo Simulinku, mozno ich
navzajom kombinovat. To dava moznost vytvarat
mechanicky model v SimMechanics a k nemu riadiacu Cast
v Simulinku v jednom spoloénom prostredi.

V prispevku je uvedené rieSenie modelu mechanického
systému sdvoma stupfiami volnosti pohybu, ktory
predstavuju dve hmoty s hmotnostami m; a m2 upevnené
k ramu pruzinou tuhosti k; atlmiCom so sucinitelom
linearneho timenia b4, ktoré su viazané navzajom pruZinou
tuhosti k2 a timi€om so suciniteflom linedrneho timenia bo.
Hmota m; je budend vonkajSou silou harmonického
charakteru F(r)=F, sin (ot), kde F, = konst .

Pre model mechanického systému (obr.1) boli rieSené
kinematické  velicéiny v programe Matlab, Simulink
a SimMechanics. Vysledkom su priebehy posunuti, rychlosti
a zrychleni jednotlivych &lenov systému.
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Obr.1 Mechanicky systém
Fig.1 Mechanical system

RiesSenie mechanického systému
v programe MATLAB

Diferencialne pohybové rovnice Il. rdadu mechanického

systému
mlj}l :_k1y| _blyl +kz(y2 _y1)+bz(.).}z —}}1)+F(1) (1)
mzj}.: :_kz(yz_yl)_b:(j/:_jjl) (2)

sa pre rieSenie v programe MATLAB upravia do tvaru
diferencialnych  pohybovych  rovnic  prvého  radu
nasledujucou substituciou:

xl :yl

X, =,

X, =, 3)
x4:.)>z

pricom transformujeme diferencialne rovnice (1) a (2)

druhého radu na Styri diferencialne rovnice prvého radu
v tvare:

X, =X,
5= (b +b)x, + b, x, — (b, + k), + &, x, + F(0)]
ml
X, =X, (4)

).54 :L[bz X, _bz X, _k2x3 +k2 x‘]
m,

Po tejto Uprave sa prepiSe sustava rovnic (4) do M-suboru
programu MATLAB v nasledujucom tvare:

function dx=funkciaTDS_2(t,x)

m1=75; m2=150; k1=500; k2=250;

b1=10; b2=50; F=100%sin(2*t);

dx=[x(2); ...

(-(b1 + b2) * x(2) + b2 * x(4) - (k1 + k2)*x(1)+ ...

k2*x(3) + F)/m1; ...
x(4); ...
(b2*x(2)-b2*x(4)-k2*x(3)+k2*x(1))/m2];

Pre numerické rieSenie diferencialnych rovnic (4) ma
program MATLAB k dispozicii preddefinované funkcie, ktoré
sa lidia integratnou metddou. Riedenie poZadovanych
kinematickych veli¢in sa vykona po spusteni nasledujuceho
M-suboru:

[t,x]=ode45('funkciaTDS_2',[0 101,[0; 0; 0; 0]);

figure(11)

plot(t,x,'LineWidth',1.5)

grid on;

title('Casovy priebeh kinematickych veligin - budenie silou
F(t)');

xlabel('t [s]');

ylabel('x1 [m], dx1/dt [m/s], x2 [m], dx2/dt [m/s]');
legend('x1','dx1/dt','x2","dx2/dt");
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Vykreslenie Casového priebehu hfadanych kinematickych
veli¢in (obr.2) skimaného mechanického systému ziskame
Standardnou funkciou ode45.

Coatrry prwbmt kvmmatichych swhfin - Buderss wiou F{1

af w2 il dedie frovs)

il

Obr.2 Casovy priebeh posunuti a rychlosti
mechanického systému ziskany programom MATLAB

Fig.2 Time diagram of displacement and velocity of
mechanical system obtained by the MATLAB

RieSenie mechanického systému v
prostredi Simulink

Vytvorenie modelu v prostredi Simulink sa liSi od prace v
prostredi programu MATLAB vtom, Ze Simulink pre
modelovanie vyuziva graficky zapis vo forme blokovych
schém aprogram MATLAB je orientovany na riadkové
prikazy. Simulink obsahuje kniznice s preddefinovanymi
blokmi pre linedrnu a nelinedrnu analyzu systému. Z nich
sa prepojenim vstupov a vystupov vytvori blokova schéma
rieSeného modelu. Po spusteni simulacie sa ziskany ¢asovy
priebeh vykresli graficky pomocou Standardnych blokov,
alebo sa méze ulozit do pracovného priestoru programu
MATLAB, odkial je mozné priebehy kinematickych veliCin
vykreslit pomocou funkcie plot.

Simulink je vhodnym nastrojom na vytvaranie blokovych
schém modelov dynamickych systémov. Ide o univerzalny
modelovaci a simulaény nastroj, ktory sa uplatiiuje v
réznych vednych a technickych oblastiach. V sucasnosti
existuje niekolko Specializovanych kniznic, ktoré rozsiruju
jeho moznosti v danom vednom odbore.

Zostavenie blokovej schémy

Na zaklade odvodenych pohybovych rovnic (1) a (2) sa po
ich uprave do tvaru

. .
yl :;[_(bl +bz)yl +b2y2 _(kl +k2)yl+k2yz +F(t)] (5)

.. 1 . .

yz:m_[bzyl_bzyz_kzy2+kzy1] (6)
zostavi blokova schéma v prostredi Simulink. Blokova
schéma mechanického systému s dvoma stupriami volnosti
pohybu budeného harmonicky premennou silou je zobraze-
na na obr.3.
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Obr. 3 Blokova schéma v prostredi Simulink
Fig. 3 Block diagram in Simulink

V menu prostredia Simulink sa po nastaveni parametrov
simulacie (Cas, perioda vzorkovania, integrana metéda)
spusti simulacia. Vykreslenie priebehu kinematickych veli¢in
je vykonané pomocou nasledujuceho m-suboru:

figure(14)

set(14,'Name','priebeh simout10_F a simout11_F v Simulin-
ku - simulovany pohyb')
subplot(2,1,1);
plot(simout10_F.time,
'LineWidth', 1.5)
title('Clen 1'),...
legend('x1 [m]','v1 [m/s]','al [m/s"2]')
xlabel('t [s]'),...

grid on
subplot(2,1,2);
plot(simout11_F.time,
'LineWidth', 1.5)
title('Clen 2'),...
legend('x2 [m]','v2 [m/s]',"a2 [m/s"2])
xlabel('t [s]'),...

grid on

simout10_F.signals.values(:,1:3),

simout11_F.signals.values(:,1:3),

Vysledkom rieSenia su Casové priebehy analyzovanych
kinematickych  veli¢in  jednotlivych  ¢€lenov  systému
(posunutie, rychlost a zrychlenie) v intervale
0 az 10 sekund. Na obr.4 su zobrazené priebehy
kinematickych veli¢in ¢lena 1 ana obr.5 kinematické
veli¢iny ¢lena 2 v zavislosti na Case.

Obr. 4 Casovy priebeh kinematickych veliéin élena 1
Fig. 4 Plot of results of kinematic parameters member 1

Caan 2

Obr. 5 Casovy priebeh kinematickych veliéin élena 2
Fig. 5 Plot of results of kinematic parameters member 2
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Zaver

V prispevku bola uvedena ukazka tvorby simulaéného
modelu a vykreslenie vysledkov rieSenia, priebehov
kinematickych veli€in mechanického systému s dvoma
stupfiami  volnosti  pohybu budeného  harmonicky
premennou silou v simulaénom prostredi MATLAB/Simulink.
Simulacie programu MATLAB je mozné vyuzit ipri
hydraulickych systémov [12, 13].
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Abstract

The main objective of this article was to show different ap-
proaches to mechanical system modeling in MATLAB and
SimMechanics. A simple mechanical model is used to show
the advantage of physical modeling used in SimMechanics.
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Urcovanie modalnych parametrov
metodou konecénych prvkov

a experimentom

Jozef Bocko, Tomas Harcarik, Michal Binda

Abstrakt

Predkladany clanok je zamerany na uréovanie modalnych parametrov pomocou
metody konecnych prvkov (MKP). MKP v su¢asnosti predstavuje velmi efektivnu
a rychlu metddu rieSenia roznych problémov mechaniky, vratane statickych a dyna-
mickych uloh. Uréovat' modéalne parametre experimentalnou metddou je v niektorych
pripadoch praxe zloZité kvoli staZzenym podmienkam merania systému pocas pre-
vadzky, alebo kvoli vysokym finanénym nakladom experimentalneho merania. Ak
v8ak prevadzkové podmienky systému dokazeme presne popisat, potom vieme
ur¢it modalne parametre numerickym modelovanim jednoducho a efektivne. Pri
simulovani dynamickych dejov je znalost matematickej Casti metddy konecnych

prvkov nevyhnutna.

Kracové slova: MKP, modalna analyza, kmitanie

Uvod

Realne technické systémy maju urcité dynamické vlastnosti,
od ktorych zavisi jeho spravanie (kmitanie, zrychlenie, atd.)
pri dynamickych dejoch. Medzi najddlezitejSie dynamické
vlastnosti patria modalne parametre (vlastné frekvencie,
vlastné tvary, matica tuhosti, matica timenia a matica hmot-
nosti). Tieto parametre zavisia od rozmerov, tvaru, hmotnos-
ti, materialovych vlastnosti a okrajovych podmienok systé-
mu.

Tento prispevok popisuje zaklady metddy konecnych prvkov
a jej pouzitie pri numerickej analyze urCovania modalnych
parametrov v niektorom z dostupnych programov zaloZe-
nych na tejto metdde.

1. Dynamické rovnice metody konecnych
prvkov

V sulasnosti je metdda kone€nych prvkov velmi popularna
pri rieSeni réznych typov problémov, vratane tych dynamic-
kych. V MKP predstavuje interpolacia hladanych funkcii
dolezity krok. Metéda samotna je zaloZend na rozdeleni
skimanej oblasti na prvky s koneénymi rozmermi, teda
konecné prvky (Obr. 1).

1 Hxvh

X

Obr.1 a) Skiimana oblast’ rozdelena na kone¢né prvky;
b) Trojuholnikovy koneény prvok rovinnej oblasti

Fig.1 a) Computed area divided to finite elements;
b) Triangular finite element in plane system
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Pri formulacii problému sa obmedzime na dynamiku konti-

nua. Uhrnnt potenciélnu energiu /1 daného systému (pre
pripad malych deformacii) mézeme vyjadrit rovnicou

17:lIQ@UdV—IE%dV—IZuﬁS—Ip%%dV, (1)
2 v N 4

14

kde 7 su zlozky tenzora napatosti, &; zloZky tenzora

deformacii, ]: Zlozky vektora povrchovych sil,

u; zlozky

vektora posunuti a E su zlozky vektora objemovych sil.
Pomocou variacnej rovnice

oll =0 (2)
dostaneme po uprave vztah
Md +Kd =F, (3)

kde M je matica hmotnosti systému, K je matica tuhosti
systému. Rovnica (3) je bez uvazovania timenia. Vztah s
uvazovanim matice timenia C je vyjadreny vztahom

Md +Cd +Kd =F. (4)

1.1 Vlastné kmitanie linearnych sustav

UrCenie rovnice vlastného kmitania netimenej sustavy vy-
chadza zo vztahu (4). Pri netimenom vilastnom kmitani

neuvazujeme zotrvacné sily F a vynechame ¢len Cd.
Rovnica mé& potom tvar

Md+Kd=0. (5)
RieSenie rovnice hfadame v tvare

d()=ysinwt. (6)
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Vypoditanim d a dosadenim do (5) dostaneme zakladnu
rovnicu pre rieSenie vlastného kmitania

o’M+K)y =0. (7)

Trividlne rieSenie predchadzajucej rovnice nema v nasom
pripade zmysel. Aby rovnica (7) mala netrivialne rieSenie,
musi platit

det(- 0’M + K)=0. 8)
Ak matice M a K maju n riadkov a n stipcov, potom z
podmienky (9) vieme vypoCitat' n vlastnych frekvencii «, a
n vlastnych tvarov y . Vlastné frekvencie zoradujeme podfa
velkosti, t.j. 0, <0, L. 2w, Vztah (7) vieme zapisat v
maticovom tvare vlastného kmitania

KY =Q°MY , 9)

kde 0? je diagonalna matica obsahujica kvadraty vlast-
nych frekvencii a Y obsahuje vektory y, usporiadané po

stipcoch.

2. Realizacia modalnej analyzy metédou
konecnych prvkov

2.1 MKP model

Geometricky model nosnika s profilom v tvare ,U* bol vytvo-
reny v prostredi SolidWorks 2009 na zaklade realneho nos-
nika (Obr. 2).

Obr.2 Geometricky model nosnika v prostredi SW 2009
Fig.2 Geometry of the beam model in SW 2009

Model bol diskretizovany s pouzitim Stvorstennych (tetra-
hedral) objemovych kone¢nych prvkov(Obr. 3). Formulacia
okrajovych zodpovedala podmienkam pri experimentalnom
merani. Parametre boli ur€ované pri tzv. volnom uloZeni —
free-free. Horny rozsah pre meranie vlastnych tvarov
a frekvencii bol nastaveny na 1600 Hz.
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A

Obr.3 Geometricky model nosnika v prostredi SW 2009
Fig.3 Geometry of the beam model in SW 2009

Vysledky MKP analyzy

Vysledky numerickej analyzy su zobrazené v Tab.1, kde
mdZeme vidiet hodnoty prvych dvadsatjeden vlastnych
frekvencii nosnika. Obr. 4 znazornuje vybrané vlastné tvary.

Vlastny tvar €. 1 2 3 4 5 6 7
Viastna 12425 163,75 21862 339.28] 547,04 589.97| 593.42

frekvencia [Hz]

Viastny tvar &. |8 9 10 11 2 13 12
Vlastna 873,33] 1080,10| 1083,90| 1106,30] 1116,20] 1147,70| 117520

frekvencia [Hz]

Viastny var &. |15 16 17 8 19 20 21
Vlastna 1227,50] 1254,60] 1335,70| 1368,00] 1426,60| 1446,50| 1528,00

frekvencia [Hz]

Tab.1 Hodnoty vilastnych frekvencii ziskanych analyzou
MKP

ol

a) mode shape no. 1 b) mode shape no. 2

-vd

c) mode shape no. 3 d) mode shape no. 4

v

e) mode shape no. 9 f) mode shape no. 14
Obr.4 Vybrané vilastné tvary ,,U“ nosnika
Fig.4 Some mode shapes of the ,,U“ beam
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3. Verifikacia vysledkov MKP analyzy expe-
rimentom

Experimentalne meranie bolo vykonané meracim systémom
PULSE 6. Snimac zrychlenia bol aplikovany na konci nosni-
ka. Obr. 5 znazornuje realizaciu samotného experimentu.
Nosnik bol budeny v strede jeho dizky. Namerané tdaje boli
spracované programom LabShop od firmy Briel & Kjaer. Na
Obr. 6 je znazornené frekvencné spektrum nosnika.

B

b) aplikacia snimaca na
noshik

c) budenie nosnika modalnym kladivkom
Obr.5 Realizacia experimentu
Fig.5 Pictures of realized experiment

0 200 400 600 800 1000 1200 1400 1600

Obr.6 Frekvenéné spektrum kmitania nosnika
Fig.6 Frequency spectrum of the beam vibration

Vlastné frekvencie ziskané experimentom su porovnavané
s vysledkami numerickej analyzy. Z Tab.2 je vidiet, Ze vy-
sledky oboch analyz sa priblizne zhoduju. MKP analyza
teda poskytuje adekvatne vysledky v relativne kratkom
Case.
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VI. frek. VI. frek.

VI. frek. Experim odchylka | VI. frek. Experim odchylka
MKP [Hz] [Hz] [%] MKP [Hz] [Hz] [%]
124 135 -8,38 1106 1090 1,49
164 168 -2,6 1116
219 215 1,81 1148 1137 0,9
339 336 0,97 1175 1152 1,97
547 520 4,94 1228 1204 1,91
590 572 3,05 1255 1240 1,16
593 578 2,67 1336 1305 2,31
853 1368 1388 -1,46
873 876 -0,31 1427 1404 1,58
947 1447 1496 -3,42
1080 1056 2,23 1528 1508 1,31
1084 1080 0,36

Tab.2 Porovnanie vysledkov oboch analyz

Na Obr. 7 su znazornené medzi vypocitanymi a namerany-
mi hodnotami vlastnych frekvencii.

1 600

12100

alues [Hz]

B00

analvsis v

400 +

Experimental

0 t —t+— —t—t— t
0 400 800 1200
FEM analysis values [Hz]

1 600

Obr.7 Odchylka nameranych a vypo¢itanych hodnot

Fig.7 Deflection of measured and computed eigenfrequ-
encies

Zaver

MKP ponuka moznost realizovat rézne typy analyz. Okrem
modalnej analyzy vieme riesit aj iné dynamické problémy,
ako napr. dynamicka odozva razu, padova skuska, alebo
uréovanie doby Zivotnosti systému pri cyklickom namahani.
Ak vieme autenticky simulovat realne prevadzkové pod-
mienky systému, mbéZeme pouzivat MKP analyzu namiesto
experimentalnych merani so vSetkymi jej vyhodami.
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Abstract

This paper deals with determining of modal parameters by
using Finite Element Method (FEM). FEM is a very effective
method for solving of variety engineering problems including
static and dynamic analysis. In some cases in practice is
quite difficult to determine modal parameters because of
hard working conditions of a system or significant expenses
of an experimental measurement. If engineers know accura-
te properties and working conditions of the system, they can
do numerical simulation on PC easily and effectively. Howe-
ver, understanding of mathematical part of FEM is also
necessary.
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Automatickeé zostavovanie
pohybovych rovnic a ich vyuzitie pri
optimalizacii zlozitych
mechatronickych sustav

Zdenko Bobovsky, Darina Hroncova, Miroslav Gorlicky

Abstrakt

V praci je popisany algoritmus na automatické zostavovanie pohybovych rovnic. Pri
ich zostavovani sa pouzivaju Lagrangeove rovnice Il.druhu a transformacné matice
zakladnych pohybov. Tento pristup je vhodny pri poCitaCovej simulacii otvorenych
kinematickych retazcov s lubovolnym pocétom stuprfiov volnosti as fubovolnou
kombinaciou vazieb. Praca zaroven predklada vzorovy priklad vyuZitia tychto rovnic
pri navrhu a optimalizacii kracajuceho servisného robota pre didaktické ucely.

Kracové slova: otvorené kinematické retazce, kinematicka a dynamicka analyza,

Lagrangeove rovnice

Uvod

Stroje a zariadenia su vo vSeobecnosti sustavy telies, ktoré
sU navzajom pospajané réznymi vazbami. Podfa spOsobu
ako su telesa spojené vznikaju sustavy s roznym rozsahom
pohyblivosti. Mechanizmy priemyselnych robotov
a manipulatorov a servisnych robotov predstavuju navzajom
spojené sustavy telies, ktoré wvytvaraju rdozne druhy
kinematickych  retazcov. = Mechanizmy robotov  su
najcastejSie vytvarané ako otvorené respektive zmieSané
kinematické retazce. Dva ¢leny, ktoré su navzijom
pohyblivo viazané, ato tak, Ze pohyblivost jedného vodi
druhému je obmedzena, tvoria kinematicki dvojicu.
Jednotlivé ¢&leny kinematickych retazcov su navzajom
spojené ftranslanénymi alebo rotaénymi kinematickymi
dvojicami. Pri navrhovani mechanizmov je potrebny
spolahlivy vypocet prisludnych mechanickych veli€in, ktoré
potom umoZiuju dalSie dimenzovanie jednotlivych Casti.

Prva Cast prispevku sa zaobera tedriou jednoduchych
otvorenych kinematickych retazcov, ktora sa vyuZiva pri
kinematickej a dynamickej analyze réznych manipulatorov
arobotov. Vdruhej C&asti sa zaobera aplikaciou
softwarovych prostriedkov pri navrhu a optimalizacii
zloZitych mechatronickych sustav. KedZe zostavovanie
a nasledovné rieSenie matematickych modelov je naro¢né.

Nastup vypoctovej techniky viedol k rozvoju pocitacovych
metdéd aj v oblasti zloZitych priestorovych mechanickych
sustav, ¢o postupne viedlo k ich pocitaovému navrhovaniu
(CAD). V oblasti pocitaCovej analyzy, syntézy a
optimalizacie mechanickych sustav (MBS - multibody
systems) v sucCasnosti existuje velmi bohata literatura, v
ktorej mbéze (itatel najst podrobny popis mnohych
maticovych pocitaovych metdd statickej, kinematickej a
dynamickej analyzy, metdédy numerického rieSenia
matematickych  modelov  (diferencialnych, algebro-
diferencialnych a inych), ale tiez aj popis metdd riadenia
a optimalizacie napr. literaturu [1] az [4]. V prispevku je

popisany spbsob zostavovania pohybovych rovnic
otvorenych kinematickych retazcov pomocou
Lagrangeovych rovnic Il. druhu v maticovom tvare

a transformacénych matic zakladnych pohybov, na zaklade
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ktorého je mozna pocitaCova simulacia otvorenych
kinematickych retazcov s lubovolnym poc¢tom stupfov
volnosti a s fubovolnou kombinaciou vazieb.

Systém je uvazovany ako sustava tuhych telies, kinematické
dvojice ako idealne bez pasivnych odporov abez voli.
Pomocou transformaénych matic zakladnych pohybov [1] sa
vytvori fubovolny tvar modelu manipulatora, pre ktory sa
zostavi sustava prislusnych pohybovych rovnic. Zostavené
pohybové rovnice sa mbézu dalej rieSit pomocou
numerickych metéd.

Pouzité oznacenie

q - zov8eobecnend suradnica,

q - zovSeobecnena rychlost,

Q - zov8eobecnena sila,

B, - transformaéné matica ur¢ujica vztah medzi
suradnicovym systémom ¢&lena 7 a zakladom 0,

r, - rozSireny vektor polohy taziska ¢lena ; v suradnicovom
systéme tohoto Clena,

j .y PN . 9

B{ - parcialna derivacia matice B; podfa q,,
ik i ivaci ice Bi 1

B{" - parcialna derivacia matice B} podla q,,

S(.) - stopa matice (),

I, - matica momentov zotrvacnosti ¢lena 7,

m; - hmotnost €lena 7,

£ - gravitacné zrychlenie.

Zostavenie pohybovych rovnic
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Pohyb jednoduchych otvorenych priestorovych
kinematickych retazcov, ku ktorym patria ¢asto aj
mechanizmy priemyselnych robotov a manipulatorov, sa
vySetruje na zaklade tedrie su€asnych pohybov.

Poloha kazdého ¢lena je uréena v globalnom suradnicovom
systéme pomocou lokalnych suradnicovych systémov
spojenych s jednotlivymi  Clenmi O, ,x._, ¥,z
Suradnicovy systém ;-tého &lena O, x;, y;, z; vzhladom na

1> Yic1» 4,
posunuty respektive pootoceny okolo osi predchadzajuceho
¢lena. Tato transformacia sa robi pomocou transformacnych
matic zakladnych pohybov [1]. Napriklad vtelese b je

suradnicovy systém (/-1 )-vého &lena O, ,, x, e

zvoleny suradnicovy systém tak, ze os pohybu o,, = z,

(obr.1). Suradnicovy systém telesa b pdvodne splyval so
systémom telesa a . Do svojej vSeobecnej polohy sa dostal
premiestnenim do polohy O, x,y,4=0,, aposunutim
v smere osi o,, = z, odizku z a eSte pooto&enim okolo
tejto osi o uhol ¢,. Uvedena dvojica ma 2" volnosti a za
suradnice zvolime posunutie =~ v smere osi o,
a pooto€enie ¢, okolo tejto osi. Potom transformacna
matica je v tvare T,, =T, T,(2) T,(¢,), kde matica T,
bude vtvare T, =T, (Xo) T, (}’0) Tza(Zo) T, (ax) Ts (ay)’
lebo systém 1 pdvodne splyval so systémom a a do svojej
polohy sa dostal posunutim o xj,y,,z Vsmere osi
x,,¥,,Z2,, pootoCenim okolo posunutej osi x, ouhol «,
a pootocenim okolo okamzitej polohy osi y, =

(obr.1).

¥ ouhol «,

Obr.1 Suradnicové systémy

Kazdy pohyb telesa sa da zloZit' z prislusnych zakladnych
pohybov atransforma¢nd matica T,, takého zloZeného
pohybu sa vyjadri ako su€in transformacnych matic
zékladnych pohybov. Konstantné posunutia a pootolenia
v kinematickej dvojici su opisané kon&tantnymi
transformaénymi maticami zakladnych pohybov. VSetky
transformaéné matice kinematickych dvojic s jednym
stupfiom volnosti pohybu su dané sucdinom dvoch matic,
kondtantnej matice apremennej matice. Derivacie
transformacénych matic zakladnych pohybov mozno nahradit
nasobenim tychto matic maticovym diferencialnym
operatorom oznacenym D, D ,,, D, D, D, D [1].

Pri rieSeni dynamiky kinematickych retazcov sa vyuzivaju
Lagrangeove rovnice Il. druhu. Na jednozna¢né urcéenie
okamZitej polohy je potrebné poznat n zovSeobecnenych

suradnic ¢, ¢,, ..., q,- Po prislusnych uUpravach sa
zostavia pohybové rovnice v tvare [2]:
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S sfBinET)s, +

=k j=1
. (1)
33 oo - es,zm,sikri}-ok,
=k j.I=1 =k
alebo
Zaqu,+iZalkq i+ ay, =Qy, k=1,...,n. (2)

J= =g

Sustava n viazanych nelinearnych diferencidlnych rovnic
(2) vyjadrujuca dynamické vlastnosti manipulatora sa méze
vyjadrit rovnicou :

Ayg+ay +a, =ag, (3)
po Uprave:

=8y ~8, -8, )
kde

ap = Aglap, (5)
3, =Aq'a,, (6)
3, =Ag'a,. (7)

Jednotlivé koeficienty v rovnici (2) maju tvar:

> sBirByT), ®)

36} =

l:max(i,k)

n
Ji_ ji KT
ail =, Y S(BIT,BN),
l:max(i,j,k)

lakj=1
s J_ . L, k=1,...,n (9)

2akj#1

(10)

T
n
4y, = & ®3[Zln,-BlfriJ .

kde:

aé « - Su koeficienty tykajuce sa zrychleni v kinematickych
dvojiciach,
3#' su koeficienty tykajuce sa rychlosti v kinematickych

dvojiciach,

a,, - su koeficienty zohladrujuce gravitaciu,

®, =[0,0.1,0]",
Podla [2] je:

i=1,....n (11)

sevey

B, =T,T,.T,= [ [T«.
k=1

transformaéna matica urujuca vztah medzi suradnicovym
systémom C&lena i a vztaznym suradnicovym systémom,

8B. ZBqu ,

je derivacia matice B; podla €asu,

(12)
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. OB.
Bl=—1, Lj=1...,n (13)
oq;
je parcialna derivacia matice B{ podla g,
. i
Bl _9B; . i jk=1...n (14)
oqy

je parcialna derivacia matice B{ podla ¢, .

Z vlastnosti transformacnych matic T; dostavame vztahy:

B! =T,..T, ,D,T|T;,,..T;, ak j<i,

B}':O, ak j>1,

Bl =T,..T; \D;T;.. T, D, T,..T; , akj<k<i
Bl =T,..T; \DjT,..T, , akj=k<i

Bk =0, ak j>i ak>i (52)

kde: D;,D, - su maticové diferencialne operatory.

Koeficienty tykajuce sa zrychlenia st vyjadrené symetrickou
maticou A, typu nxn:

1 2 i n
dop  dop ct dgr 4
1 2 i n
Aoy dop Ayt dg
AO = 1 2 i n (1 6)
Aog  Aox 0 dox o Aok
1 2 i n
2011 3011 e ‘7011 o aOn
ki=1,...,n.
Vektor zovSeobecnenych zrychleni ma tvar:
q:[ql,qz,...,qk,...,qﬂ] , k=1,...,n (17)

VSetkych mxn vyrazov v sustave rovnic (2), ktoré sa tykaju
zrychlenia, sa mbze vyjadrit’ rovnicou:

a;=Aq (18)

Koeficienty tykajuce sa rychlosti v k-tej z n rovnic sustavy
(2) mdézu byt vyjadrené zvlast symetrickou maticou mxn
oznaCenou A,, a definovanou nasledovne:

11 12 13 1n
2a,  ay &y o Ay
12 22 23 2n
ay  2ay ay o ag
_| .13 23 33 3 _
Ay =| a, a7y 2a; - a | k=1,...,n. (19)
1n 2n 3n nn
ay Ay ay o 2ay
Vektor zovSeobecnenych rychlosti ma tvar:
. .o . . T
q= [ql,q2,...,qk,...,qu] , k=1,...,n. (20)

VSetkych Zi vyrazov, ktoré sa tykaju rychlosti v k-tejz n
=1
rovnic sustavy (2) sa mbéze napisat osobitne v tvare:

1. .
4" Aud @1)
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Na vyraz dany rovnicou (18) sa mbze pozerat ako na ¢len v
n rozmernom stlpcovom vektore oznacenom a, :

c-l’r‘gllc-l
qTAIZq

. (22)
q"Auq

qTAlnq
Koeficienty zohladiujuce gravitaciu sa moézu dalej vyjadrit
n rozmernym stlpcovym vektorom a, [3]:

k=1

seeesy

n. (23)

T
a, =[aZI,azz,...,aZk,...,a2n] ,

ZovSeobecnené sily (@, pobsobiace v kinematickych
dvojiciach k=1,...,n su vyjadrené n rozmernym vektorom
agp:

ag :[Q,Qz,---,Qk,.-.,Q,,]T, k=1,....n. (24)

Pre dané zovSeobecnené sily Q, (k=1,...,n) po integrovani

rovnic (4) ziskame aktualny pohyb manipulatora vyjadreny
vztahmi s <¢asovo sa meniacimi zovSeobecnenymi

premennymi q,,dy, G, (k=1,....,n).

Z rovnic (4) vyplyva, Zze v pripade sucasného pohybu
niekolkych  kinematickych  dvojic, pohyb v jednej
kinematickej dvojici ma dynamicky vplyv na pohyb ostatnych
kinematickych dvojic a silova dvojica resp. sila vyvodena v
urcitej kinematickej dvojici ma dynamicky vplyv na pohyb
ostatnych  kinematickych dvojic. PretoZze dynamické
koeficienty su zavislé na hodnotach premennych v
kinematickej dvojici, efekt dynamickej vazby medzi pohybmi
réznych kibov bude zavisly na aktualnom manipulatore a na
konfiguracii €lenov pocas pohybu. Koeficienty a,,,
zohladfiujuce gravitaciu, su zavislé na vzajomnej polohe
Clenov. Ostatné dynamické koeficienty su zavislé aj na
pohybovom stave €lenov. Zotrvaénost celého Clena je dana

koeficientmi aj, na diagonale matice A,. Dynamické
koeficienty agk ked 7=k popisuju mechanicku Strukturu
manipulatora. Na zaklade uvedeného postupu je mozné

vytvorit algoritmus zostavenia a rieSenia pohybovych
rovnic otvoreného kinematického retazca.

Aplikacia pohybovych rovnic pri navrhu a
optimalizacii

Tieto automatické logaritmy sa vyuzivaju v softwarovych
produktoch na vypocet dynamiky viazanych sustav. Jednym
z nich je aj nadstavba programu SolidWorks©
CosmosMotion.  V programe  SolidWorks©® sa na
realizovanie viazanych sustav vyuzivaju vazby. Tieto vazby
moézu pocas simulacie zastavat realne fyzikalne vlastnosti
ako su napr.: trenie, pruznost, timenie, atd. TaktieZ je dalej
mozné na jednotlivé vazby aplikovat sily alebo aj momenty
sil, aby sa virtualny model svojimi vlastnostami a reakciami
na prostredie, priblizil k vlastnostiam a reakciam v redlnom
prostredi. Tento program sme vyuZili pri navrhu kracajuceho
servisného robota a jeho optimalizacii. Na obr. 2 je
znazorneny CAD virtualny model 8 nohého servisného
robota[7], ktory konstrukéne vychadza z biologickych
principov osemnohych Zivo€ichov.

ATP Journal PLUS 1/2012| 24



Obr.2 CAD model servisného robota

Servisny robot je vybaveny servomotormi v pocéte 24 ks.
Takto ma 24° volnosti pohybu, 3° pre kazdi nohu a
kombinaciou pohybov jednotlivych motorov dochadza
k pohybu celého zariadenia. Zddvodu naro€nosti
konstrukcie a pohybov. Bol cely navrh vykonany v
softwarovych produktoch. Tam bol uvedeny model
testovany na rézne typy chddze po Standardnych typoch
povrchov. Zistovali sa dynamické uc€inky pri tychto
pohyboch a to potrebné krutiace momenty pre jednotlivé
motory a reakcie v miestach spojenia jednotlivych Casti.
Prvotné simulacie ukazali nespravne uloZenie taZiska
servisného robota, o spdsobilo nesymetrické rozloZenie sil
v zariadeni obr. 3. ajeho vysoka hmotnost, ktora by viedla
k zniZzeni Zivotnosti motorov servisného robota obr. 4. Na
zéklade tychto udajov doSlo kuprave polohy taZiska
a optimalizacii tvaru a hmotnosti robota. Tym sa docielilo
symetrické zatazenie motorov obr.5. a znizenie hodndbt
pozadovaného krutiaceho momentu obr. 6, pri pohybe
servisného robota.

Kratiace momenty servo-pohonov stehien
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Obr. 3 Potrebné krutiace momenty jednotlivych motorov
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Obr. 4 Potrebné kratiace momenty motorov pred
optimalizaciou
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Obr. 5 Symetrické rozloZenie zat'azenie
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Obr. 6 Znizené hodnoty potrebnych krutiacich
momentov jednotlivych motorov

Vysledkom  vyuzZitia  softwarovych  prostriedkov  so
schopnostou automaticky zostavovat pohybové rovnice su
zlozité mechatronické zariadenia, ako napr. 8 nohy kracajuci
servisny robot obr. 7, ktorého navrh by bol inak &asovo
velmi naro¢ny.

Obr. 7 Vysledny tvar 8 nohého servisného robota

Zaver

V praci je opisany postup dynamickej analyzy priestorovych
otvorenych kinematickych retazcov. Na zaklade tedrie
zakladnych matic sa zostavi model kinematického retazca
a pomocou tedrie Lagrangeovych rovnic Il.druhu sa
vygeneruje sustava pohybovych rovnic. Zostavenu sustavu
nelinedrnych diferencidlnych rovnic je mozné riesit
numerickymi metédami a ziskaju sa charakteristiky pohybu
jednotlivych  kinematickych dvojic — poloha, rychlost
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a zrychlenie v urcitych ¢asovych intervaloch. Tieto algoritmy
a postupy sa vyuzivaju v softwarovych prostriedkoch
sluZiacich na dynamicku analyzu zloZitych mechanizmov.
Ktorych €as navrh a optimalizacie je nasledne kratsi.

Prinos prace je hlavne didakticky. PredovSetkym v odboroch
Aplikovana mechanika a mechatronika uvedeny postup
prezentuje moznost konkrétnej realizacie maticovych
numerickych algoritmov pre automatizované generovanie
matematickych modelov atiez ich numerické rieSenie
pomocou uz existujucich softwarovych produktoch alebo
tvorbou vlastnych softwarov pre vypocet dynamickych
ucinkov pocas pohybu zlozitych mechanizmov.
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Abstract

The main objective of this work is to describe an algorithm
for automatic formulation of dynamic equations. Proposed
solution is based on use of transformation matrices and the
Lagrangian formulation method. This approach is suitable
for computer modeling of open-chain structures with any
number of degrees of freedom and with any combination of
types of joint. The work also presents an example of the use
of these equations in the design and optimization of walking
service robot for educational purposes
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Vyuzitie vykonovych grafov
pri dynamickej analyze
mechanickych systémov

Patrik éarga, Alexander Gmiterko, Miroslav Pastor

Abstrakt

Prispevok opisuje pouzitie metodoldgie vykonovych grafov pri modelovani dynamic-
kych systémov. Ako priklad je pouzity model mechanického systému s jednym stup-

fiom volnosti pohybu.

Kracové slova: mechatronika, vykonovy graf, dynamicky systém, stavové veliciny,

stavové rovnice, blokova schéma

Uvod

Pri navrhu mechatronickych systémov mnohi autori vyuziva-
ju opis mechatronickych systémov a ich komponentov po-
mocou vazbovych grafov nazyvanych aj vykonové grafy,
v anglickej literatire pomenovanych Bond Graphs. Uvedena
metdda nachadza vacsie uplatnenie v oblasti mechatroniky,
ale v prispevku je opisané vyuzitie vykonovych grafov aj
pre oblast mechaniky. Ukazany je postup modelovania
mechanického systému s jednym stuprfiom volnosti uvede-
nou metddou. Cielom je na zvolenom priklade jednoduché-
ho modelu demonstrovat’ moznosti a vyvhody modelovania
mechanického systému vykonovymi grafmi. Na rozdiel od
klasického modelovania, kde sa najskor vytvoria rovnice pre
jednotlivé komponenty a na zaklade nich sa vytvori simu-
lacnd schéma, metdda vykonovych grafov vyuziva opacny
postup.

Modelovany systém sa najprv rozlozi na podsystémy a ich
vzajomné vazby sa znazornia orientovanym grafom. Vznik-
ne najprv grafickd simulaéna schéma, z ktorej je potom
uvedenym postupom zostaveny matematicky model, ktoré-
ho dalSia pocitaCova simulacia je mozna v réznych progra-
movych prostrediach.

Postup pouzitia grafickej formulacie vazbovych, resp. vyko-
novych grafov je vysvetleny v jednotlivych Eastiach prispev-
ku.

Uvedenym formalizmom tvorby vykonovych grafov je po-
stupne zostaveny vykonovy graf rieSeného dynamického
systému a nasledne su zostavené jeho stavoveé rovnice. Tie
sa potom mozu dalej riesit v dostupnych programoch napri-
klad Matlab/Simulink.

Postup tvorby vykonového grafu

V nasledujucej Casti je opisany postup tvorby vykonového
grafu pre model linearneho mechanického systému s jed-
nym stupfiom volnosti uvedeného na obr. 1. Systém je
vytvoreny dokonale tuhym telesom hmotnosti m pripevne-
nym o pevny ram pomocou pruziny tuhosti k a timi¢om
s linearnym viskdéznym timenim b tak, Ze teleso moze vyko-
navat’ priamociary pohyb v smere osi pruziny a timi¢a. Poci-
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tame s budenim mechanického systému harmonicky pre-
mennou silou F(f). Bude nas zaujimat odozva mechanické-
ho systému s jednym stupfiom volnosti na budenie systé-
mu silou F(t), ktora bude znamou funkciou ¢asu.

k ITl b
o— | R.P.
m
‘ x(1), v(t)
lF(t)

Obr.1 Mechanicky systém s jednym stupnom volnosti
pohybu s budiacou silou F(f)

Fig.1 Damped mass-spring system with one degree of
freedom

Postup tvorby vykonového grafu je opisany postupne
v jednotlivych krokoch.

Krok 1.:Identifikujeme vSetky prvky systému (obr. 1):

Induktor — m (l:m),
Kapacitor — k (C:k),
Rezistor — b (R:b),
Zdroj tsilia e — F(t) (SE: F(t)),

Krok 2.: Vyznacime referenénu rychlost v = 0 s kladnou
orientaciou smeru (obr. 2).

Vief = 0
7

Obr.2 Vyznacenie referenénej rychlosti
Fig.2 Reference velocity

Krok 3.: Identifikujeme vSetky body s odliSnou rychlostou
a zakreslime ich (obr. 3).
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Obr.3 Vyznacenie bodov s odliSnou rychlost’'ou
Fig.3 Marking points with different velocity

Krok 4.: Vyznacime tieto rychlosti graficky pomocou uzlov
typu 1. Oznac&ime si rychlost’ v4=v(f) (obr. 4).

1,

ref

1,

1
Obr.4 Vyznacenie rychlosti v uzloch typu 1
Fig.4 First skeleton of Bond Graph
Krok 5.: Identifikujeme rozdiely rychlosti potrebné na pripo-

jenie bran vsetkych prvkov zistenych v kroku 1. Urime
rozdiely rychlosti vi-vier = V1

Krok 6.: Doplnime uzly typu 0 a skon$truujeme rozdiely
rychlosti vyuZitim uzla typu 0 podla nasledujuceho obrazku
(obr. 5). Uzlova Struktira je teraz pripravena aje mozné
pripojit jednotlivé prvky definované v prvom kroku.

Obr.5 Pripojenie uzlov typu 0
Fig.5 Connecting the junctions of type 0

Krok 7.: Pripojime brany vSetkych prvkov zistenych v prvom
kroku k uzlom typu 1, ktoré odpovedaju danym rychlostiam
(obr. 6).

1 R:b
Vref
\

Vief Vi

O = 1 > Ck
y

- v
Vi Veet At

1

F
SE:F(t) = 1 = Lm
Y Vi Y

Obr.6 Pripojenie bran vsetkych prvkov
Fig.6 Connecting the gates of all elements

Krok 8.: Zjednodusime vysledny vykonovy graf aplikovanim
pravidiel zjednodusenia.

|atp|journal| nodelovanie a simulécia mechanickych a mechatronickych systémov

R:b
Fb V1
F E
SE:F(t) > ] — Im
Vi A Vi
Fk V1
C:k

Obr.7 Zjednoduseny vykonovy graf
Fig.7 Simplified Bond Graph

Krok 9.: V zjednodu$enom grafe (obr. 7) vyznacime integ-
ralnu kauzalitu. Najprv vyznacime kauzalitu pri zdroji Usilia,
potom vyzna€ime integralnu kauzalitu pri induktore
a kapacitore a nakoniec podfa pravidiel pre kauzalitu v uzle
typu 1 uréime kauzalitu v rezistore (obr. 8).

R:b

Fb Vi

F E,
SE:F(t) 7| 1 77| I:m
\%

1 1 1

Fk V1

C:k
Obr.8 Vysledny vykonovy graf
Fig.8 The complete Bond Graph

Prechod od vykonového grafu k stavovej
schéme

Stavové schémy su zvlastnym pripadom blokovych schém.
Na rozdiel od vykonového grafu, v ktorom je znazorneny tok
vykonu je v stavovej schéme znazorneny prenos signalov
(fyzikalnych veli¢in) reprezentovany vykonovymi
a energetickymi veliCinami, ktoré v8eobecne oznacujeme
e (usilie), f (tok), p (zovSeobecnena hybnost),
q (zovSeobecnena suradnica). Zvlastnost stavovych schém
spocCiva v tom, Ze cela dynamika je modelovana elementar-
nymi akumulatormi energie t,j. integratormi. DalSimi blokmi
stavovych schém sublok pre nésobenie konStantou
a suctovy ¢len.

Prechod od vykonového grafu k stavovej schéme je mozné
vykonat' v troch krokoch. Cely postup je demonstrovany
na rieSenom priklade.

Krok 1.: VSetky symboly uzlov vykonového grafu zakriuzku-
jeme a jednotlivé hrany vykonového grafu sa nahradia pa-
rom signélovych hran s kauzalitou v sulade s vykonovym
grafom na obr. 8.

A—B

Obr.9 Priklad vykonového grafu
Fig.9 Example of Bond Graph

A—B
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Uprava vykonového grafu s vykonovymi hranami na vyko-
novy graf z dvojicou signalovych hran je na obr. 9.

Podla vykonového grafu na obr. 8 zakrizkujeme dalej sym-

boly uzlov (obr. 10). ®
& O O
©

Obr.10 Vyznacenie symbolov uzlov a prvkov vykonoveé-
ho grafu

Fig.10 Indicated by the symbol junctions and elements
of Bond Graph

Krok 2.: Hrany vykonového grafu nahradime parom signa-
lovych hran a zakrizkované symboly uzlov pospajame tymi-
to parmi signalovych hran. Orientaciu signalovych hran
robime v sulade s vyznacenou kauzalitou (obr. 8) ako uka-
zuje nasledujuci obrazok (obr. 11).

R

Bl v
THOMO
R |v

C

Obr.11 Rozélenenie vykonovych hran na dvojicu signa-
lovych hran vo vykonovom grafe

Fig.11 Bond Graph with two signal edges

V pripade, ze uvazujeme idealny zdroj sily vykonovy graf
s dvojicou signalovych hran bude v tvare na obr. 12.

Obr.12 Vykonovy graf s dvojicou signalovych hran
pri idealnom zdroji usilia

Fig.12 Bond Graph with two signal edges in case of
ideal effort

Krok 3.: VSetky zakruzkované uzly nahradime blokovou
Strukturou.

Uzol typu 1 vo vykonovom grafe nahradime blokovou
schémou nasledovne. V uzle typu 1 (obr. 11) spocitame
usilia, nahradime ho suc¢tovym ¢lenom. Do suctového ¢Elena
vstupuje F(f), Fx, a Fp lebo maju kauzalnu znacku pri uzle
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typu 1 a vystupuje zneho Usilie Fn. Usile e; vstupuje
do induktora /. Pre toky plati rovnost fi=f,=f3=f4 . Pridame
rozvetvovaci uzol pre rychlosti.

Vi

Vi \41

rozvetvovaci uzol
pre rychlosti

Obr.13 Blokova schéma
Fig.13 Block diagram

V pripade idealneho zdroja usilia (sily) bude blokova sché-
ma v tvare (obr. 14):

Vi

rozvetvovaci uzol
pre rychlosti

Obr.14 Blokova schéma s idealnym zdrojom usilia
Fig.14 Block diagram in case of ideal effort

Ak je vystupné usilie na vykonovej hrane orientovanej
od uzla, potom sa ostatné usilia na vazbach orientovanych
do uzla beru ako kladné. Pokial by Sipka iSla opa¢ne, pova-
ha znamienka sa zmeni.

Pre induktor plati integralna kauzalita a podla tab. 1 bude
zapojenie znazornené v blokovej schéme na obr. 15, res-
pektive v pripade idealneho zdroja usilia v blokovej schéme
na obr. 16.

Aplikovanim pravidiel uvedenych v tab. 1 zostavime
z blokovej schémy na obr. 13, blokovu schému zndzornenu
na dalSom obrazku (obr. 15). V blokovej schéme na obr. 14
uvazujeme s idealnym zdrojom sily F(t) a blokova schéma je
potom na obr. 16.
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Typ prvku v blokovej Zapojenie prvku
schéme v blokovej schéme
Fiy ] p(D)
E, : [~ |
\'% v B
m
v
F
L \4
\4
Fb
F
F, k v
v :
x(t)

Tab.1 Typy prvkov vykonového grafu induktor /, rezistor
R a kapacitor C a ich zobrazenie s dvojicou signa-
lovych hran a zobrazenie v blokovej schéme

Tab.1 Types of elements in Bond Graph

Znamienko pri suctovom ¢lene pri Usili Fp na signalovej
hrane vo vykonovom grafe na obr. 13 je zaporné, nakolko
orientacia vykonovej hrany vo vykonovom grafe na obr. 8 je
opacna ako orientacia signalovej hrany usilia F, vo vykono-
vom grafe na obr. 11. Podobne pre Usilie Fx znamienko
pri su¢tovom ¢lene na signalovej hrane vo vykonovom grafe
obr. 13 je zaporné, nakolko orientacia vykonovej hrany
vo vykonovom grafe na obr. 8 je opacna ako orientacia
signalovej hrany usilia Fx vo vykonovom grafe na obr. 11.

b Vi

SEHﬂfi\ mepw

p(t)

Vi tVi[1]
[y

k| |J
x® 1 ¥x()

Obr.15 Blokova schéma mechanického systému
s jednym stupnom vorlnosti

Fig.15 Block diagram of damped mass-spring system
with one degree of freedom

Ak uvazujeme ideadlny zdroj usilia potom bude blokova
schéma v tvare na obr. 16:

|atp|journal| nodelovanie a simulécia mechanickych a mechatronickych systémov

p(t)

p(t)

k| S
x| Ix®

Obr.16 Blokova schéma mechanického systému
s jednym stupnom volnosti s idealnym zdrojom
usilia

Fig.16 Block diagram of damped mass-spring system
with one degree of freedom in case of ideal effort

Vol'ba stavovych premennych

Stavové premenné dynamického systému su energetické
premenné, t.j. zovSeobecnené suradnice (posunutie, draha)
a zovSeobecnené hybnosti.

Okamzita hodnota tychto premennych reprezentuje tzv. stav
dynamického systému. Takymito veli¢inami su iba tie velici-
ny, ktoré opisuju okamzity stav elementarnych akumulatorov
energie av stavovej schéme su to vystupy integratorov.
Na tychto vystupoch su zov8eobecnené posunutia alebo
hybnosti (obr. 15 resp. obr. 16).

Za stavovu veli€inu je mozné zvolit' aj akukolvek inu veligi-
nu, ktord je od vystupu integratora priamo odvodena
cez konstantu alebo nelinearnu ale jednozna¢nu funkciu.
Za stavové veliCiny potom spravidla volime prisludné usilie e
namiesto zovSeobecnenej suradnice q atok f miesto
zovSeobecnenej hybnosti p.

Zostavenie stavovych rovnic

Zostavenie stavovych rovnic z blokovej schémy na obr. 16
vykoname v troch krokoch. Za stavové veliiny su najprv
zvolené posunutie x(f) a hybnost p(f).

Krok 1.: Uréime vstupné veliiny a energetické stavové
veli¢iny. Vstupnymi veli€inami su vetky zdroje Usilia a tokov
uvedené vzdy v stavovej schéme. Stavovymi veliCinami
su vystupné veli€iny integratorov.

Pre rieSenu ulohu budu vstupné veli€ina a stavové veli€iny
ur¢ené nasledovne.

VSTUPNA VELICINA:  F(t) - budiacasila.
STAVOVE VELICINY :  1.x(t) - posunutie,
2. p(t) - hybnost .

Krok 2.: NapiSeme zaciato¢nu formulaciu stavovych rovnic.
Na lavej strane stavovych rovnic su v8etky derivacie stavo-
vych veli€in a na pravej strane stavovych rovnic je uvedena
kombinacia stavovych veli¢in. Na pravej strane budu uve-
dené veliCiny usilia alebo toku, ktoré su totoZzné s touto
derivaciou. Formulacia stavovych rovnic bude pri rychlosti
v(t)=v1 v tvare:
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dplt) (1)
dt " 1)

dx(r) e
a —V( ) 2

Krok 3.: Vyjadrime si veliCiny na pravej strane stavovych
rovnic ako funkciu stavovych veli¢in a vstupnych veli¢in.
Sila Fr, a rychlost v(f) su podla orientacie signalovych hran
v su¢tovom ¢&lene a pri zohladneni znamienok v blokovej
schéme na obr. 16 uréené nasledovne:

F(0)=F()-F,~F, -

m

= F(t)-ble)—k.x(t)=

k)Ll

n (4)

kde F(t) — sila je vstupna veli¢ina,
p(f), x(f) — hybnost a posunutie su stavové veli€iny,
p(t)=m.v(t) .
Stavové rovnice budu v tvare:
WO__b ) k() F ()
dt m 5
(5)
AO_1 )1 0.x()+0.F ()
dt m (6)

Stavové rovnice systému zapiSeme v maticovom tvare:

@O [_2 e [

t || om 1 RO

dx(r) 1

Sl w00l o -

Za stavovu veliCinu mdézeme zvolit aj posunutie x(f)
arychlost v(f). Postup zostavenia stavovych rovnic je
po Uprave pre nové stavové veli€iny opisany dalej.

VSTUPNA VELICINA:  F(t) - budiacasila.
STAVOVE VELICINY : 1. v(t) - rychlost,
2. x(t) - posunutie .

Ked rovnice (5) a (6) pre hybnost p(f)=m.v(f) dalej upravi-
me:

d(Lv(t))z—b.v(t)—k. x(t)+F(2)

dt (8)
&0 _,
dt 9)

potom stavové rovnice pre stavové premenné v(f) a x(f)
napiSeme po Uprave Vv tvare:

a0 __b -k

dt m m m (10)
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=0y

dt (11)

resp. zapiSeme stavové rovnice pre stavové premenné v(f)
a x(t) v maticovom tvare:

o)) -, K107 T
at | _|-—— —— —
=| m m|. +| m .F(t)
a0 0 ]l Lo
dt (12)

Ziskali sme sustavu diferencialnych rovnic prvého radu
so stavovymi premennymi rychlostou v(f) a posunutim x(f).

Ako dalSie stavové veli€iny si méZeme zvolit' usilia - silu Fy
a silu Fy, ktoré si vieme napisat v tvare:

1
F,=b.v,=b.—.plt)

m (13)
F, =k.x(t) (14)
RieSenie stavovych rovnic je dalej mozné vyuZitim existuju-
ceho mnozstva programov napriklad Matlab/Simulink.

Zaver

VacésSina beZne pouZivanych programovych systémov
pre simulaciu dynamickych systémov vyZaduje ako vstupné
data model vo forme rovnic v podobe blokovej schémy
(napr. Matlab/Simulink). Zostavit rovnice alebo nakreslit
blokovy diagram v8ak nie je u zlozZitejSich systémov jedno-
duché. Preto je vyhodné pouzit vykonovy vazbovy graf ako
medzi¢lanok, z ktorého je zostavenie rovnic a nakreslenie
blokovej schémy uz menej naro¢né.

Vykonovy graf sa vac¢sinou zostavuje lahSie a mozno z neho
lepSie vycitat dynamické vlastnosti systému, nez zo stavo-
vych rovnic alebo iného grafického modelu Specialne urce-
ného pre elektrické, mechanické ¢i iné systémy. Tuto vyho-
du ocenime aj vo vztahu k signalovej blokovej schéme.
Konstrukcia vykonového grafu zlozitych systémov velmi
Casto pomaha k pochopeniu fyzikalnej podstaty ich ¢innosti.

Metodolégia vykonovych grafov a algoritmizovany postup
tvorby opisujucich diferencidlnych rovnic je uzitocny
pri analyze dynamickych sustav s transformaciou réznych
foriem energie (zmieSanych systémov — mechanickej, elek-
trickej, hydraulickej a inych) vyskytujici sa v mechatronic-
kych sustavach a tu nachadza aj najvacSie uplatnenie[6],
[8].

Prispevok s jeho jednotlivymi ¢astami mdze byt po nalezi-
tom zvladnuti metodolégie vykonovych grafov a algoritmu
tvorby opisujucich jednoduchych diferencialnych rovnic,
prinosom pri rieSeni zloZitych mechanickych sustav pomo-
cou stavového opisu.

Prinos préace je hlavne didakticky. PredovSetkym v odbore
Mechatronika. Uvedeny postup prezentuje moznost kon-
krétnej realizacie tedrie vykonovych grafov.
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Abstract

The work shows the use of Bond Graph formalism for mode-
ling dynamic systems. As an example a mechanical model
of 1 DOF is solved by this approach at the level of its physi-
cal behavior. In contrast with the classical method, where
the equations for individual components are created first
and then the simulation scheme is derived on their basis,
the described method uses the reverse procedure.
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Simulacia mechanického systému
v Matlab/Simulink a SimMechanics

Darina Hroncova, Patrik éarga, Alexander Gmiterko

Abstrakt

V prispevku je opisané rieSenie mechanického systému s jednym stupfiom volnosti
pohybu klasickym spésobom v Matlabe , ako aj pomocou modelovania v Simulinku

a SimMechanics.

Kracové slova:, blokova schéma, stavové rovnice, pohybové rovnice, Matlab, Si-

mulink, SimMechanics

Uvod

Vyvoj ainovacia strojnych zariadeni prinaSa so sebou po-
Ziadavku poznania spravania sa systému v praxi uz pred
zapocatim vyroby. Overenie pracovnych podmienok na
realnych modeloch je finanéne a ¢asovo naro¢né, preto sa
pri vybere, overovani a optimalizacii novych strojnych zaria-
deni prechadza do oblasti po&itacovych simulacii.

Pri pocitaCovych simulaciach sa pracuje s pocitatovym
modelom, ktory je pomocnym objektom pomocou ktorého
rieS§ime problém pévodného realneho objektu. Pocitatovy
model umozfiuje na prijatelnej drovni zloZitosti priblizne
zistit spravanie sa pévodného objektu, ktorym mdze byt
kons&trukcia, mechanizmus resp. zariadenie. K realnemu
objektu sa méze vytvorit viac modelov, ktoré sa mdzu lisit
zloZitostou, naroénostou a efektivnostou vypoétu. Struktira
a parametre modelu rieSeného systému maju rozhodujuci
vplyv na pouZitefnost ziskanych vysledkov i cenu analyzy.
Idedlom je €o najjednoduchsi model, ktory re$pektuje tie
vlastnosti realnej kon&trukcie, stroja alebo zariadenia, ktoré
su z hladiska sledovanych javov podstatné.

Snaha o rieSenie realnych problémov az po Ciselny vysle-
dok si vyzaduje zjednoduSenie fyzikalnej reality.
V mechanike su formulované pojmy ako hmotny bod, tuhé
teleso, idedlna kvapalina, idealny plyn a podobne. Vyvoj
vedie v sulade s okamzitymi vypoc&tovymi moznostami od
najjednoduchSich modelov k postupnému reSpektovaniu
dalSich vplyvov az po velmi podrobné modely, ktoré su
rieSitelné len vd'aka vykonnej vypoctovej technike.

Simulovanie viachmotovych mechanickych systémov je
beznym problémom v inZinierskej praxi. Existuju rdzne prog-
ramové prostriedky, ktoré pristupuju k tejto ulohe bud rie-
Senim rovnic v symbolickom tvare alebo rieSia ulohu nume-
ricky na zaklade modelu pomocou abstrakinejSej
reprezentacie napr. pomocou blokovych schém. Do tejto
druhej kategdrie spada aj Matlab/Simulink a SimMechanics.

Nova nadstavba SimMechanics programového systému
MATLAB/Simulink rozSiruje moznosti Simulinku o prostried-
ky na modelovanie a simulaciu mechanickych systémov.
Obsahuje kniznice blokov zodpovedajuce realnym sucas-
tiam mechanickych sustav. Nachadzaju sa tu bloky predsta-
vujuce telesa, kibové spojenia, pohybové skrutky, timige,
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pruziny, senzory a akcéné cleny. Pomocou tychto blokov
mozno vytvarat aj modely zlozitych mechanickych sustav.

V Matlabe sa rieSia pohybové rovnice priamo pouzitim funk-
cii na numerické rieSenie diferencialnych rovnic. V SimMe-
chanics sa rieSia mechanické systémy pomocou blokovych
schém podobne ako v Simulinku. Blokové schémy v Sim-
Mechanics sa liSia od blokov Simulinku tym, Ze predstavuju
fyzické komponenty (napr. pruzina a timic¢) a geometrické a
kinematické vztahy priamo. Na rozdiel od toho bloky v Si-
mulinku reprezentuju matematické operacie. Fyzické mode-
lovanie v SimMechanics je preto intuitivnejSie, Setri ¢as a
znizuje pracnost pri odvodzovani pohybovych rovnic systé-
mu.

SimMechanics vSak zachovava schopnost vo svojich mode-
loch pouzivat aj bloky zo Simulinku. Toto dava moznost
napriklad vytvarat mechanicky model v SimMechanics a k
nemu riadiacu ¢ast v Simulinku v jednom spolo¢nom pro-
stredi. Simulacia rieSenych modelov je vykonana v prostredi
Matlab, Simulink a SimMechanics.

Vtomto ¢&lanku sa rieSi model mechanického systému
s jednym stupfiom volnosti pohybu v programoch Matlab,
Simulink a SimMechanics. Vysledkom su priebehy kinema-
tickych veli¢in mechanického systému v jednotlivych prog-
ramoch.

Mechanicky systém s jednym stupriom vol'’-
nosti - rieSenie v Matlabe

V tejto Casti je opisané rieSenie pohybovych rovnic mecha-
nického systému s jednym stupfiom volnosti. Zostavena
pohybova rovnica po numerickom rieSeni v programe Mat-
lab metédou Runge-Kutta poskytuje informaciu o priebehu
posunutia, rychlosti a zrychlenia v zavislosti na ¢ase. Prie-
behy veli¢in su graficky znazornené. Vypocet je urobeny pre
model budeny harmonicky premennou silou a nasledne je
simulovany pohyb pri vlasthom kmitani bez budenia. Zna-
zornené su priebehy velicin pri budeni harmonickou silou
s jej roznymi frekvenciami aj s frekvenciou rovnou vlastnej
uhlovej frekvencii kedy ddjde k rezonancii. RieSené su aj
pripady vlastného kmitania pri podkritickom, kritickom
a nadkritickom timeni mechanickeho systému. Priebehy
vychyliek pri vlasthom kmitani pri roznych hodnotach sucini-
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tela linearneho tlmenia b su graficky znazornené v grafe Priebeh x(t),v(t) v MATLAB-e: F(t)=sin(o*t), » = =

kvéli porovnaniu spravania sa mechanického systému. 3 n ﬂ o — )
X=X
Vypocet nehomogénnej linearnej diferencialnej rovnice 2 \ ” \ — v=y(1) ]
mechanického systému s jednym stupfiom volnosti je najprv 1 \ 1IN
vykonané v programe Matlab a potom aj v Simulinku a \ \ \ \ \
SimMechanics. V programe Matlab sa rieSia stavové rovni- _ 0
ce v maticovom tvare: % 1 / / / / / [ /
>
Ty kO] Za
N S N PN () <,
dx(r)
— 1 0 x(t) 0
dt 4
Pre zapis v Matlabe pouzijeme tvar diferencialnych rovnic 51
prvého radu: 6
dx(t) 0 5 10 15 20
— zv(t) t[s]
dt 2) b)
Priebeh x(t),v(t) v MATLAB-e: F(t)=sin(o*t), ® = 2*x
dv(t b k 1 250
DO __ b )-E @)+ F) - par]
dt m m m (3) — =)
Vypocitané su kinematické veli€¢iny mechanického systému 150 '
(obr. 1) pre zadané parametre: 100

m =4 [kg], b =0 [N/(m/s)], k = (4)* [N/m] , F(t)=Fo.sin(wt),
Fo=100 [N], uhlova rychlost w =1, w = 1, w = 21 a zXia-
to¢né podmienky x(0) = 0 [m], v(0) = O [m/s] v ¢asovom
intervale 0 <t < 20.

=3

I
< ——

50

oL

x [m], v [m/s]
o
>
—
—
—

‘.T
> -100 v
-150 v
F -200
b “ 250
I—m 0 5 10 15 20
t[s]
c)
Obr.1 Mechanicky systém s jednym stupfiom volnosti Obr.2 c\)li’jl‘;?-:-(y simulacie vMatlabe a) w=1, b) w=m,
Fig.1 Mechanical system with one degree of freedom Fig.2 Simulation results in Matlab a) w=1, b) w=,
Tvar m-suborov v programe Matlab je nasledovny: c) w=2m
function dx=funkciaTDS_F(t,x) M-subor pre numerické rieSenie diferencialnych rovnic po-
m=4; k=(4*pi)*2; b=0; mocou metddy Runge-Kutta:
F0=100; . [t,x]=oded45(@funkciaTDS_F,[0 20],[0.0;0.0]);
omega=pl, % [0 20] - doba simulécie, [0;0] - zaciato¢né podmienky
F=F0*sin(omega™t); % ode45 - metdda Runge-Kutta Stvrtého radu
dx=[x(2); -k * x(1) / m-b * x(2) / m + F/m]; figure(1)
Priebeh x(t),v(t) v MATLAB-e: F(t)=sin(o*t), ® = 1 pIot(t,x)
15 e title('Priebeh x(t),v(t) v MATLAB-e: F=sin(\omega*t), \omega
- =\pi');
1 ) il xlabel(t [s]'); ylabel(’x [m], v [m/s]);
L
05 J\ A \ legend('x=x(t)",'v=v(t)");
g } \\ /U\ \ n \ )(r A \\ U Tvar kinematickych veli€in rieSeného systému ziskame
S 1\, n A v grafickej podobe (obr. 2).
= I N I Pri viastnom kmitani sa definuje zaciato&na podmienka pre
< posunutie x0=0,025 [m] arychlost v0=0 [m/s]. M-subor
05 V Ry U v v Matlabe je v tvare:
] [t,x]=oded45(@funkciaTDS,[0 6],[0.025;0.0]);
) % [0 6] - doba simulécie, [0.025;0] - zaCiatocné podmienky
% ode45 - metdda Runge-Kutta Stvrtého radu
-1.5 figure(2)
0 5 t1[g] 15 20 plot(t.x)
a) title('Priebeh x(t),v(t); MATLAB: x(0)=0,025;v(0) =0");

xlabel('t [s]"); ylabel('x [m], v [m/s]’);
grid on;
legend('x=x(t)','v=v(t)");

V Matlabe sa uréi funkcia pre zadané parametre m=4;
k=(4*pi)*2; b=10; FO=0; omega=0 v tvare:
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function dx=funkciaTDS(t,x)

m=4; k=(4*pi)"2; b=10;

F0=0;

omega=0;

F=F0*sin(omega*t);

dx=[x(2); -k *x(1) / m - b * x(2) / m + F/m];

V pripade podkritického timenia pri d8<wo a zadani nasledu-
jucich parametrov: m=4 [kg], k=(4)? [N/m], b=10 [N/(m/s)],
je timenie malé, systém kona timeny kmitavy pohyb. Prie-
behy kmitania su zndzornené na obr. 3.

Priebeh x(t),v(t) v MATLAB-e: x(0)=0.025,v(0)=0

0.08

X=X(t)

e ==
PN A O
-0.02 \IV 7/ -

I

I

I

x [m], v [m/s]

-0.04

-0.06

-0.08

-0.1 v

-0.12
0 1 2 3 4 5 6
t[s]
Obr.3 Vysledky simulacie — podkritické timenie
Fig.3 Simulation results — sub - critical damping

V pripade kritického timenia pri 8=wo a zadani nasledujucich
parametrov: m=4 [kg], k=(41)? [N/m], b=50,2656 [N/(m/s)],
je timenie kritické, systém kona hrani¢ny aperiodicky pohyb
ide o aperiodické spravanie na hranici aperiodicity. Priebehy
kmitania su znazornené na obr. 4.
Priebeh x(t),v(t) v MATLAB-e: x(0)=0.025 v(0)=0
0.03
0.02 A >0

: \ [ —— v=u(t)
0.01

0

-0.01

-0.02
-0.03 /
-0.04 \ /
-0.05 \/

-0.06

x [m], v [m/s]

0 0.5 1 15 2
t[s]
Obr.4 Vysledky simulacie - kritické timenie
Fig.4 Simulation results - critical damping

25 3

V pripade nadkritického timenia pri & >wo a zadani nasledu-
jucich parametrov: m=4 [kg], k=(41r)* [N/m], b=130 [N/(m/s)],
je timenie velké, systém kona aperiodicky pohyb. Priebehy
kmitania su znazornené na obr. 5.

Priebeh x(t),v(t) v MATLAB-e: x(0)=0.025,v(0)=0
0.03

0.02 \

x=X(t)
v=v(t)

o
o
=

x [m], v [m/s]
o

S~
e

o
o
=

/

0 1 2 3 4 5 6
t[s]
Obr.5 Vysledky simulacie — nadkritické timenie
Fig.5 Simulation results — super - critical damping
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o
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RiesSenie mechanického systému
v prostredi Simulink

V tejto Casti sa opisuje uréenie odozvy mechanického sys-
tému na budenie harmonicky premennou silou F(t). Pri rie-
Seni v Simulinku sa z diferencialnych rovnic prvého radu (2)
a (3) zostavi blokova schéma na obr. 6.

RieSenie nehomogénnej diferencialnej rovnice v programe
Simulink je urobené pre mechanicky systém (obr. 1) s pa-
rametrami:

m =4 [kg], b =0 [N/(m/s)], k = (4m)* [N/m] , F(t)=Fo.sin(wt),
Fo=100 [N], uhlova rychlost w =1, w =T, w=2mTa
zacCiato¢né podmienky x(0) = 0 [m], v(0) = 0 [m/s], v Caso-
vom intervale 0 <t < 20.

Gan Integrator

=

Scopel

smout_x_v_a_F

Censtant Sine Wave,
To Workspace x v a

Integratorl

w | |

Scopel

Gainl

Obr.6 Blokova schéma v Simulinku
Fig.6 Block diagram in Simulink

Po zadani hodnét v prikazovom riadku Matlab-u a spusteni
rieSenia ziskame priebehy posunutia, rychlosti a zrychlenia
v zavislosti na ¢ase na vystupnych blokoch Scope, Scopef,
Scope2, Scope3.

Grafické znazornenie vysledkov rieSenia
v Matlabe (obr. 7).

% Vykreslenie priebehu kinematickych veli¢in
figure(3)

set(3,'Name','priebeh x(t), v(t), a(t) v Simulinku")
plot(ScopeData.time,ScopeData.signals.values(:,1:3),...
'LineWidth', 2)

title('Priebeh
x=x(t),v=v(t),a=a(t),Simulink:m=4kg,F=sin(\omega*t),...
\omega=2*\pi"),

legend('x=x(t) ', 'v=v(1)', 'a=a(t)"),

xlabel('t [s]"),

ylabel('x [m], v [m/s], a [m/s"2]),

je urobené

grid on
Priebeh x=x(t),v=v(t),a=a(t);Simulink:m=4kg,F=sin(w*t),0=1
5
" R x=x(b) ||
4 v=v(t)
afl | \ ) a=a(t)|l
& 2
E‘ 1
@ s
% o %ﬂ\\ o it N
£ I Ay
> u Lr V’
E
< 2
3 {
4
5O 5 10 15 20
t[s]
a)
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Priebeh x=x(t),v=v(t),a=a(t);Simulink:m=4kg,F=sin(w*t),o=n Priebeh x=x(t),v=v(t);Simulink:m=4kg,F=sin(w*t),0=2*r

250
x=x(t) x=x(t)

20 ’l‘ ! =iy [1 200 v=v(t)

15 a=at) - 150 n \
& 10 4 ) I 1 4 I 100 f
& il o T
g o ok NAANA
£ E L VN
Sl | < T
< -10 V- ¥ ¥ -100 i

-15 -150 H

20 i i i i 200

25 5 10 15 20 2505 5 10 15 20

t[s] tfs]
b) c)
Priebeh x=x(t),v=v(t),a=a(t);Simulink:m=4kg,F =sin(o*t), 0=2*1 Obr.8 Vysledky simulacie a) w=1, b) w=m, c) w=2m
0 T =0 Fig.8 Simulation results a) w=1, b) w=m, c) w=2m

1500 A Priebehy posunuti pri w=1 (obr. 9), w=T (obr. 10) , w=21

1000 A - (obr. 11) sa graficky znazornia v tvare:

500 | n l j Priebeh x=x(t);Simulink:m=4kg,F=sin(®*t),0=1

A AR AT ==
— N/ A
]

x [m], v [mis], a [m/s?]
o

-1500

L amuy
-2000, 5 10 15 20 0.2
tfs] o \\ / r} \ I
) ool ] [
Obr.7 Vysledky simulacie a) w=1, b) w=m, c) w=2m vy \ V
Fig.7 Simulation results a) w=1, b) w=m, c) w=2m 08, 5 10 15 20

t[s]

Obr.9 Priebeh vychylky v Simulinku (w=1)
Fig.9 History of displacement in Simulink (w=1)

Priebehy vychylky a rychlosti pri roznych uhlovych frekven-
ciach su v tvare (obr. 8):
Priebeh x=x(t),v=v(t);Simulink:m=4kg,F=sin(®*t),0=1
15 Priebeh x=x(t);Simulink:m=4kg,F=sin(»*t),0=r
| x=x(t) 15

PR T T IR eastasin
L f iRiminivbInIminiE
L . S

I [ 4

o
[

——T
—

x [m], v [m/s]
o

x [m]

_—

15
5 10 15 20
t[s] 15 5 10 15 20
t[s]
a) Obr.10 Priebeh vychylky v Simulinku (w=1r)
Priebeh x=x(t),v=v(t);Simulink:m=4kg,F=sin(o*t),o=r Fig.10 History of velocity in Simulink (w=1r)
3 —
ﬂ n n n n | x=x(t) Priebeh x=x(t);Simulink:m=4kg,F=sin(»*t),0=2*r
2 I v=v(t) ] 40
ALIUL T TV T e =

\ 30 T

z 1V (Y Y 2 i
£ = LY
) * oV
) h -20 UU ]
S U V v LR
l;)s % 5 t1[g] 15 20

Obr.11 Priebeh vychylky v Simulinku (w=21r)
Fig.11 History of acceleration in Simulink (w=21r)
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Vysledky rieSenia v Simulinku (obr. 8) su podla oakavania
zhodné s vysledkami rieSenia v programe Matlab (obr. 2).

RiesSenie v SimMechanics

V tejto Casti je opisana simulacia odozvy nehomogénnej
diferencialnej rovnice v programe SimMechanics.

Riesi sa systém pre nasledujuce parametre:

m =4 [kg], b =0 [N/(m/s)], k = (4m)* [N/m] , F(t)=Fo.sin(wt),
Fo=100 [N], uhlovéa rychlost budew =1 , w =1, w = 21
a zaciato¢né podmienky x(0) = 0 [m], v(0) = 0 [m/s]

v ¢asovom intervale 0 <t =< 20.

Env il }— }«
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Sing Wawe

Obr.12 Schéma v SimMechanics
Fig.12 Block diagram in SimMechanics

Grafické znazornenie priebehov posunutia, rychlosti
a zrychlenia v SimMechanics su zobrazené v tvare
na obr. 13.
Priebeh x=x(t),v=v(t),a=a(t);SimMechanics:m=4kg,F=sin(o»*t),m=1
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Priebeh x=x(t),v=v(t),a=a(t);SimMechanics:m=4kg,F=sin(w*t),0=2*r

2000
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a=a(t)
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©
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Obr.13 Vysledky simulacie v SimMechanics pri a) w=1
b) w=1r c) w=2m
Fig.13 Results of simulation in SimMechanics for a) w=1
b) w=1r c) w=2m

Opat su vysledky rieSenia v SimMechanics (obr. 13) podia
oc¢akavania zhodné s rieSenim v programe Matlab (obr. 2)
a Simulink (obr. 8).

Zaver

V prispevku je opisané zostavenie pohybovych rovnic me-
chanického systému s jednym stupfiom vofnosti v programe
Matlab/Simulink a jeho toolboxe SimMechanics. RieSenie
pohybovej rovnice v programe Matlab metédou Runge-Kutta
poskytuje informaciu o priebehu posunutia, rychlosti
a zrychlenia v zavislosti na Case. Priebehy kinematickych
veli¢in su graficky znazornené. Vypocet je urobeny pre
model budeny harmonicky premennou silou a tiez je simulo-
vany pohyb pri vlastnom kmitani s timenim. Znazornené su
priebehy veli€in pri budeni harmonickou silou pri jej r6znych
frekvenciach. Mechanicky systém je budeny aj silou
s budiacou frekvenciou rovnou vlastnej uhlovej frekvencii,
kedy déjde k rezonancii. Uvedené su aj pripady vlastného
kmitania pri podkritickom, kritickom a nadkritickom timeni
mechanickej sustavy. RieSenia su urobené v Matlabe,
v Simulinku a v SimMechanics, ¢im je nazorne ukazana
metodika rieSenia v jednotlivych prostrediach programu
MATLAB/Simulink s ich vyhodami a mozZnostami pouZitia[3],
[5].

Prinos préace je hlavne didakticky. PredovSetkym v odbore
Mechatronika uvedeny postup prezentuje moznost konkrét-
nej realizacie rieSenia pohybovych rovnic jednoduchého
modelu mechanického systému v programe Matlab, Simu-
link a SimMechanics.
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The main objective of this article was to show different ap-
proaches to mechanical system modeling in Matlab.
A simple mechanical model is used to show the advantage
of physical modelling used in Simulink and SimMechanics.
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State-Space a Transfer Function pri
dynamickej analyze mechanickych
systémov v Matiab/Simulink

Peter Sivak, Darina Hroncova

Abstrakt

V prispevku sa opisuje rieSenie stavovych rovnic v stavovom priestore pomocou
bloku State-Space v programe Matlab/Simulinku. RieSi sa mechanicky systém
s jednym stupfiom volnosti pohybu. Vypocet kinematickych veli€in systému pouzitim
bloku State-Space sa porovnava s rieSenim pomocou bloku Transfer Fcn v Simulin-
ku. Pohybové rovnice mechanického systému su odvodené Lagrangeovymi rovni-
cami Il. druhu a Hamiltonovymi rovnicami. Kontrola rieSenia je realizovana klasicky
rieSenim sustavy diferencialnych rovnic v programe Matlab metédou Runge-Kutta.

Kracové slova: blokova schéma, stavové rovnice, pohybové rovnice, Matlab, Simu-

link, State-Space, Transfer Fcn

Uvod

V prvej Casti prispevku je odvodena pohybova rovnica jed-
noduchého mechanického systému s jednym stupfiom vol-
nosti pohybu pouZitim Lagrangeovych rovnic Il. druhu. Po-
mocou Hamiltonovych rovnic sa urCia stavové rovnice
mechanického systému.

Ciefom je opisat pouzitie blokov State-Space a Transfer
Fcn pri rieSeni dynamickych systémov v programe Mat-
lab/Simulink. Kontrola vypoctu sa robi priamym rieSenim
v Matlabe. Vysledkom su priebehy kinematickych veli€in
mechanického systému.

Mechanicky systém s jednym stupriom vol'’-
nosti

V jednotlivych €astiach prispevku je opisané zostavenie
pohybovej rovnice mechanického systému s jednym stup-
fiom volnosti (Obr. 1) aplikovanim Lagrangeovych rovnic
Il. druhu a Hamiltonovych rovnic.

AT

K ~

A LR

— m

Obr. 1 Mechanicky systém s jednym stupnom volnosti
Fig. 1 Mechanical system with one degree of freedom

Zostavena pohybova rovnica po numerickom rieSeni
v programe Matlab metédou Runge-Kutta poskytuje infor-
maciu o priebehu posunutia, rychlosti a zrychlenia
v zavislosti na Case. Vypocet je urobeny pre model budeny
harmonicky premennou silou.
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UvaZujeme mechanicky systém s jednym stupfiom volnosti
pohybu, ktory tvori teleso hmotnosti m upevnené pomocou
pruziny tuhosti £ a timi¢a so sucinitefom linearneho timenia
b o pevny ram. Systém vykonava priamociary pohyb v sme-
re osi pruziny a timi¢a. Hmotnost' pruziny zanedbame. Me-
chanicky systém je budeny harmonicky premennou silou
F(t)=Fsin(wt). Teleso vykonava priamociary vynuteny
kmitavy pohyb.

Uréenie pohybovej rovnice mechanického
systému s jednym stupiiom vol'nosti aplika-
ciou Lagrangeovych rovnic Il. druhu

Pri zostaveni pohybovej rovnice priamociareho vynuteného
kmitania linearnej sustavy pomocou Lagrangeovych rovnic
Il. druhu je nutné vyjadrit kinetickl energiu, potencialnu
energiu systému a disipativhu funkciu. Pre mechanicky
systtm naobr.1 je zovSeobecnena suradnica ¢g=x

a zovieobecnena rychlost ¢ = x.

|
Kineticka energia E = 5 mx?, (1)
g , |
potencialna energia Ep = 5 kx”, (2)
N : 1, .,
disipativna funkcia D= 5 bx~, (3)

zovSeobecnena budiaca sila O, = F(t),
kde X - je velkost posunutia telesa,
X - je velkost rychlosti telesa,
F(?) - je budiaca sila.

Lagrangeova rovnica Il. druhu je v tvare
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d (0E,| O0E, OE,
= - =— - —+0,. 4
dt( dx J dx ox oz 2 @

Po vykonani prisluSnych parcialnych derivacii a ich dosade-
ni do rovnice (4) ziskame pohybovu rovnicu
mi¥ +bi+kx=F(), (5)
odkial pre velkost zrychlenia bude platit
. b . k 1
x=——x——x+—F(t). (6)
m m m
Rovnica je z matematického hladiska nehomogénnou line-

arnou diferencialnou rovnicou 2. radu s konstantnymi koefi-
cientami.

Uréenie stavovych rovnic mechanického
systému pouzitim Hamiltonovych rovnic

Pri uréeni stavovych rovnic sa vhodne vyuzivaju Hamiltono-
ve rovnice. Hamiltonova funkcia H=H(q,p) zahffa kineticku
a potencialnu energiu

H=F + Ep . (7)
Hamiltonove rovnice su vyjadrené

0q OH

o9 _°1 (8)
ot Op

0 OH

2= ©)
ot oq

Stavovymi premennymi mechanického systému z obr. 1 su
posunutie g a hybnost’ p. Kineticka energia mechanického
systému je vyjadrena pomocou hybnosti v tvare
2 2
I . 1
E,=—m¢*=—m L A (10)
2 2 m 2m

kde g - rychlost telesa,
p -hybnost, p=mgq.

Potencialna energia (11)

1. 5
Ep = E k q -
Rayleighova disipativna funkcia R = % b q'2 : (12)

ZovSeobecnena sila linearneho (viskozneho) tlmenia je
vyjadrena pomocou Rayleighovej disipativnej funkcie vzta-

OR
hom == —, (13)
9q
a(; b qZJ
po dosadeni O =— - =-bgq. (14)
aq
Zov$eobecnena sila Q) = F(t). (15)
Hamiltonova funkcia daného systému je v tvare
H=FE + Ep, (16)
2
p 1 2
H="—+—kqg". 17
om T2 (17)
Parcialne derivacie Hamiltonovej funkcie
oH _p (18)
op m
ot =kgq. (19)
oq

Stavové rovnice mechanického systému ziskame v tvare
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dq(t) _0H (20)
dt op
d plt O0H
—55)2 E"'Q"’QF' (21)
kde 0 =—bg=-bL 0,=F(). (22)
m
Stavové rovnice mechanického systému
dqi) 1
i , 23
=l (23)
o)) L ) ). 2
dt m
Stavové rovr_1ice v maticovom tvare
—dZt(t) o L [[q()] [o
= " F(t). (25
w7 b (t)+1 (). (@5
dt m p
Vektor stavEJ
q(1)
X= , resp. X= [q(t), p(t)] r (26)
()]

Takto odvodené stavové rovnice mechanického systému
s jednym stupfiom volnosti boli funkciami stavovych pre-
mennych — posunutia ¢(¢) a hybnosti p().

Pri zamene stavovej premennej p(¢) za stavovu premennu
v(t) ziskame Upravou pre p(f)=m.v(f) stavové rovnice

200 _ ), (@7)
av)__k q(t)- b w(t)+ lF(t) . (28)

dt m m m
Stavové rovnice v maticovom tvare

440)] r o 1 TTe() |o

dt
= . Filt).
dv(t) _k _2 ( ) + | (t) (29)
_dl m m vt 1
m
Vektor stavu
q(t)

X= , resp. X= [q(z), v(t)] T (30)

v(e)

Tym sme ziskali stavové rovnice mechanického systému
s jednym stupfiom volnosti so stavovymi premennymi -
posunutim ¢(#) a rychlostou v(¢).

RieSenie mechanického systému s jednym
stupniom volnosti - v stavovom priestore
pomocou bloku State - Space v Simulinku

VypoCet pohybovej rovnice mechanického systému
s jednym stupfiom volnosti je vykonany v programe Mat-
lab/Simulink pomocou blokov State-Space a Transfer Fun-
ction. RieSia sa stavové rovnice v maticovom tvare
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IR
dvEt) = _ﬁ _3 + 1 .F(t) (31)
7 m m % (t) m
Pre stavové rovnice
x(r)= A.x(¢)+ B.u(t), (32)
y(t)=C.x(t)+ D.u(z), (33)
upravené do tvaru
b X
["’}ZA.L :|+B.F(t) (34)
X
y= C.L } D.F(t), (35)

su jednotlivé matice mechanického systému s jednym stup-
nom volnosti

0 1 0
A= _£ _2 ’B:l ,
m m m

c=[1 o] ,D=[0], (36)
kde vstupom u(¢) je budiaca sila F(f) a vystupom y(¢) je
posunutie x(¢)

. 0 1
X

{}Z k b
v —_—— —_——

m m

X\t
y=[1 0].[ ( )}[0].&.

% (t) m
Po zostaveni blokovej schémy v Simulinku na (Obr. 2)
a zadani prislusnych parametrov systému: m =4 [kg], b =0
IN(m/s)], k = (4m)* [N/m] , F(t)=F,.sin(cwt), Fo=100 [N], uhlo-
va rychlost o = 1, w = n, w = 2x, zaciatocné podmienky
x(0) = 0 [m], »(0) = 0 [m/s] sa vypocitaju v Casovom inter-
vale 0 <¢<20 [s] kinematické veli€¢iny mechanického sys-
tému. V Matlabe definujeme velkosti jednotlivych matic
>>A=[0 1; ~(k'm) -(b/m)];

0
.{x} 1 |.F@), (37)
™

(38)

>> B=[0; 1/m];
>> C=[1 0]
>> D=[0];
—P F
To Workspace1
] )
Budiaca sila To Workspace
[\ x' = Ax+Bu |:|
\/ > y = Cx+Du

Sine Wave State-Space posunutie x

Obr.2 Blokova schéma v Simulinku
Fig.2 The block diagram in Simulink

Vystupy zobrazené v bloku Scope — posunutie x, pri roznych
frekvenciach budiacej sily w=1, w=n, w=2rn su znazornené
na obr. 3.
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. Frmurain ref || ol poms e Thee

Obr.3 Vysledky simulacie v Simulinku rieSenim pomo-
cou State — Space a) w=1, b) w=m, c) w=2m

Fig.3 Simulation results in Simulinku with State - Space
a) w=1, b) w=m, c) w=2m

Pre grafické zobrazenie vysledkov rieSenia sa vyuziva blok
Scope (Obr. 2). Po kliknuti na ikonu Parameters (Obr. 3), sa
otvori okno zobrazené na obr. 4.

]

Toee by righil clohing e aees

ALF ¥
[T IHTHAT

Ganal || Dats sy
[] Limil cask pois Vo et (5000

1] B diatn by wrknpece
Viariable mame. Scopelatel

Formal Saruciae with bive v

Lo ) [omea } [ tow ] [ 2o |

Obr.4 Nastavenie parametrov v bloku Scope
Fig.4 Setting parameters in the block Scope

V okne sa definuje meno premennej (Variable name)
na uloZzenie dat do pracovného priestoru (ScopeData1).
Data sa mo6zu ukladat vo formatoch: Structure with time,
Structure a Array. Po realizacii simulacie v Simulinku sa
vykresli pozadovany priebeh kinematickych veli¢in uloZe-
nych vo formate Structure with time v Matlabe
>>ScopeData1.time, ScopeData1.signals.values
>>plot(ScopeData1.time,ScopeData1.signals.values,'b’,'Line
Width', 1.5)
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Prenos mechanického systému a pouzitie
bloku Transfer Fcn v Simulinku

Po definovani prenosu systému

Y(s
G(s) = L ,

U(s)
kde Y¥(s) — je obraz vystupu systému y(¢),

U(s) — je obraz vstupu - budiacej sily F(¢)

a pre nulové zaciatocné podmienky y(0)=0, v(0)=0,
zapiSeme po Uprave pohybovu rovnicu (5) v tvare

mY(s)s® +bY(s)s +kY(s)=U(s).

Potom prenos systému

G(s)=— 1/m .
s+ (b/m)s+k/m
Po zostaveni blokovej schémy v Simulinku (Obr. 5) je vy-
sledkom rieSenia mechanického systému pomocou preno-
sovej funkcie (Transfer Fcn) vystup y(7), ktorym je posunutie
mechanického systému z obr. 1. Na obr. 6 a), b) ac) su
znazornené posunutia x(¢) pri roznych frekvenciach budiacej
sily F().

(39)

(40)

(41)

—p] F
To Workspace1
[ )
Budiaca sila To Workspace
1/m
/\ > L il 1]
V s<+b/m.s+k/m
Sine Wave Transfer Fcn posunutie x

Obr.5 Blokova schéma v Simulinku — Transfer Fcn
Fig.5 The block diagram in Simulink — Transfer Fcn
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&0 PPP ABE B A

Obr.6 Vysledky simulacie v Simulinku pomocou Trans-
fer Fcn a) w=1, b) w=m, c) w=2m

Fig.6 Simulation results in Simulinku with Transfer Fcn
a) w=1, b) w=m, c) w=2m

RieSenie pomocou State-Space a Transfer Function prina-
8a podla oCakavania rovnaké vysledky rieSenia Coho potvr-
denim je blokova schéma na obr. 7 a vystupy na blokoch
Scope1 a Scope2 (Obr. 8).

> E
To Woerkspace 1 I:l
Scopel
e :l ¥ = Ax:Bu X
v = Gx+Du
i i To Works
.ﬂl Budiaca sia F State Space o Workspace
Sine Wave L ZL
s=+b/m.s+m posunutie x
Transfer Fen1 |:|
Scoped

Obr.7 Blokova schéma v Simulinku — State — Space
a Transfer Fcn

Fig.7 The block diagram in Simulink — State — Space and
Transfer Fcn

Obr.8 Vystup — posunutie x=x(t) v bloku Scope 1 (State
— Space) a v bloku Scope 2 (Transfer Fcn)

Fig.8 Result — displacement x=x(t) at Scope 1 (State —
Space) and at Scope 2 (Transfer Fcn)

Kontrola rieSenia mechanického systému
s jednym stuprfiom vol'nosti - v programe
Matlab

Spravnost’ uvedeného spdsobu rieSenia mbéze byt vyhodne
realizovana v prostredi Matlab. RieSi sa sustava diferencial-
nych rovnic prvého radu, ktoré ziskame upravou pohybovej
rovnice (6). Znizime rad diferencialnej rovnice na dve dife-
rencialne rovnice 1. radu. Oznacime posunutie a rychlost

X =X, (42)

X, =X, (43)
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derivovanim podla ¢asu a upravou ziskame dve diferencial-
ne rovnice prvého radu

X =X,

: b k 1

Xy =——X, ——x+—F(z‘).

m m m

Pre zapis v Matlabe pouzijeme nasledujuci tvar diferencial-
nych rovnic prvého radu

(44)

(45)

E%Q:_%ﬂg_%ﬂg+%F@. (47)

Pre rieSenie v programe Matlab vytvorime dva m-subory.
Jeden s obsahom funkcie v zmysle definicie jazyka progra-
mu Matlab, v ktorej si v predpisanej forme zapiSeme dife-
rencialne rovnice 1. radu. Druhy m-subor bude Specifikovat
zaciatocné podmienky a Casovy interval integracie. Tento
subor bude volat zvoleny integrator Matlab-u napr. ODE45,
kde je jednym z argumentov funkcie aj nazov integrovanej
diferencialnej rovnice. Tvar m-suborov v programe Matlab
pre vysSie zadané parametre je nasledovny

function dx=funkciaTDS_F(t,x)

m=4; k=(4*pi)*2; b=0;

F0=100;

omega=2*pi;

F=F0*sin(omega*t);

dx=[x(2); -k *x(1) /m-b * x(2) / m + F/m];

M-subor pre numerické rieSenie diferencialnych rovnic po-
mocou metédy Runge-Kutta

[t,x]=oded45(@funkciaTDS_F,[0 201,[0;0]);

% [0 20] - doba simulécie, [0;0] - zaciato¢né podmienky

% ode45 - metdda Runge-Kutta Stvrtého radu

figure(1)

plot(t,x)

title('Priebeh x(t),v(t) v MATLAB-e: F=sin(\omega*t), \omega
=2%pi ");

xlabel('t [s]"); ylabel('x [m], v [m/s]’);

grid on;

legend('x=x(t)",'v=v(t)");

Tvar kinematickych veli€&in mechanického systému
s 1°volnosti pohybu ziskame v grafickej podobe na obr.9.

Priebeh x(t),v(t) v MATLAB-e: F(t)=sin(o*t), ® = 1
15

X=:
V=
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e liry

U
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-1.5
0
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Priebeh x(t),v(t) v MATLAB-e: F(t)=sin(o*t), o = =
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Priebeh x(t),v(t) v MATLAB-e: F(t)=sin(o™), © = 2*r
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Obr.9 Vysledky simulacie v Matlabe a) w=1, b) w=m,
c) w=2m
Fig.9 Simulation results in Matlab a) w=1, b) w=m,
c) w=2m

Vysledky rieSenia (posunutie x(f) pri réznych frekvenciach
budiacej sily) v Simulinku (obr. 3 ) a (obr. 6) st podla oca-
kavania zhodné s vysledkami rieSenia v programe Matlab
(obr. 9).

Zaver

V prispevku je opisané zostavenie pohybovych rovnic me-
chanického systému s jednym stupfiom vofnosti v programe
Matlab/Simulink a vyuZitie blokov State — Space a Transfer
function. RieSenie pohybovej rovnice v programe Matlab
metéodou Runge-Kutta poskytuje informaciu o priebehu
posunutia a rychlosti v zavislosti na ¢ase. Uvedené zavislos-
ti boli znazornené aj v grafickej podobe. Vypocet bol reali-
zovany pre model budeny harmonicky premennou silou.
Znazornené boli priebehy veli¢in pri réznych frekvenciach
budiacej sily vratane vlastnej uhlovej frekvencie, kedy doslo
k rezonancii. RieSenia  boli  vykonané v Matlabe
a v Simulinku, ¢&im je nazorne ukazana metodika rieSenia
v jednotlivych  prostrediach programu sich vyhodami
a moznostami pouZitia.

Uvedeny postup prezentuje moznost konkrétnej realizacie
rieSenia pohybovych rovnic jednoduchého modelu mecha-
nického systému v programe Matlab/Simulink. Prinos pri-
spevku je hlavne didakticky s prednostnym uplatnenim
v odboroch mechatronika a aplikovana mechanika.
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Abstract

The main objective of this article was to show different ap-
proaches to mechanical system modeling in Simulink using
State-Space and Transfer Function Blocks. These two
methods for modeling differential equations in Simulink was
discussed. A simple mechanical model with one degree of
freedom is used to show the advantage of physical model-
ing used in Matlab/Simulink.
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Semiautomatic mechatronic design:
The basis for a creation of models
for optimization with genetic

programming

Marian Klacik, Ladislav JuriSica, Anton Vitko, Peter Paszto, Jaroslav Hanzel

Abstract

The aim of this article are the desired properties of mechatronic systems, and the
desired properties of mechatronic systems design. In the mechatronic design
process is essential to develop a methodology for finding the system structure and
parameters, which ensures sufficient synergy between components of mechatronic
systems. Currently, there are several methodologies that seek to address this issue
at different levels. One means of solving this difficult problem is to use automatic or
semiautomatic design system, with which it is possible to solve the optimization
problem with consideration of the large number of criteria. In the conclusion is
proposed one possible structure of such a system. Its basic component is a
optimization module using genetic programming and with its own language

implemented.

Keywords: mechatronics, mechatronic system, mechatronic design, mechatronic

design methodology, optimization, genetic programming

Introduction

Mechatronic design is a process, in which is searched for
the optimal product or for the optimal solution to a technical
problem. The designation mechatronic means, that the
result is a product that reflects the requirements to the
maximum extent possible, and in which were a variety of
technical areas used - mechanics, electronics, computer
science and control theory. It also means that in the search
process were considered all available and known solutions
and all possible knowledge of these areas, and also
different combinations of interactions between components
of the participating areas. This assumption means, that the
space of potential solutions is very comprehensive, first in
terms of possible structures of the solution (concepts) and
second in terms of number of different parameters for each
solution. This is just look at the product itself. Whether is a
product optimal respectively better or worse than existing
products of similar nature, is decided by various factors -
especially the view angle, therefore from the compiled set of
criteria. From the criteria depends the overall result - the
concept and parameters of the solution. If in the criteria set
is not taken into account any requirement, the product can
meet it, but it is possible that the requirement not met -
which of course creates some risks in the design process,
especially if it turns out, that the missing requirement is

important. The design process can be interpreted as a

process that establishes the set of criteria. In terms of the

criteria, the mechatronic design process can be divided into
several levels, in which the form of the criteria has different
meanings (and not only in terms of the criteria):

e mechatronic design of the product or the production
system - a search of the structure and parameters of a
particular system. Criterion respectively. multicriterion of
the design for this level are moving around customer
requirements, respectively around sponsor contracts.
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From this perspective it is for the design important to
take into account only these requirements and those that
are derived from the essential requirements. The
objective is to optimize the product itself, not the process
of how to get it, and not the conditions in which this
product is developed.

the process of mechatronic system design - there may
occur several types of views. One possibility is to
optimize the processes of design, improvement of work
procedures and so on. The subject of optimization are
the activity directly related to sequence design steps, the
methods of product design, symbolic used in the
exchange of information, the information system
architecture in the designer teams. The second option is
concurrent optimization of the product and product
design process. This optimization is especially useful in
cases where it is expected that the design system is
repeatedly used for a certain class of products by which
should taken into account certain specific conditions.
mechatronic design from the perspective of the enter-
prise or institution - mechatronic design aspect from the
level of the enterprise or institution performing the de-
sign. At this level is examined the structure of manage-
ment elements of the institution, the design documents
flows, communication between different groups engaged
in the design, managing and keeping the experience and
expertise. Within this perspective, the issue is the man-
agement of human resources, economic activities, man-
agement of the product life cycle. This view is consid-
ered because all these activities are affecting the actual
conditions of the technical design and in real situations,
always enter into the process design itself as the criteri-
ons of the design feasibility.

mechatronic design from the philosophical point of view -
this is the aspect that deals with mechatronic design as
the activity that results in new knowledge. Philosophy of
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science is studying the philosophical assumptions, foun-
dations and implications of science, and as well with
creation of new knowledge. This level hides all the
above and it creates space for the analysis of mecha-
tronic approach to design and it analyzes whether it
makes sense to any particular approach. This level can
be reached if the task is, for example creation of new
scientific institution, where it is necessary to assemble a
team of people, to create the concept of work, to create
system for exchange and storing information, and it is
necessary to solve many other problems. In this mean-
ing is mechatronics rather a symbol for the integration of
knowledge and also this view is no longer focused purely
on mechatronics, but rather on general view of science
as such. Analysis of mechatronic design problems from
this perspective is far beyond the possibilities of this arti-
cle and requires long-term research

In the previous points are briefly analyzed different views on
the issues of mechatronic design. By construction of con-
cept of semiautomatic design system is particularly interest-
ing the first and second look. First because it defines the
objective for which is the mechatronic design system estab-
lished. Second look, because without dealing with the tech-
nical and organizational issues around the mechatronic de-
sign process, it is not possible to assemble the mechatronic
design system. By assembling the design system it should
not be lost the sight of the other two levels - those are the
keys in terms of required properties of mechatronic design -
eg. the implementation of options for acquiring new
knowledge, taking into account the conditions of the design
feasibility. Before is outlined the structure of semiautomatic
design system, it may be needed to explain the motivation
behind the design automation (even at the conceptual level)
and also it is to be analyzed the conditions under which to-
day's new product is developed (methodology and proce-
dures for engineering design).

1. Motivation for the application of
mechatronic design methods

By the initial considerations about the processes of
mechatronic design, most explorers encounter similar
problems as were mentioned in the introduction of this
article - considering all the options available from a number
of fields of mechatronics, including all possible combinations
of interactions between areas, especially in the case of
capturing of the universal approach. Just in terms of
searching the optimal solution for a particular technical
problem, this is a very difficult task, even with the
assumption that the criterion of searching the solution is
known, and with time of the solution is not changed (in most
cases, the criterion is developing with the product). For one
man is becoming increasingly difficult to effectively use and
comprehend the quantity of involved knowledge from the
fields of mechatronics. Leaving the decision to one person,
without further analysis of problematics, will be increasingly
at risk eg. subjective aspect of decision-making, based on
their experience, speed of decision making and so like.
Having a system that would support and control the
designer, or will put forward new possibilities in the design
on basis of the implemented knowledge, can accelerate the
design process, increase reliability and reduce the risk of
failure of the design.

With deeper thoughts about the design process, it is
possible to get to the philosophical level (which are
ultimately indicating the previous levels of mechatronical
design). Questions arise regarding the development of
criteria, questions arise about the creation of new
knowledge, questions may arise if it is possible to create
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optimal product, or questions if it is possible to optimize
the design system (whether automatic or from the position
of the company). This are already very difficult issues to
solve - currently is satisfying so called “good solution” -
mainly because we do not know any better solution yet and
because sometimes "some solution" may just solve the
problem completely. With the progressive scientific and
technological developments the requirements are increasing
and getting only "some" solution is not good enough. Here
arises the fact that a designer can not stand with
progressive overall development, and can not solve the
tasks to the level of the optimal product. This is true even if it
is considered that on the solution of the problem is working
a large number of people. It is very difficult to achieve
synergies between people. People are not able to quickly
and accurately exchange large amount of information and
thus achievement of synergies will be most accessible only
with some design (computing) system. Support of the
design system with people is still essential, especially in
terms of adding new knowledge to the system, invention of
people and verification of different criteria that only man can
evaluate (eg, aesthetic of the solution).

1. 1. Mechatronic design in terms of motion control

As mentioned earlier, by the complex technical solutions
and by the design of machines, the different mechatronic
subsystems interact to such an extent, that it shows the
need for implementation of quality mathematical and
simulation models. These models are used by professional
specialists to the optimal solution of technical problems in
their areas. As the title suggests, this subsection deals with
mechatronic approach to the construction of machines in
terms of mechanical engineer. This approach is described in
the literature [3]. Under this approach, the mechatronic
design relies primarily on the modeling of kinematics and
dynamics of mechanisms in conjunction with the drives,
inverters and controllers position and velocity. The
mechatronic design from this perspective (and not only from
this) follows the general knowledge of mechanics (especially
dynamics), control theory (control of position and velocity),
electrical drives and also concentrates on the application of
theoretical methods for specific kinematic structures of the
machines. The choice of calculation methods is particularly
emphasized for easy algorithmizing, in case, that they are
used in the computing program. Output methods described
[3] are required for the designer of the mechanical
subsystem - the calculation of reactions in motion units
(sizing of cells, drives and gears) and for the domain of
control (mechanisms kinematics model, the dynamic
subsystem model for the modern 'moment' control.
Literature [3] aims to contribute to a comprehensive
perspective on mechatronic design methodology in terms of
mechanical engineer and also emphasizes the ability to
communicate with professional experts in the fields of
control theory and regulated drives. Basic methodological
steps in the design of mechatronic systems are:

e analysis of the technological requirements (function,
range of motion, dynamic characteristics of movement,
weight handled, deployed forces, moments)

e functional analysis of the machine, principally dealing
with individual functional groups, the proposal of
kinematic structure

e kinematic analysis and synthesis of mechanism (solution
of direct and inverse kinematics for position, velocity and
acceleration of machine components movement

e dynamic analysis of the machine mechanism (power
analysis of action of each node and its impact to the
base of the machine

e determination of the parameters of the mechanical
subsystem (arm, gear, motor drive)
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o determination of the parameters of the drive subsystem e optimization of the machine in conjunction of other
(motors, drives, power subsystem) subsystems

e solution of control subsystem (control of drives and
higher level of control)
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Fig. 1. Mechatronic design in terms of motion control [3]

features of the machine at minimum cost to produce and
maintain. One important aspect of competitiveness is also
the time of product solutions. In the literature [3] are
presented computational methods that can be easily
programmed despite their relative complexity, to speed up
the iteration cycle refining. In fig. 1 is an example of

The essence of the solution is sequential iterative
refinement of functional, weight and strength parameters,
which in the first draft stage, are chosen on basis of
experience, technical ingenuity, possibly on the basis of
similar structures. The solutions are extremely useful
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mechatronics approach to machine design. Solid lines
shows the successive stages of analysis and synthesis of
individual subsystems of the machine, the dotted line shows
the main feedbacks and effects on the parameters of
individual blocks.

1. 2. VDI-2221 and Pahl/Beitz approach to the design of
mechatronic product

Methodology VDI-2221 and Pahl/Beitz approach are very
similar procedures to design of system units. Methodologies

VDI-2221 were compiled by German societies of engineers,
which has 126 thousand members and associates 29
organizational units [4]. The association organizes each
year around 100 national and international meetings with 20
thousand. participants. Currently are available 1700 existing
VDI methodologies. One of the goals of these organizations
is to find a suitable system for sharing of knowledge in
technical areas. The methods included under the two
approaches is to achieve the following properties design
process:
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Fig. 2 Methodology VDI2221 [4]

o methods should have general use, independent of the
area in which they apply,

e in methods is to take into account the variety of the
challenges faced in the development and construction
processes,

e method is a guide line respectively set of instructions for
the approach in practice

e the aim of use of the methodology is to guarantee the
integration of information processing in the development
and construction processes,

e methodology VDI-2221 is an guide methodology to other
methodologies (phases and domains)
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e main objective of methodologies is to compile the sets of
operations and design methods,

The general methodology VDI-2221 is shown in fig. 2 and
Pahl/Beitz approach is shown in fig. 3. The corresponding
figure for the VDI-2221 can be seen that the method divides
the activities proposed within seven cycles. Depending on
how complex the task is solved, it is appropriate to each of
these cycles even further broken down into simple cycles. It
is also important to note that cycles do not follow strictly a
row, but it must be ensured, if necessary be able to go to
previous step (or to the initial step), thus ensuring
optimization of the developed product in each step. If you
notice the Pahl/Beitz approach shown in
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Fig. 3 Pahl/Beitz Methodology [4]
(fig. 3) and compare it with the methodology of VDI-2221  have mechatronic design. The following features of design
(fig. 2), it can be seen that in VDI-2221 methodology, the methods VDI-2221, are actually properties of the
various stages of design overlap, while Pahl/Beitz approach, = mechatronic design:
these phases don't overlap. The approach of Pahl/Beitzisin e methodology should be focused on problem solving, t. j.

= Processing —)|-1— Desipn
4——Optimization of production————p

T

every phase waiting for it to be closed each design phase methodology should be in principle applicable to every
and then the entire design moves forward. The confrontation constructive activities, regardless of the destination
approach Pahl/Beitz with the guidelines VDI-2221 is actually branch,

a confrontation earlier approaches with modern approaches. e methodology should encourage invention and acquire
The methodology VDI-2221 shows the properties that new knowledge, eg. it should facilitate the search for
should be met in the design methodology. These properties optimal solutions,

can be essentially considered as properties that should
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o methodology must take into account the concepts,
methods and knowledge of other disciplines,

e methodology should not be based on the fact that the
solution can be found by chance

e obtained solution should be easily transferable to related
tasks,

e should be suitable for use in conjunction with computers,

e methodology must be easy to apply and memorable and
also should be able to "learn”

¢ methodology should facilitate the work and save time. It
must also avoid bad decisions and not stifle fruitful and
interesting opportunities for cooperation.

1. 3 System DARWIN2K

The nearest approach to that we implement, is the system
approach of DARWIN2K. The author also notes that many
of the limitations of manual design can be addressed by an
automated synthesis method that uses extensive search
and simulation. Automated synthesis can be used to replace
or augment the manual configuration design process. [5]

The approach of this system addresses the development of
a capable and extensible software system for robot configu-

7 task N

ration synthesis. Authors goal was to create a synthesis

system that is applicable to a wide range of robot configura-

tion design problems due to its extensibility and its core syn-
thesis and analysis capabilities. There were established the

following requirements [5]:

e The system should be expansive in the properties that
can be synthesized: kinematics, dynamics, non-
kinematic geometry, actuators, and other component

e selections should be generated by the system, and it
should be possible to add new properties to be
synthesized as demanded by specific tasks.

e The synthesis system should be capable of creating a
wide range of robots, including mobile robots and
manipulators (or combinations thereof) with modular or
monolithic construction.

e The robots created by the systems should be well suited
for the task at hand, meeting multiple design
requirements while optimizing one or more performance
objectives such as speed or system mass.

e This demands an appropriate synthesis algorithm, one
that is capable of efficiently searching a large design
space while optimizing multiple objective functions in a

\speification) )
‘T/ Synthesis

~—— m ENgine |-

task-specific
library

manner relevant to the task at hand.
configurations -
performance data Evaluator

task-specific
library

Fig. 4. Distributed synthesis architecture [5]

The system Darwin2K is an extensible automated system
for robot configuration synthesis. The synthesis process is
based on an evolutionary algorithm: the current set of solu-
tions are represented as a population of designs, and new
solutions are created by selecting prior solutions based on
their performance and combining or modifying them via se-
veral genetic operators. The performance of each solution is
assessed through simulation on the prescribed task. Since
the evaluation of each candidate design is independent of
the evaluation of any other design, many evaluations are
carried out in parallel over a network of heterogeneous
computers to reduce the time required for synthesis (fig. 4).

Each robot configuration is represented as an assembly of
parametrized modules. Modules have parameters
describing arbitrary properties for example, a parameter
might represent dimension (kinematic or structural), a
discrete component selection, or a task or control
parameter. Modules may vary in complexity from a single
link, to a joint module, to a manipulator, to an entire mobile
robot. Each type of module interprets its parameters
internally, rather than having a centralized function to
interpret parameters for every type of module. Because of
this, it is possible to add new modules with new types of
properties without requiring the synthesizer to be changed.
On the other hand, if a single centralized function were
used, then this function would have to be modified
whenever a new type of module was needed [5].

The synthesis process must measure the performance of
candidate designs; these measurements are computed by
evaluating each configuration in simulation. The simulation
is task-specific, with performance metrics dictated by the
task’s requirements. Darwin2K contains a variety of
simulation components, including kinematic and dynamic
simulators, several controllers, algorithms for computing
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joint torque and link deflection and for detecting collisions;
modules for robot links, joints (including motors and
gearboxes), tools, and bases (fixed and mobile); and
metrics such as task coverage, task completion time, end
effector error, actuator saturation, and link deflection. The
software objects used in the evaluation process are
implemented in a common framework that allows new types
of simulation and analysis objects to be added while
maximizing reuse of existing components. Entirely new
methods of simulation (for example, an underwater robot
might require a dynamic simulator which accounts for
hydrodynamic forces) can be added, as can new simulation
components such as controllers [5].

The extensible nature of the synthesis framework is a
significant contribution of this thesis. Extensibility is
dependent to a large degree on the isolation of the details of
task and robot from the synthesizer: the synthesizer tells
each evaluation task the metrics to use and the robot to
evaluate, and the evaluation task returns performance data
for the robot. The synthesizer does not depend on the
internals of the evaluation process; only the results of
evaluation are relevant to the synthesizer. Similarly, the
genetic operators used by the synthesizer do not need to
know the details of each module, such as what each
parameter means. This simple interface allows new module
types to be added without requiring the synthesizer to be
changed in any way. Combined with the synthesizer and the
toolkit of simulation capabilities, Darwin2K’s extensible
architecture makes it possible to effectively synthesize task-
specific robots for a wide range of applications [5].
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2. Proposed architecture of design system

Based on previous methodologies and approaches if was
chosen structure semiautomatic mechatronic system as
shown on fig. 5. The design system is actually an expert
system - it can be seen from the main structure. The core of
the inference machine is an optimization method of genetic
programming. The selection of method was based on
characteristics such as robustness (method can get from the
local extreme), method is able to work with different types of
variables and with this approach is possible simultaneously

optimize structure and parameters. In the present work is
devoted mainly to system optimization method of genetic
programming. The method has implemented their own
language, which gives plenty of options, which enable to
use the method for optimization and design of mechatronic
systems. Work is also devoted on interfaces that are able to
automatically generate models in different engineering tools
such as MATLAB, ADAMS, ANSYS. It can also perform
automatic generation of control programs, if necessary
optimize the behavior of mobile robots in unknown
environments and many other options.
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Fig. 5 Architecture of design system

There were identified implementation tasks connected to

realization of automated semiautomatic mechatronic design:

o finding a suitable representation of mechatronic systems
in computer

e representation
parameters,

e determining the set of criteria

e determine the method of evaluation criteria.

and determination of structure

By the testing of the design system it will be solved the
control system design. The control system can be imagined
as a control program or in block diagram form. With this is
closely related the issue of representation of mechatronic
systems in the computer. There are several options that can
consistently describe the mechatronic system (it is meaned
the description, respectively representation of mechatronic
systems as a single structure within a program). The main
way that is used in the proposed system is a way of
representation of mechatronic system in CAE software
packages. The first is wused Matlab, specifically
Matlab/Simulink. The system can very well describe control
systems graphically and functionally. Also, there can be built
control program, and also it si possible to use various
toolboxes, of which we mention in particular the
SimMechanics and SimPowerSystems. By representation
and determination of structure parameters is in the mind the
representation of the parameters in the structure (in
essence a variable format in which data should be stored,
and also how this variable will be assigned to the structure).
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With the determination of parameters is in mind,
determination of the parameters that will be essential
respectively to be somehow involved in the process
optimization. This may be a critical moment in the
mechatronic design - if all parameters will be parametrized
and the optimization process will be over all these
variables, this can lead to high computational demands. It is
important to choose correct parameters under which the
system will be optimized. The task of determining a set of
criteria consists of determining what will be considered in
the design optimization process. The parameters in the
representation of mechatronic systems are considered as
inputs (they are influenced by the behavior of the system,
and thus the value of the criterial functions), while criterion
(the value of the criterial functions) are outputs.

The last point of the tasks is, how to determine the way of
evaluating of criteria. There must to be determined
procedures in which is the way to obtain the criterial
functions values, and also how to determine the value of the
compromise criterion function. In some cases, the value of
the criterion function can be determined relatively easily (for
example the total mass of the designed system), in other
cases it may be difficult. An example for such a complex
evaluation assessment is the robustness of some parameter
to changes. For this evaluation must be given great
importance to the value of the criterion function, so that the
experiments were comparable. The tasks mentioned above
are in fact some of the initial tasks to be addressed in
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automated mechatronic design. After solving these
problems it will be solved other problems directly related to
the control of mechatronic design. Such problems relate
directly to the solution of automated mechatronic design,
resp. with the basic control strategy of evolutionary
calculations, which is chosen in concrete design. By one of
these variants is considered that along with products in
development, it will be developed the main function of the
criterion. This is connected with the problem of solution
convergence. Another fact that we recognize is the need to
resolve the participation of designer in automatic solution
search. With this fact the design process ceases to be
automatic, but it will be required designer's participation - to
save the computing time to a very great extent. Coperation
of designer with computer should be reciprocal. The
computer should alarm to some, perhaps non-standard
solutions, the designer should determine, respectively direct
methods of calculation at certain moments. In such
processes are from great importance the modeling and
simulation strategies, and therefore they must be part of a
knowledge database a different behavioral patterns of
different components. It would be a different drive models,
control models, methods for modeling of mechanical parts.,
particularly those mentioned in the literature [6],[7], [8], [9].

3. Conclusion

The approach from previous section presents new
opportunities but also many problems. The mechatronic
product design using genetic programming with the fact,
that it will be searched parameters and structure in same
time, is computationally very demanding. This approach is
very similar to real evolution in nature. Considering that life
originated on Earth before 3.5 billion years ago, and also the
state of the evolution of life forms, and also when we
consider the diversity of lifeforms, the number of basic
building blocks and also the possibility of bringing together
these stones, it is difficult to simulate a similar evolution.
Despite the difficulties, similar experiment was carried out in
[Lipson 00]. This project was also very computationally
demanding. It is clear that the design from elementary
elements will be unnecessarily computationally demanding.
Therefore, to reduce the complexity it is necessary to take
various measures. One such measure is, that the initial set
of solutions must involve the existing solutions, which can
be built. Nevertheless, it will be still highly likely that the
concurrent structure and parameter optimization, is
computationally demanding. It will be necessary the
evolution to broke down into phases, and also the evolution
must be largely governed - what is actually the role of
product designer.
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Advanced mathematical model of
the tower crane using visual feed-

back control

Lubos Chovanec, Peter Hubinsky

Abstract

The manipulation with payload suspended on crane is big challenge for many years.
The need for positioning, swing control, faster transfer of the payload has led to write
a lot of articles about that. We take a tower crane on the focus. The rotational tower
crane construction has more nonlinearities than Cartesian motion of the bridge
crane. Some methods need linear model to propose feedback control system.
Sometimes there is requirement only for identifying pendulum natural frequency or
damping for the design feedforward control (input shaping algorithms, time optimal
control). However, to gain process values (in this case it is angle of the pendulum or
position of the hook) for feedback systems, we need to find precise sensor. Set up
machine vision to scan the hook position may be useful for both of them. According
to the position of camera on the crane construction, it can take position of the hook,

length of the rope and detect obstacles.

Keywords: machine vision, rotary crane, tower crane model

Introduction

The most know type of the group of cranes is tower crane. It
is used in transportation, industry and construction. Every
year the creators improve them and build bigger, higher,
faster and that emphasize the necessity for using various
algorithm to control payload safely and precisely.

For proposal regulator and verifying, is important to know
the model of crane. Most authors of articles deal with crea-
tion of mathematical models [1][2]. Later on this are pro-
posed feedback control structures ([3][4]) or feedforward
control [5][6][7].

But there is not enough ideas about using machine vision
for acquiring the hook position [8][9[10]. The camera is mul-
tipurpose sensor and can substitute previous most wide
mechanical sensors.

We will use machine vision system as a positioning sensor
and look for algorithms that can improve payload detection
or reduce the processing cost.

Tower crane dynamics

The tower crane consists of few important mechanic parts.
An illustration of a tower crane is shown in Fig.1. The mast
is anchored on the movable or fixed based. Jib is connected
to mast perpendicularly and can rotate around it. This is first
degree of freedom. Second DOF makes the trolley, that
moves along the jib and it is a suspension point for the
hook. If the rope and hook is considered as a pendulum it
has another 2 DOF. And then we can obtain these two
equations:
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LO + LO* cos(D)sin(D) + gsin(D)cos(O) =
— Rcos(®) + Rs? cos(P) — R sin(P)sin(O)
— 2Rssin(P)sin(®) — 2LsO cos” () cos(O)
— L§sin(®) + Ls” sin(®) cos’ (O) cos(D)

LD cos(D) - 2LDOsin(D) + g sin(®) =
R§ cos(0®) + Ls* sin(®) cos’ (0) cos(P)
2Rs? cos(®) + 2 LsD cos(P) cos(®)
+ L sin(®) cos(®) + Ls” sin(®) cos(P) cos(®)
— L§sin(®)
(2)

where L is the length of the rope, R is radial motion of the
trolley along the jib, @ is angle of pendulum in radial direc-
tion, ® is angle of pendulum in tangential direction, S direc-
tion of the rotation.

Equation (1) talks about radial and equation(2) is about
tangential motion of the pendulum.

If we partially linearize previous equation we will obtain:

b-—Eo-Lj (3)
L L

o--L04+8; 4)
L L
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R /L expression talks about not entirely linear model.
Dynamics can be investigated on whole range of R . If R

is substituted by R o, it leads to completely linearized equa-
tion.

Mast

Fig.1 Tower crane

Hook predictors

Predictors can help machine vision to improve the fast im-
age processing [9] It chooses only a small image area
(small window) of the camera view for tracking the hook.
Later mentioned algorithms could by point to use only this
small area of pixel, to find object-landmarks.

Simple predictor takes past and present observation to
compute future position. It is simple and easy to implement.
It can be described by equation:

X(n+1)=X(n)+[X(n)- X(n-1)] (5)

where 7 is index of the image frame, X (n)is current
position, X (n—1)is previous position and )A((n+l)is
predicted position

This method has also disadvantages. If the hook moves
quickly across the field of view, tracking by predictor may
fail. It can occur most often, when the rope is too short. If we
resize the tracking window, it could suppress the previous
errors but it increase the image processing time.

The second predictor is based on hook dynamics. We can
take a planar model crane and its equation:

o 2
Lm, L L

where @ is angle of the pendulum, L is rope length, Xis

O+ (6)

speed of the trolley, m, is mass of the payload.

As we can see, it represents a second-order damped oscil-
latory systems. Parenthesis can be rewritten as:

(7)
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b = 2é/a)ﬂ
Lm
’ (8)

After Laplace transformation we obtain transfer function:

S

Vis) s*+2ws+w

(9)

where ©(s)is angle of pendulum, V,(s) is velocity of
trolley, @, natural frequency and é’ is damping of the sys-
tem.

Now we need to convert this transfer function from S to the

Z domain and use a forward time shift. We obtain @(n +1)
that represents predicted dynamics:

| { el (St -2

981 981
(2T ~8)0() - (4-4¢0,T, + T2 O(n 1)
(10)

On+)=————
oreh 440, T'T, +4¢o,T,

TS is the sampling rate of the camera, @, is time-varying
parameter, because length of the rope could by changed.

Than it is used for solving predicted pixel position:
X(n+)=Om+DK, +X, (11)

where Kmmem is a gain which follows from the pixel posi-

camera

tion to angular displacement in the camera, Xo is the ex-
pected pixel position of the hook when ® is zero,

@(n + 1) is from previous equation.

Hook position

For tracking the hook position is typically used reflected
markers [10]. If it is demand for another information (e.g. :
length of the rope, angle of rotated object), we need to use
two circle landmarks [8]. When actual distance between
these landmarks is “D” (Fig 2), “d” is the distance on the
image. How to compute “d” shows this simple equation:

d :\/(xl _xz)z +(n _y2)2 (12)
X +X Nty

LY. )= , 13

(X, 5,) ( 5 5 ) (13)

Where x; and y_ is a center position between landmarks

on the image. Due to previous equations, the real displace-
ment of hook is given:

(XS,YS)=(§XS,2ysj (14)

d
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Fig.2 a) Actual displacement of the landmarks, b) dis-
placement on camera view

Fig.3 Measurement of rope length

The length of the rope may be derived from smart consider-
ation. If the rope length L_ is divided into two parts L and

L. . L, presents distance between origin position O, and
focal point of the camera. LC is the distance between the

focal point and center of two landmarks. LS is given by this
equation:
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L =L +L, (15)
D

L =— 16

. df (16)

Detection of landmarks

The shape, color or other attributes are needed for specify-
ing landmarks. For tracking circle on the image, we can
apply Hough circle transformation. But in the working area
are not allowed other circle sign that could by decrease
control algorithm due to many detected results. If the ma-
chine vision looks for the specific pattern, the scanning
entire image has to be compared with the pattern. It takes
some times and it depends on processor performance.
Vector Code Correlation (VCC) is method for reliable detec-
tion landmarks. This method uses gradient calculation of the
intensity of eight neighboring pixels. Then each pixel is
coded by two bits. If gradient is decreased it takes bit-code
10, increased gradient takes 01,near to zero assigned to 00.
Now, gradient vector is built and can be compared with the
pattern gradient vector. Obviously, XOR function is used for
comparison. Then we can obtain a degree of dissimilarity
and other algorithm based on preset threshold decides if it is
match or not. Some other problems are indicated with grow-
ing length of rope. We can observe more faults because it
use less pixels for detection. One of these possible solutions
is to replace pattern with the new image each time of
agreement.

Frequency and damping identification

Payload on the rope behaves mathematical pendulum. It
oscillates. If we want to take measure oscillations (ampli-
tude, frequency, damping), we need a sensor and stop-
watch.

Using machine vision we can obtain a harmonic signal of a
pendulum (rope of the crane plus payload). From this signal,
we can observe periodically repeated humps. The distance
between tips of humps talks about size of the oscillation
period “T0". Frequency is given by this equation:

W, = 27rL
0

(17)

T, k-peak  N-peak

Amplitude [m]

wAﬂQAﬁQAﬂ

Time [s

Fig. 4 System response

Now, we will look at the low-damped systems. From the
time between the first-peak and time of the N-peak of the
periods (Fig.4), we obtain damped natural frequency:
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2Nrx
w, =( (18)

tz_tl)

Next equation talks about determining of the damping ratio
from decreasing amplitude from the k-peak to the N-peak:

_ ln(])kJrN J
b

47*N* + ln[P’”N]

=

(19)

k

The natural frequency came out from previous calculated
equations:

T
)

If the damping ratio is so small, the damped natural fre-
quency and natural frequency are almost the same.

(20)

Control techniques

Now, the previous mentioned methods for detecting hook
position, we can use it for the controlling of crane systems.
As a first, it's demanded for identification. For controlling
open-loop systems (input shaping algorithms), we need to
know natural frequency of the system and damping to de-
sign input shapers (e.g.: ZV shaper, ZVD shaper, El shaper)
[5][7]. Closed-loop systems can use machine vision algo-
rithms for tracking hook in the real-time. Then we can set up
PID controller, LQR [1] or acceleration feed-back gain [7].

Conclusion

In this paper we have presented the methods for tracking
the crane hook using machine vision. Hook predictors can
improve time between the processing of visual data. Due to
positioning camera and landmarks, we could obtain actual
position in three dimensions. It could be help for identifica-
tion of crane system for pre-shaped control methods or as a
powerful sensor for feedback control.
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Modelin
feedbac
gyroscopes

Lukas Palkovic, Peter Hubinsky

Abstract

of the bridge crane
control using MEMS

When payloads are transported, various kinds of cranes are used. Typically
there is a rope or a combination of ropes hanging from the hoist. The hanging
part can move relatively freely. This freedom lets the payload inertia cause
movements which are not desired. These movements lead even to vibration
which takes long time to stop by natural damping and it is ineligible. To elimi-
nate the vibration, many control methods were developed. This paper is con-
cerning a model of a bridge crane, derivative feedback control and MEMS

gyroscopes used to obtain the signal for this feedback.

Keywords: bridge crane, residual vibration, derivative feedback, MEMS gyroscope

Introduction

Mechanical dynamic systems containing structures with low
friction (low damping ratio) are characterized by residual
vibration. It is a vibration present in the system long after the
period of varying input signal. Since it influences the quality
of the positioning and takes too much time, it is ineligible.

lllustrative cases of such systems are robotic arms with
harmonic drives, servo-drives with belt gearings, filling and
sealing lines where liquids are transported in opened con-
tainers and cranes.

There are various techniques used to reduce this vibration.
One of them is to increase the friction in order to damp the
vibration quickly. These mechanical modifications can be
expensive and other parameters (such as the weight of the
device) can get worse. Another way is feed-forward control.
The input signal is processed in such a way that it does not
cause residual vibration or reduces them to a very low level.

Feedback control can be used too. One of these methods is
derivative feedback control.

Feedback control requires a signal of output variables to
work properly. In our case we assume precise measurement
of the hoist position but the position of the payload does not
correspond to the position of the hoist. Its position should be
measured as well. However derivative control does not
require the precise position of the payload, only its deriva-
tion. In the case of the little angles of the rope, the model of
the crane can be linearized and angular rate of rotation of
the payload can be used instead of its velocity.

Chapter 1 presents various models of the bridge crane.
Nonlinear and linear versions are introduced here. Chapter
2 introduces several crane control methods based on the
models. An attention is paid to the already mentioned deriv-
ative feedback control and its properties. MEMS gyroscopes
and their properties are the topic of chapter 3. The orienta-
tion of these sensors in the space is taken into account in
chapter 4.
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1. Bridge crane modeling

A typical bridge crane consists of a bridge construction
which travels on parallel crane rails or runways. The bridge
spans the gap between the rails. A hoist — the lifting compo-
nent of the crane is mounted on a carriage or a trolley mov-
ing on the bridge and travels along it. The payload hangs on
the hoist using a rope or a rope combination.

X

- Bridge
Hoisting >

Crane Rails

Fig. 1 Simplified schematic of a bridge crane

1.1.2D vs. 3D

The hoist moves in two perpendicular and horizontal axes.
This is similar for example in tower cranes too, though it is
moving in cylindrical coordinates. Assuming no energy
transfer between the movements in these axes the dynam-
ical behavior in them has similar properties and dynamics in
each of the axes can be considered separately. Hence one
horizontal axis can be omitted and only movement in 2 axes
can be taken into account.

The vertical movement caused by lifting the payload affects
parameters of the system and it can be usually omitted in
feedback control. To set up feed-forward methods correctly,
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the parameters should be known exactly. The most im-
portant one is the natural frequency of the vibrating system.
It is the same in the both direction of swings.

1.2. Two dimensional model

For dynamic modeling of mechatronic systems, Lagrange
equations of the second kind are often used.

d(éL) oL a
d[t&j,.j_&;[_Q" i=1,.., (1)

where Q; are generalized forces, L is Lagrange function
L = Ex — E, (Difference between kinetic and potential ener-
gy), and q; are generalized coordinates.

ax

Hoist M
X Can?:age »
E— ©/ ©
\ /[ |
| >
mg sin(6)
mg cos(6)

Fig. 2 2D sketch of a crane

Some factors such as friction forces and rope length varia-
tions can be omitted for simplification.

Simplified sketch of such crane is shown in Fig. 2. Hoist
carriage weight is M and its position x. 6, m and / are the
angle deviation between the rope and the vertical direction,
payload weight and rope length respectively.

Potential energy of the system (it is only potential energy of
the payload in our case) is

E, =mgl(1-cos(0))
and kinetic energy of the whole system is

E, :%sz +%m[fc2 + 17 125l sin 0 +1%6” + 2510 cos 0] (2)

Applying Lagrange equations (1) the dynamical model is
obtained.

F. = (M +m)x+ml(6cos@— 6 sin @) + 2mi cos O + ml sin O
3)
0=10+2i0+%c @+gs 6. (4)

It is useful to linearize the model at operating point 6 = 0.
This value is chosen because this is the stable position and
setpoint for 6.

F _(M+m)g0

O=——= (5)
M 1M I

s=-li M g (6)
M M1
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1.3. Two dimensional model

Equations (5) and (6) can be rewritten in a linearized space
model in the following form

X, = AX, +bu 7)
y=c'x,

Where state space vector x, consists of hoist position x,
angle deviation 6 and their derivations and it is defined as

x,=[x o x 4 (®)

General equation (7) can be then rewritten for our case as
following

0 0 1 0 0
0 0 0 1 0
A=[o " o o b=| L | ¢"=[1 0 0 0]
M M
o MEmeg o o _1
Mi Mi
9)
1.4. Three dimensional model
a
Z ax M )
Hoist Mpr  Bridge

Carri@ge

Crane rails

AP
X
Fig. 3 Sketch of 3D crane model

Sometimes it is better to consider 3 dimensional model
directly. It is shown in Fig. 3. There is a bridge weight M,
and moment of inertia of the payload J. © is the angle be-
tween the vertical line and the rope and @ is the angle be-
tween horizontal line defined by hoist carriage and payload
positions in the horizontal plane and the direction of the
rails.

In such case, general form of dynamic equations can be
used

M(@)q+C(q,9)q +G(q) = F, (10)
where q is variable vector

q=[x y 0 4] (11
and F is vector of forces

F=[r. 7 0 12

M(q) is inertia matrix

m+M+M,, 0 mlcos@sin®  mlsin@cos P
M(q) = m+M mlcos@sin® —mlsinfcosd

mlcos@sin®  mlcos@sin® ml® 0

mlcos@sin® —ml cos@sin® 0 mil* sin®+J
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(13)

C represents Coriolis-centripetal matrix

0 0 ml(cosOcosgd—sinGsingd)  mi(cosfcos@l —sinOsin )

Cla,d) = 0 0 —mi(sinfcosgd +cosfsingg) —ml(cos@cos @l +sin Hsin g)
D=1, 0 —misin@cos 6
00 mlsin@cos O mlsin@cos O

(14)

and G(q) is gravitational part of the equation

G(@)=[0 0 mglsing 0] (15)

2. Control methods for bridge cranes

There are many methods used to eliminate vibrations. One
of them is to decrease ability for vibrations. This can be
done for example by changes in mechanical construction. In
cranes it is done by complex structure of rope but it is not
always sufficient.

Other methods belong in group of feed-forward control algo-
rithms. In this case system input is modified in such a way
that it does not create any residual vibrations or damps
them to a certain level, which is acceptable.

Feedback control is also one of the ways. In this case output
variables are measured and system input is calculated from
these values and from set point value.

2.1. Feed-forward control

If the magnitude of input signal spectrum on the natural
frequency of the vibrating system (payload acting as a pen-
dulum) is zero, then no residual vibration will be created in
this system [1].

This means basically that the controller should prepare input
signal complying this condition. This preparation is called
signal shaping. The most important precondition for these
algorithms is the knowledge of the natural frequency of the
system which is used to tune the controller.

It is also possible to design controllers for more natural
frequencies or even for a wider frequency range in which
the real natural frequency is expected to vary. Some modifi-
cations of these algorithms are more and some others are
less sensitive to these variations. However the signal shap-
ing brings a delay to the control. Usually the more robust the
controller is regarding variations of the natural frequency,
the longer the delay is and vice versa.

This approach does not need sensors for output variables.
The only values which have to be measured are natural
frequency and damping ration.

The main drawback of feed-forward control is the inability to
damp vibrations caused by external sources (wind, colli-
sions with external objects etc.).

Input signal shaping can be made in two ways:

2.1.1. Offline shaper

Master pre-calculates the whole signal before it is applied to
the system. This algorithm takes into account initial move-
ment conditions and the reference value. It should not
change, since the control for whole movement is prepared in
advance.
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2.1.2. Online shaper

This method is more suitable for systems in which the tra-
jectory cannot be calculated in advance because the refer-
ence value changes continuously in time. It is the case of
manual control of crane operator. This input signal has to be
modified online.

us(t) > y(1) ,

Plant

Shaper

Fig. 4 Block diagram of the system with signal shaper
This modification is done by so-called input signal shapers.

These shapers multiply the input signal by convolution
product with a signal satisfying the precondition of zero input
signal spectrum on natural frequency. The output signal
satisfies this precondition too.

2.1. Feedback control

Feedback control requires measuring of output variables. In
case of crane output position and vibration (angle deviation)
have to be measured.

Crane as a control system can be considered a SIMO sys-
tem — there is one input and two outputs. Carriage position
is not interesting for us; we will concentrate on swing angle
or angular rate respectively.

2.1.1. State feedback control

Assume the state space model (9). Such system can be
controlled by control law:

u=f =-Kx,, (16)
where K is feedback gain vector
K = [pr K]l() de KdO] ’ (1 7)
Close loop system is then characterized by equation:
. 0 0 1 0 0
X X X
P 0 0 0 1 P (1) 0
m
cFl0 B o of| e K K Kl
gl o Mtmeg o ollg] | L é
Ml Ml
(18)

There are many methods to determine K, for example pole
placement can be used. This control law is also the basic
law for optimal control.

2.1.2. PD controller

PID controller and its various versions are the most used
controllers in the industrial applications [3]. In the case of
bridge crane, 2 PD controllers can be used. One of the
loops controls the carriage position x and the other one
controls the vibration. Control law of position loop is defined
by following equation

U, (5)=(K,, +Ku5) (X0 ()= X (5)) (19)
and control law of the vibration loop is
Uy()=(K o + Kups) (0= 0., (5))- (20)

After subtraction of these laws we obtain
Us) = (K, + K 1) (X (5) = X() 4Ky + K 1p5) (0= 6., (5))

(21)
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Block schematic of this law is shown in Fig. 5.

Crane

1.
‘F

Fig. 5 Block schematic of PD control structure

2.1.2. Derivative feedback in vibration loop

It can be shown that the vibrations can be reduced by use of
derivative feedback [4] and no proportional gain is required.
In such case the angular output and derivation in the con-
troller can be replaced by direct measuring of angular rate.
The original derivative gain changes to proportional gain
because the original derivation is present already in the
measured variable.

Crane

P controller

Fig. 6 Block schematic of control structure with
derivative feedback

So the control law (20) can be modified in the following way

U(3) = (K + K ) (X ()= X (9)4K 1, 005) (22)
Note the set-point for angle and angular rate. It is 0 since
the payload shall not move in the final position.

This way is very advantageous if there is a possibility to
measure the angular rate directly. Sensors which measure
angular rate directly are gyroscopes.

Our goal is to use gyroscopes as the sensors of output
variable to control vibrations of the payload.

3. MEMS Gyroscopes

Microeletromechanical systems (MEMS) are very small
electrical devices combining electric circuitry with a minia-
ture mechanical system designed for certain purpose. The
mechanical part reacts with the surrounding world, while the
electrical part creates the interface to the rest of the elec-
tronics.

MEMS sensors are used to sense a certain mechanical
parameters. For example it can be pressure, acceleration,
sound (MEMS microphones) etc.

In our case we wish to measure angular rate of vibrating
pendulum (payload). Sensor designed for this purpose is
called gyroscope.

MEMS gyroscopes usually consist of a vibrating structure
which can vibrate in one direction though the rest of the
device can moves with the objects the sensor is attached to.
The vibrating structure tends to keep its original vibrating
direction. Orientation of the vibrating structure against the
substrate plane changes with rotation and so changes the
capacitance of the capacitor between these two objects.
This capacity change is then converted to output signal
which is proportional to the angular rate of the device in the
specific axis (either voltage output or digital interface out-

put).
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Some of MEMS gyroscopes sense the angular rates in a
single axis of rotation, however there are also versions inte-
grating more gyroscopes in one package sensing the angu-
lar rate in 3 axes. There are even combinations of gyro-
scopes with 3 axes accelerometers or compasses

Detecting electrode

Fig. 7 Gyroscope principle

The drawback of these sensors in angle measurement is
usually fact that alittle offset and noise can cause
a significant drift in angle calculations. However this is not
our case. Their output is directly the angular rate in its axis.

Our problem is the orientation of the sensor axis in space.
This axis should be parallel to the axis of pendulum rotation.

4. Misalignment of the gyroscope and axes
of rotation

When controlling the crane, the gyroscope should be
aligned to the rotation axes of the pendulum. However this
might be too impractical for user if the sensor should be
fixed on the payload. The alignment should be in two axes
of motion when considering gyroscopes with 3 dimensions.

This problem can be solved by identification of the sensor in
a steady position. The sensor can be moved in a known
way, so it pre-processing system can identify its initial orien-
tation in space. A rotation matrix R defining the relation
between the world crane coordinate system and real crane
coordinate system can be calculated.

Assume measured vector of angular rates from gyroscope

6,=b,. o, 0.]" (23)
These angular rates can be converted to the axes of crane
by following equation

(24)

6=, 8, 0.]-ro,.

cy
Rotation matrix R can be obtained by transformation using
Euler angles or direction cosines and it has following form

o ha s (25)

R=|n n, n

7.

EYOE

2 N

33

Conclusion

Various types of bridge crane models and several types of
crane control were presented.

A new approach to reduce payload residual vibration of the
bridge crane was presented. It is based on standard deriva-
tive feedback but it uses new sensor (MEMS gyroscopes)
which began to be widely available now. This method
should improve the quality of crane positioning processes,
increase productivity and safety of the operators working in
the operating environment of the cranes.
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Identifikacia materialovych

viastnosti

plechov pri plastickej

deformacii meranim pola
posunuti na ich povrchu

F. Siméak, M. Stamborska, M. Kalina

Abstrakt

Materialové vlastnosti ocelovych plechov su ziskavané vyuzitim jednoosovych taho-
vych skusok. V tomto prispevku je prezentovany experimentalny postup pre identifi-
kaciu materidlovych vlastnosti plechov s vyuZitim celoploSného merania pola posu-
nuti na ich povrchu. Skusky boli vykonané na vzorkach svrubmi z plechu
z izotropnej ocele. Zvolena geometria vzorky vyvolava heterogénne polia deformacii,
ktoré sa pri skuske meraju s pouzitim digitalnej obrazovej korelacie. Na identifikaciu
materialovych vlastnosti bola pouzitd metdda virtudlnych poli. Hodnoty ziskané
pomocou metédy virtudlnych poli boli porovnavané s materialovymi vlastnostami
ziskanymi vyuzitim klasickych jednoosovych tahovych skusok plechov.

Kracové slova: jednoosova tahova skiska, metoda virtualnych poli, digitalna obra-

zova korelacia.

Uvod

Identifikacia a kvantifikacia plastickej deformacie materialov
je délezita z viacerych hladisk. Na jednej strane je v prie-
mysle vela suciastok vyrabanych tvarnenim za studena, na
druhej strane pretaZenie nosnych prvkov konstrukcii vedie
Casto k vzniku plastickych deformacii materialov a k ich
porusSeniu. Poznanie rozlozenia a velkosti plastickej defor-
macie umozZiuje lepSie vyuZivat vlastnosti materidlov pri
vyrobe suciastok, aj pri ich prevadzke.

Typickym prikladom vyroby suciastok plastickou deforma-
ciou materialu je lisovanie ocelovych plechov za studena. Je
vyuzZivané najCastejdie v automobilovom a v spotrebnom
priemysle, pricom s cielom zvysit uzitkové vlastnosti vylis-
kov sa v tychto oblastiach priemyslu najviac prejavuju ino-
vacné trendy charakterizované vyuZivanim novych materia-
lov.

Charakterizovanie plastickych vlastnosti materidlov mézeme
vykonat' jednoosovou tahovou skuskou a pouzitim metody
virtudlnych poli (VFM). Vyhodou pouzitia celoploSného me-
rania v identifikatnom procese je, Ze z jedného testu mé-
Zeme ziskat viacero informacii. Prehfad metddy virtualnych
poli (VFM) a jej aplikacie v pruzne plastickej oblasti uvadza-
ju Grédiac, Pieron a Avril. V ich ¢&lankoch je aplikovana
metdda virtudlnych poli na izotropné materidly pri malych
plastickych deformaciach.

Pri experimentalnej analyze plastickej deformacie na po-
vrchu suciastok je vyhodné vyuzZit bezkontaktné metody
snimania posunuti, ktoré umoznuju ziskat polia deformacii
vo vopred zvolenych oblastiach. Medzi najmodernejSie
optické metddy snimania posunuti a nasledného ur€ovania
pomernych deformacii na povrchu skimanych objektov patri
digitalna obrazova korelacia (DIC). Pre analyzu rozvoja
plastickych deformacii pri jednoosovom zatazeni je mozné
vyuzit vhodne tvarované vzorky, v ktorych na urcitej vopred
definovanej oblasti vyvolame lokalizovanu plasticku defor-
maciu.
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Prispevok je zamerany na identifikaciu materialovych viast-
nosti plechov pri plastickej deformacii pouzitim digitainej
obrazovej korelacie a metody virtualnych prac, ktora je pod-
statou fungovania softvéru Camfit.

1. Experimentalna analyza deformacie

Digitalna obrazova korelacia (DIC) patri medzi neinterfero-
metrické bezkontakiné metddy urCovania deformacii na
povrchu objektov. Na rozdiel od interferometrickych metéd
(holograficka interferometria, speckle interferometria, moiré
interferometria) metéda DIC nevyzaduje pouzitie koherent-
ného zdroja svetla. Deformacia povrchu je uréovana porov-
navanim zavislosti (korelacie) zmien intenzity sivej farby v
sledovanom mieste povrchu objektu pred a po deforméacii. V
principe je DIC opticka meracia metéda zalozena na spra-
covani digitalnych obrazov a na ich numerickej analyze.
Snimanie obrazu sa realizuje prostrednictvom CCD kamier.

Pri priestorovej (3D) deformacnej analyze sa pouzivaju dve
CCD kamery (obr.1). Ak su zname polohy oboch kamier,
zvacSenia objektivov a vSetky parametre obrazu, z namera-
nych hodnét vieme vypocitat absolutne trojrozmerné surad-
nice kazdého bodu na povrchu objektu v priestore pred a po
deformacii. KedZe Struktura povrchu objektu musi byt vhod-
na pre algoritmy korelcie identickych bodov z oboch ka-
mier, na povrchu objektu sa pred meranim vytvara nahodna
Cierno-biela zrnita Struktara (napr. nastriekanim farby).
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CCD kamera CCD kamera
ovina Rovina

. obrazu obrazu

Nanesené §truktira y

Obr.1 Princip 3D obrazovej korelacie s dvoma CCD
kamerami

Fig.1 The principle of 3D image correlation with two
CCD cameras

Experimentalne urovanie plastickych deformacii metédou
DIC bude prezentované meraniami pri jednoosovom zata-
zeni vzorky s vrubmi (obr.2), pri€om na vzorke bola v mera-
nej oblasti vytvorena Cierno-biela zrnitd Struktura. Rozmery
vzorky su uvedené v miIimet‘roch.

y

| 100

\ B3
Obr.2 Geometria vzorky s vrubmi

Fig.2 Geometry of notched specimen

Hrubka vzorky je 0,8 mm a je vyrobena z izotropnej ocele,
ktorej vlastnosti ziskané normalizovanou tahovou skuskou
v smere valcovania su uvedené v tabulke 1.

Veliginy Re Rm | A80 |
[MPa] | [MPa] | [%] r
Hodnoty | 229 339 | 35 | 1,05

Tab.1 Materialové vilastnosti vzoriek ziskané tahovou
skuskou

Vzorka s vrubmi bola uchytena v hydraulickom trhacom
stroji INSTRON 8801(obr.3), pricom posunutia boli merané
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v oblasti vrubov metddou DIC pri pouziti dvoch CCD kamier
(JAI Pulnix TM — 4000 CL). Pouzitie vzoriek s vrubmi umoz-
nuje sledovat rozvoj plastickych deformacii spdsobenych
lokalizaciou napati v mieste vrubov.

Vypocet deformacii z posunuti uréenych metédou DIC bolo
realizované pomocou softvéru Cam.Expert s vyuZzitim sof-
tvéru na vyhodnocovanie Vic 3D.

b 2 -aﬂ_.
Obr.3 Uchytenie vzorky v trhacom stroji
Fig.3 Fixing of specimen in tensile machine

2. Vysledky ziskané digitalnou obrazovou
korelaciou

Vystupom merania je vizualizicia vysledkov, ktora moze
prezentovat obrysy meranej oblasti, pole posunuti alebo
pomernych deformacii vo v§eobecnom suradnicovom sys-
téme, resp. hlavné pomerné deformacie a hlavné smery.

Na vyhodnocovanie merania bol pouzity softvér Vic 3D, pri
ktorom boli nastavené vstupné parametre pre korelacné
nastroje 27 pixelov, pre vypocet deformacie bolo pouzité
vyhladenie 15x15 a vysledné hodnoty pomernych deforma-
cii su poc€itané podla Henckyho (logaritmického) tenzora.

Na obr.4 su pre ilustraciu prezentované vybrané polia po-
mernych deformacii v smere osi y (obr. 2) v plastickej oblasti
na vzorke s vrubmi. Vysledok odpoveda 25. kroku merania,
ktory je zobrazeny na diagrame sila — posunutie traverzy
(obr. 5), z ktorého vyplyva, Ze pri tomto kroku bola prekro-
¢end medza klzu materidlu.

Obr.4 Pole deformacii v smere osi y v plastickej oblasti
v 25-tom kroku

Fig.4 Strain fields in y direction in plastic range for 25th
step

Pri tahovej skiske pomocou hydraulického trhacieho zaria-
denia bolo pre prvych desat krokov nastavené posunutie
traverzy 0,1 mm a po prekroCeni medzi klzu boli posunutia
traverzy zvySené na 0,2 mm. Celkové posunutie traverzy az
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do roztrhnutia vzorky bolo 10,8 mm &o predstavovalo 60
snimkov a maximalna sila, pri ktorej doslo k roztrhnutiu, bola
Fmax = 13,46 kN. Z diagramu na obr. 5 mdéZzeme kazdému
kroku merania priradit’ posunutie traverzy a velkost' zatazu-
jucej sily.

Drlagram sl1a - posunutie traversy

K

] 38 108
Fosmutie [ss]

Obr.5 Diagram sila-posunutie traverzy

Fig.5 Diagram force-displacement of traverse

Bod K diagramu na obr. 5 odpoveda 25. kroku merania pri
sile 13,16 kN a posunuti traverzy 3,8 mm.

3. Identifikacia materialovych viastnosti
pomocou programu Camfit

Camfit je zakladom softvéru GUI Matlab, ktory realizuje
vypoclet vyuzitim metddy virtudlnych poli pre jednoduché
pripady izotropnych a ortotropnych materidlov, v pruznej a
v pruzne plastickej oblasti.

Na obr. 6 su znazornené polia pomernych deformacii €, €y
a Yy ziskané programom Camfit, ktoré odpovedaju 25.
kroku merania a mézeme ich porovnat s vysledkami ziska-
nymi pomocou softvéru Vic 3D (obr. 4).

Eps,,, at step 25

IO

__

004 -0.03 -0.02 001 0O

Eps. at step 25

004 005 003 01 0412

Epsy,, at step 25

-004 002 0 0 002 004

Obr.6 Polia pomernych deformacii ziskané programom
Camfit

Fig.6 Strain fields by Camfit
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V prvej faze program Camfit identifikuje parametre materialu
v pruznej oblasti. V izotropnom materidli su to parametre
linearnej elasticity izotropného materialu. VyuZitim principu
virtudlnych prac vonkajsich a vnutornych sil je mozné urcit
parametre materialu vo zvolenej elastickej oblasti. Cim viac
sa ziskané parametre materialu v linearnej oblasti (Youngov
modul pruznosti, Poissonove ¢islo) blizia k typickym hodno-
tam platnym pre ocele, tym presnejSie bola elasticka oblast
zvolena.

Young's modulus = 1855 GPa

Poisson's ratio = 0,236

x 10°Linear fit for the Poisson's ratio v Linear fit for the Young's modulus E

2 100
2
80
18
16 60
14
12 / 40
S m y
08 / /
08 0 -
2 4 B ] 0 2 4 B g L)
X IIJ's x 10"

Obr.7 Identifikacia parametrov v elastickej oblasti
Fig.7 Identification of parameters in the elastic range

Druha faza identifikacie sa tyka parametrov v plastickej
oblasti pri Styroch izotropnych spevriovacich modeloch,
ktoré su k dispozicii na zaklade jednoduchého Prandtl Re-
ussovho modelu. Na obr. 8 su uvedené hodnoty ziskané
spevnovacim modelom vyuZivajucim energeticky princip.

Young's modulus = 185.5 GPa

Polsson's rafio =024

Elastoplasticity wilh power liw [ 5_eq = X1%(ep + 352003 )

X1 = 8427 WMPs

32 =0.104

W3= 0575

Initial yield stress = 2291 MPa

Minimization: cost funclion = 411.124; ftevations = 50

Mom linear fit for plastic parameters
400 ¢

=0t e
300 P L iy

20} T

Witwal work

0 5 W 1 2 2 B B 0
Hurnber of sten
Obr.8 Priklad identifikacie v pruzne plastickej oblasti

Fig.8 Example of elasto-plastic identification

Z porovnania vysledkov uvedenych na obr. 8 avtab. 1
vyplyva, ze medza klzu ziskana programom Camfit pre
pruzne plasticku oblast’ pouZitim energetického pravidla je
v podstate zhodna s hodnotou medzi klzu ziskanou normali-
zovanou tahovou skugkou. DalSie ziskané parametre mate-
ridlovych vlastnosti plechu pri pruzne plastickej deformacii
uvedené na obr. 8 sluzia ako vstupné udaje pri identifikacii
napatovych poli v pruzne plastickej oblasti.

Zaver

Ako vyplyva z prezentovanych vysledkov, aplikacia digital-
nej obrazovej korelacie je vhodnou meracou metédou pre
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analyzu plastickych deformacii na povrchu objektov. Pre
analyzu velkych plastickych deformacii je vyhodné pouzit
tvarované vzorky, ktoré umoziuju lokalizaciu napati. Mate-
rialové vlastnosti ocelovych plechov boli ziskané vyuzitim
normalizovanych tahovych skusSok a hodnoty boli porovna-
né s vysledkami ziskanymi experimentalnym postupom pre
identifikaciu materialovych vlastnosti plechov, na ktoru bol
vyuzity program Camfit pri aplikacii celoploSného merania.
Porovnanim vyslednych hodnét pre medzu klzu materialu
vidime dobru zhodu s vysledkami ziskanymi programom
Camfit, ktory pri vypoétoch vyuziva metddu virtualnych prac.
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Abstract

The identification of the material properties in sheet metal is
usually achieved using uniaxial tests performed along diffe-
rent texture directions. In this paper an experimental proce-
dure to identify the plastic behaviour of sheet metals using
full field measurement is presented. The geometry generate
a heterogeneous strain field which has been measured
during the test using a digital image correlation system.
Here, the virtual fields method (VFM) adapted for strains
and plasticity has been used to identify the hardening beha-
viour and the isotropy of the material. The values obtained
with the VFM have been compared with the results coming
from a standard identification made with uniaxial tensile
tests.
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Vysetrovanie kmitania dveri auto-
mobilu vyuzitim metody digitalnej
obrazovej korelacie

Martin Hagara, Matus Kalina, Martin Schrotter

Abstrakt

Tento ¢lanok sa zaobera vyuZzitim modernej metddy digitalnej obrazovej korelacie
(DIC) v experimentalnej modalnej analyze. Je v iom popisany zakladny princip tejto
bezkontaktnej metddy a takisto prezentovany postup prace s vysokorychlostnym
optickym zariadenim Q-450 Dantec Dynamics. Experimentalne ur€ovanie modal-
nych parametrov bolo vykonané pomocou tohto zariadenia na vonkajSej strane
prednych dveri automobilu. Clanok poukazuje aj na vyuzitie softvéru MODAN 1.0,
vytvoreného na Katedre aplikovanej mechaniky a mechatroniky Strojnickej fakulty
Technickej univerzity v KoSiciach, pomocou ktorého su spracované exportované
data ziskané DIC, vykonana spektralna analyza a vykreslené vlastné tvary kmitania

skumaného objektu.

Krucové slova: digitalna obrazova korelacia, modalna analyza, MODAN 1.0, Briel

& Kjeer PULSESG, laserovy vibrometer PDV-100

Uvod

Skumanie modalnych parametrov (modalna analyza), akymi
su vlastna frekvencia a vlastné tvary kmitania, je velmi dole-
Zitd uloha konStruktérov. Ak by totiz doSlo k vystaveniu
technického zariadenia frekvenciam podobnym vlastnym
frekvenciam, nastal by jav znamy ako rezonancia, pri kto-
rom aj nizke budiace ucinky dokéazu vyvolat vysoku odozvu
systému. Tento jav mava zvyCajne fatalne nasledky.

Metédy vykonavania modalnej analyzy je mozné rozdelit do
dvoch skupin. Prvou z nich je skupina teoretickych metod,
pri ktorej sa mady urCuju najma vyuzitim softvéru pracuju-
com na principe metody konecnych prvkov (MKP).

K ur€eniu modalnych parametrov je mozné pristupit’ aj expe-
rimentélne, napr. vyuZitim moderného optického zariadenia
Q-450 Dantec Dynamics pracujuceho na principe digitalnej
obrazovej korelacie. Q-450 je presnym zariadenim poskytu-
jucim bezkontaktné skumanie pretvoreni a deformacii roz-
nych  mechanickych  sustav, schopnym  pracovat
s presnostou az do oblasti sub-pixelov. Vysoké obrazové
rozliSenie tohto zariadenia umoziuje jeho aplikaciu Pri sku-
m?nl' objektov réznych velkosti od niekolkych mm~ az po
m°.

1. Zakladny princip digitalnej obrazovej ko-
relacie

Trojrozmerna digitalna obrazova korelacia je moderna op-
ticka a bezkontaktna metéda sluziaca k ur€ovaniu poli po-
sunuti a pomernych deformacii meranych technickych sus-
tav. Kur€eniu trojrozmernych suradnic su vyuZivané dve
CCD kamery, ktoré zachytavaju miesto zaujmu na objekte
z dvoch rdéznych miest asmerov. Tieto kamery snimaju
objekt v procese zataZovania, ¢im dochadza k vytvaraniu
digitalizovanych snimok, ktoré sa nasledne na zaklade kore-
lacného algoritmu porovnavaju s referenénym krokom a
vyhodnocuju.
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Globalny suradnicovy
systém
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Rovina obrazu
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4' Rovina obrazu kamery 2

"(j-ll kamery |

Obr.1 Princip snimania bodov objektu 3D-DIC systé-
mom

Fig.1 The spatial image correlation principle

Vyhodnocovanie sa vykonava po malych obrazovych ele-
mentoch nazyvanych fazety. Tieto podoblasti skimanej
oblasti maju rozmer zvyc€ajne od 15x15 do 30x30 pixelov [1],
[2], [3].

Obr.2 Rozdelenie objektu na fazety a virtualnu mriezku
Fig.2 Examined surface with facets and virtual grid
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Aby nedo$lo ku porovnavaniu neidentickych bodov objektu,
vytvara sa na jeho povrchu kontrastny Ciernobiely vzor.
Tento vzor kopiruje obrys objektu, spoloCne s nim sa de-
formuje a pohybuje. Pri zatazeni objektu sa vytvorené body
zacnu posuvat' vocéi referenénému stavu a tym dojde k zme-
ne intenzity svetla odrazeného od povrchu vzorky. Zmenu
intenzity pocita€ registruje a zaznamenéava v kazdom zata-
Zujucom kroku. Polia posunuti a pomernych deformacii su
uréované korelaciou odpovedajucich si faziet pred a po
deformacii telesa.

1.1 Korelaény algoritmus

Systém Q-450 Dantec Dynamics realizuje vypoéty cez kore-
laény algoritmus zaloZeny na pseudo-afinitnej transformacii
suradnic bodov obrazku z jednej snimky na druhud. Ak a, a;,
a, .., a; predstavuju transformacné parametre moznych
posunuti, natiahnuti, strihu, &i skratenia podla obr. 2, potom
plati [4], [5], [6]:

x,(ag,a,ay,a3,%, y) = ag +ay.x+ay.y +as.x.y 1)
vag,as,a6,a7,%,y)= as + as.x+ag.y +a;.x.y (2)

Tieto parametre byvaju urované minimalizaciou vzdiale-
nosti medzi hodnotou aktudlnej intenzity G,(x,y)

a povodnej intenzity G, (x, y) so zohladnenim fotogrametric-
kych korekcii nasledovne:

i G -G 3
g ZAO 07 ¥

Vyraz GT(x, y) predstavuje zmenu intenzity Sedych bodov
pocas zataZovania a da sa vyjadrit takto:

GT(x’y):gO+g1'GZ(xt(x’y)’yt(x’y)) (4)
kde g, a g predstavuju parametre osvetlenia.

Pri zataZeni objektu sa vytvorené body zaCnu posuvat voci
referenénému stavu atym dojde k zmene intenzity svetla
odrazeného od povrchu vzorky. Zmenu intenzity pocita¢
registruje a zaznamenava v kazdom zatazujucom kroku.

1.2 Kalibracia kamier

V pripade digitalnej obrazovej korelacie je ziskavanie

spravnych informacii o posunuti a pretvoreni objektu zavislé

od miery presnosti procesu nazyvaného kalibracia kamier.

Vystupom tohto procesu je zisk vnutornych parametrov

(geometrické a optické charakteristiky) a takisto vonkajSich

(vzdjomna poloha a natoCenie kamier) parametrov kamier.

Potom uz dokézeme transformovat suradnice vSeobecného

bodu vySetrovaného objektu do suradnicového systému

kamier. Velmi jednoduchou a €asto pouZivanou kalibracnou
technikou je ta, ktord vychadza z tzv. Zhangovho algoritmu.

Tato procedura sa vyuziva aj v optickom korelatnom zaria-

deni Q-450 a vo v§eobecnosti pozostava z tychto krokov [4],

[5] (61, (71, 8], [9]:
vytvorenie kalibraéného vzoru na rovinnej ploche odpo-
vedajucej velkosti — kalibracny terc,

e akvizicia niekolkych snimok kalibraného terca
v réznych polohach ziskanych bud pohybom kamery
alebo pohybom ter¢a,

e najdenie charakteristickych bodov v ziskanych snim-
kach,

e odhad piatich vnutornych a vSetkych vonkajSich para-
metrov kamier pouZzitim matematického aparatu algorit-
mu,

e odhad koeficientov radialneho skreslenia pomocou me-
tédy najmensich Stvorcov,
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e vyuzitie minimalizacie pre vylepSenie odhadu paramet-
rov.

6 mm
I’L:slulm roh

-:o:n:o:l

B .. Q. Q. .I
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Pertners for progress
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Obr.3 Detekcia charakteristickych bodov kalibraéného
teréa so znamou polohou

Fig.3 Detection of specific points in the calibration tar-
get

2 Vyuzitie DIC pri urcovani modalnych pa-
rametrov kmitania vonkajSej strany dveri
automobilu

Kedze systém Q-450 je tvoreny dvoma kamerami
a podstatou metdédy je porovnavanie snimok, znamena to,
Ze kazdy vySetrovany bod snimaného objektu musi byt
viditelny z oboch kamier. Z toho dévodu korelaéné systemy
tvorené dvoma kamerami su uréené na identifikaciu poli
posunuti a deformacii plochych objektov, no ani mierne
zakrivenie povrchu nemusi byt prekazkou. Na vonkajSom
povrchu dveri, ktoré boli pri vySetrovani volne zavesené
pomocou lana, bol sprejovymi farbami vytvoreny nahodny
Ciernobiely vzor.

Obr.4 VySetrované predné dvere s vytvorenym cierno-
bielym vzorom, usporiadanie kamier
a vysokovykonného bodového zdroja bieleho
svetla

Fig.4 Examined car’s front door with random black and
white pattern, cameras configuration and high-
performance spot lamp

2.1 Nastavenie parametrov experimentu

K vybudeniu vonkajSej plochy dveri bolo pouZité modalne
kladivko Bruel & Kjeaer typu 8206. Cely proces vybudeného
kmitania bol zaznamenany pomocou vysokorychlostnych
CCD kamier SpeedSense 9070 pri rozliSeni 1280x800 px.
Frekvencia snimania kamier bola nastavena na 1500 sni-
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mok/s. Clony objektivov nastavené na maximalne clonové
Cislo 22 a Cas expozicie oboch kamier 343 pri poditi
vysokovykonného bodového zdroja bieleho svetla poskytli
vysoku hibku ostrosti obrazu o vhodnej svetelnosti. Celkovy
Cas akvizicie bol nastaveny na 2,5s a systém tak zachytil
3750 snimok z oboch kamier.

Kalibracia kamier bola vykonand pomocou kalibraného
tera vyrobeného zplastu PI-35-WMB_9x9 s kalibraCnym
pofom vytvorenym na bielom podklade. Vefkost kazdého
z 9x9 poli€ok uvadza vyrobca na 35+0,35mm. Pri zachyteny
15 réznych lokéacii a natoCeni kalibratného terca systém
automaticky vypocital kalibratné parametre.

Intrinsic Parameters Camera Position 1image:

Focal length {x; y}: {2690 £ 4; 2685 + 4}
Principal point {x; y}: {613 £ ¢ i)
Radial distortion {r2; rd}: { 0,008; -1,0 £ 0,3)
Tangential distortion {tx; ty}: {-0,0001 £ 0,0006; -0,0044 + 0,0006}

Extrinsic par Camera P
Rotation vector {x; y; z}:

Translation vector {x; y; z}:

ition 1 image:
{-2,8

+0,003; 0,0241 £ 0,0005; -0,156 £ 0,003}

9t 5; 1688 £ 2}

Intrinsic Parameters Camera Position 2i
Focal length {x; y}: {
Principal point {x; y}:

Radial distortion {r2; rd} {
Tangential distortion {tx; ty}: {-0,0039 £ 0,0
Extrinsic parameters Camera Position 2 image:
Rotation vector {x; y; z}: {-2,865 £ 0,003;
Translation vector {x; y; z}: {

Obr.5 Kalibracné parametre
Fig.5 Calibration parameters

2.2 Vyuzitie doplnkového programu MODAN 1.0 na zis-
kanie vlastnych frekvencii a vlastnych tvarov kmitania

KedZe ovladaci a zaroven vyhodnocovaci softvér korelac¢-
ného systému Q-450 — ISTRA 4D — dokaze vykonat iba
spektralnu analyzu z nameranych dat a nie je schopny vy-
kreslit' vliastné tvary kmitania, bol na Katedre aplikovanej
mechaniky a mechatroniky Strojnickej fakulty Technickej
univerzity v KoSiciach Ing. Rébertom Hurfiadym, PhD. v
Matlabe vytvoreny program MODAN 1.0 [10], [11]. Tento
program dokaze naditat vyexportované data z ISTRA 4D,
z nacitanych €asovych priebehov vykonat spektralnu analy-
zu a vykreslit tvar kmitania pre ktorukolvek frekvenciu
z daného frekvencného rozsahu.

MODAN 1.0 pri jeho spektralnej analyze vykonanej z 1024
snimok vyexportovanych zISTRA 4D vo formate HDF5
poskytol vysledky zobrazené na Obr. 6. Vzhladom na to, Ze
pri frekvenciach vysSich ako 400 Hz bol zaznamenany iba
Sum, uvadzame iba frekvenéné zavislosti posunuti
v rozsahu 0-400 Hz.

3

Spriemerované pesunutia v smere osi Z [mm]
3
T
.

e )rUlV‘LMWMWWW‘”

50 100 15

=
[=]

Frekvencia [Hz]

Obr.6 Frekvenéna zavislost’ spriemerovanych posunuti
bodov vysetrovaného objektu v smere osi Z zis-
kana v programe MODAN 1.0

Fig.6 Frequency dependence of variation in Z direction
carried out by MODAN 1.0
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Niektoré z vlastnych tvarov kmitania vonkajSej strany dveri
automobilu je mozné vidiet’ na nasledujucich obrazkoch.

300
300
‘?0[1
b)
Obr.7 Vlastna frekvencia kmitania 52,79 Hz:
a) Totalne posunutia, b) Z-zlozka posunuti
Fig.7 Modal frequency 52,79 Hz:
a) Total displacement, b) Z displacement
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Obr.8 Vlastna frekvencia kmitania 76,25 Hz:

a) Totalne posunutia, b) Z-zlozka posunuti
Fig.8 Modal frequency 76,25 Hz:

a) Total displacement, b) Z displacement
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3 Verifikacia dosiahnutych vysledkov

Na verifikaciu vysledkov kmitania dveri automobilu, ziska-
nych pouzitim metdédy digitalnej obrazovej korelacie, vhodne
posluzil meraci systém PULSE6 v spolupraci s meracom
rychlosti kmitania PDV-100. Tak ako v predchadzajucom
pripade, aj tato metdda je zaloZzena na bezkontakthom me-
rani vibracii.

3.1 Pouzitie aparatury sluziacej na meranie a analyzu
kmitania

Systém Pulse6 od spolocnosti Briel & Kjeer je univerzalny
meraci systém kompaktnych rozmerov a robustnej kon-
Strukcie ureny jednak pre laboratérne, tak aj pre externé
pouzitie na meranie kmitania a zvuku. Ide o spojenie mera-
cieho modulu a pocita€a, ktory obsahuje prisluSsny meraci
softvér. Meraci modul je vybaveny viacerymi vstupnymi
a vystupnymi kanalmi a dalej LAN rozhranim uréenym pre
komunikaciu modulu s pocitatom. Tento systém umoziuje
meranie v danom C€ase (real-time measurement), ¢o umoz-
nuje operatorovi okamZité posudenie meraného procesu.
Takisto umoZiiuje vykonavat takzvanu multi-analyzu jedné-
ho a toho istého kanalu [12].

Obr.9 Meraci systém PULSE 6 - typ 3560C spolu
s ovladacim pocitacom

Fig.9 Measure device PULSE 6 - type 3560C with opera-
ting PC

Mera& PDV-100 od spoloCnosti Polytec je laserovy mera¢
rychlosti kmitania zalozeny na Dopplerovom principe. Jedna
sa o lahky, skladny a prenosny mera¢ vhodny aj pre externé
vyuZitie, schopny zaznamenavat vibracie od 0 po 22kHz
a az do vzdialenosti tridsiatich metrov.

Obr.10 Laserovy vibrometer PDV-100
Fig.10 Laser vibrometer PDV-100

3.2 Vysledky ziskané pomocou PDV-100

Meranie pomocou PDV-100 bolo vykonané simultanne pri
pouziti korelacného systému Q-450. Frekvencna zavislost
posunuti v smere osi Z ziskana pomocou PULSES6 je zna-
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zornena na Obr. 11. Frekvenény rozsah bol opat upraveny
na 0-400 Hz. Rozdiel vo velkostiach posunuti v smere osi
Z je dany tym, Ze pokial' pri pouziti DIC boli vychylky sprie-
merované po celej vySetrovanej ploche, v pripade PDV-100
bolo kmitanie zaznamenavané iba v jednom bode.

0,000025

0,00002 -
0,000015 -
0,00001 -

0,000005 -

LU

0 50 100 150 200 250 300 350 400
Frekvencia [Hz]

Posunutia v smere osi Z [mm]

Obr.11 Frekvenéna zavislost’ posunuti bodu vysetrova-
ného objektu v smere osi Z ziskana pomocou
PULSEG6

Fig.11 Frequency dependence of variation in Z direction
obtained by PULSE6

Vlastné frekvencie kmitania dveri ziskané oboma metédami
su uvedené v Tab. 1. Ich porovnanim sme dospeli k zaveru,
Ze ziskané vysledky su zhodné. Nezaznamenanie deviatej
vlastnej frekvencie pomocou korela¢ného systému Q-450
bolo spOsobené niZzSou citlivostou tohto zariadenia ako
zariadenia sluziaceho Specidlne na meranie vibracii.

Cislo Q-450 PULSE6
1. 32,26 Hz 32 Hz
2. 51,32 Hz 52 Hz
3. 77,71 Hz 78 Hz
4. 96,78Hz | 96,5Hz
5. 99,71Hz | 100,5Hz
6. 108,5Hz | 108,5Hz
7. 142,2 Hz 143 Hz
8. 203,8 Hz 203 Hz
9. - 226 Hz

Tab.1 Vlastné frekvencie kmitania zaznamenané pomo-
cou Q-450 a PULSE6

Zaver

Digitalna obrazova korelacia je unikdtna metdéda umozniuju-
ca Siroké spektrum aplikacii - statické, dynamické, v lomovej
mechanike, ¢ materidlovom testovani. KedZe sa da vyuZit
za takmer kazdych podmienok a na kazdom materidli, je
vyraznou pomocou pri ur€ovani poli posunuti a pomernych
deformacii réznych mechanickych Struktdr. Pouzitim dopln-
kového programu MODAN 1.0 vieme zaznamenat
a znazornit' vlastné tvary kmitania a frekvenénu zavislost
posunuti totoZznu s charakteristikou ziskanou pomocou apa-
ratur $pecializovanych na skimanie kmitania. Tazkosti pri
vysSetrovani kmitania pomocou 3D-DIC m6zu sposobit velmi
tuhé objekty, kedy citlivost korelacného zariadenia Q-450
nemusi byt dostacujuca.
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Abstract

This article deals with using of modern methods of digital
image correlation in experimental modal analysis. There is
presentation of basic principles of this contactless method
and it also contains proceeding of high speed optical device
Q-450 Dantec Dynamics. Experimental analysis of modal
parameters was performed by this device on outer side of
car’s front door. The article also pointing out on utilization of
software MODAN 1.0 which was created on The Technical
University of KoSice, The faculty of mechanical engineering
and The department of apllied mechanics and mechatro-
nics. The data obtained by Digital image correlation was
consequently processed by this software and then the spec-
tral analysis was performed and some mode shapes of
vibration of investigated surface were plotted.
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Odstranenie zvyskovych napati v
materiali tlakovej nadoby

Kristina Maslakova, Viera Nohajova

Abstrakt

Clanok je venovany zvyskovych napétiam, od postupu ich odstrafiovania vo vySetrovanom materidli az po pouZitie
odvftavacej metddy. ZvySkové napétia v materidloch alebo Strukturach su spésobované pri vnutornych trvalych napéatiach.
Mo6zu byt generované alebo modifikované vo vSetkych fazach Zivotného cyklu kompomentu, od pévodnej vyroby materialu

az po finalnu verziu.

Ich vyskyt sa zaznamenava uZ pri samotnej vyrobe materidlu, predovSetkym v technologickych

procesoch. V praxi sa vyskytuju zvyskové napatia s pozitivnym alebo negativnym u€inkom. Po odstraneni zvyskovych
napati v materiali napriklad pomocou Zihania, je mozné pristupit k procesu odvftavania.

Kracové slova: zvyskové napatia, odvftavanie, vySetrovany objekt

Uvod

Hlavnym faktorom prispievajucim k Strukturalnym chybam
a naslednému moznému zlyhaniu strojnej suciastky, tlakove;j
nadoby alebo ramovej konStrukcie, mézu byt zvySkové
napatia, ktoré mézu existovat uz pred uvedenim zariadenia
do prevadzky. Tieto napatia vznikaju v priebehu vyroby a su
vyvolané procesmi zvarania, obrabania, odlievania,
tvarnenia a tepelného spracovania. Mézu predstavovat
pomerne velké  nebezpeCenstvo.  NedeStruktivnymi
metdédami sa tazko uréuju, pretoZe sa neda predpovedat ich
smer ani velkost. Konstruktéri obvykle predpokladaju,
Ze materidlom telesa je homogénne izotropné kontinuum.

Pre technickd prax su  dbélezité  predovSetkym
makroskopické zvySkové napatia, CiZze napdtia |. druhu,
ktorych existencia sa prejavuje napr. rozmerovymi
a tvarovymi zmenami, ktoré ovplyviuju vyuZitefnost
suciastky vpraxi avneposlednom rade aj samotnu
zivotnost, koréznu odolnost' a bezporuchovost.

dalSich vplyvov az po velmi podrobné modely, ktoré su
rieSitelné len vdaka vykonnej vypoctovej technike.

1. Problematika zvyskovych napati

K deformacii a napatosti telesa v jeho usporiadanych
gasticiach méze dojst z roéznych pricin. Casto je to
pri silovom pdsobeni, & uZz pri povrchovom alebo
objemovom, popripade deformaénym p&sobenim na teleso.
Vnutorné sily si v danom priereze staticky ekvivalentné
s pbsobiacim napatim; zvyCajne je vyslednica ich sil
v danom priereze nulova. Dal$ou moZnostou je pésobenie
teplotného pola. Ato bud ak sa jednd o homogénne
teplotné pole, €o znamena pole bez tepelnych gradientov po
ploche alebo hrubke, napéatost’ vznika v telese len vtedy, ak
je zabranené jeho volnej teplotnej dilatacii. V pripade
nehomogénneho teplotného pola dochadza aj pri teplotnej
dilatacii k vzniku napéatosti.

Ak v niektorom bode nie je splnena podmienka plasticity, su
tieto pdsobiace napatia pruzné. AvSak, inak tomu je ak
v priebehu spominaného pdsobenia v telese, alebo v jeho
niektorych &astiach, déjde k pruzne plastickému stavu.
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2. Vyber vhodnej metody na urcovanie
zvyskovych napiti v zavislosti na hibke
odvitavania

V predchadzajucej Casti je uvedeny postup uréovania
zvyskovych napati po celej hibke odvftaného otvoru
s predpokladom  konstantného  priebehu  zvySkového
napatia. Experimentalna &ast vtychto pripadoch
je realizovana po krokoch, kde sa odvitavanie uskuto¢hiuje
po prirastkoch hibky a na konci kazdého z nich sa vykona
odpocet uvolnenych deformacii. Takto ziskané profily
uvolnenych deformacii su potom vstupom
pre vyhodnocovaciu metdédu. Ide hlavne o inkrementalnu
metddu, metddu priemernych napéati, metdédu mocninovych
radov, integralnu metédu a nami pouziti metédu ASTM.

2.1 Postup odstranenia zvyskovych napati

Experiment bol zamerany na samotny proces pripravy
vzorky na urCovanie zvySkovych napéati. Nasledne bola
navrhnutd metdda spdsobu urCenia zvySkovych napati.
Na to, aby sa dosiahli ¢o najpresnejSie vysledky merania,
bolo vySetrovana nadoba najprv vyzihana a neskor
natlakovana. Bol simulovany stav znamej zvySkovej
napatosti, ktort bolo potrebné vysetrit.

2.2 Materialova charakteristika

Na spravne urcenie zvySkovych napati je potrebné vediet
¢o najviac informacii o materidli vySetrovanej vzorky. Ak ide
napriklad o material s kovovou Strukturou, je nutné vediet
oaku ocel sa jedna. Tato informacia je uvedena
v materidlovom liste. Na zaklade zistenych mechanickych
vlastnosti a chemického zloZenia sa da s velkou presnostou
urcit’ teplota zihania. Proces Zzihania sluzi na odstranenie
predchadzajucich zvySkovych pnuti v materiali.

Na presnejSiu analyzu chemického zloZenia materialu
vySetrovanej zlozky je mozné vykonat tzv. EDX analyzu.
Princip EDX analyzy spociva v zuzitkovani sekundarnych
elektronov pri pozorovani vySetrovaného povrchu pomocou
rastrovacieho elektrénového mikroskopu. Velkou devizou je
trojrozmerné zobrazenie objektu. EDX analyza umozhiuje
prvkovu analyzu skumaného povrchu. Odobrana vzorka
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z vySetrovaného materialu sa zaleje do dentakrylu (obr. 2)
a nasledne sa pozoruje pod elektronovym mikroskopom.
Vysledné hodnoty sa zobrazia v grafe (obr.3).

Obr.1 VysSetrovana nadoba
Fig.1 Investigated object

Obr.2 Vzorka zaliata do dentakrylu

Fig.2 Specimen fixed in dentacryl
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Obr.3 EDX analyza
Fig.3 EDX analysis

2.3 Informacie o vySetrovanom objekte

VySetrovana tlakovd nadoba s vnutornym prevadzkovym
pretlakom 10 barov a s objemom 2 | sa vyuzZiva ako nadrz
brzdovej kvapaliny na podvozkoch nakladnych vozidiel.

Tlakova nadoba bola vyrobena z nelegovanej ocele triedy
11 373. Hodnoty mechanickych vlastnosti a chemického
zloZenia su uvedené v tabuflke ¢.1.

Tab.1 Mechanické vlastnosti a chemické zlozenie
skumaného objektu

Chemické zlozenie [ %]

Cmax. Pmax. Smax. Nmax.
0,17 0,045 0,045 0,007
Mechanické vlastnosti

. . , | Medza Medza
P0|vs’sonovo Taznost pevnosti Klzu I\{Iodull
Cislo py Aso R R pruznosti E
0 m P0,2 5
] el MPa] | mpay | [0 MPel
0,3 24 340-470 225 2,06
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2.4 Skuska tvrdosti, Zihanie

Tvrdost je definovana ako mechanicka vlastnost materialu,
ktora je vyjadrena odporom proti deformacii povrchu
vyvolanej po6sobenim geometricky definovaného telesa.
Tvrdost je podla Vickersa bezrozmerna a ur€ena pomerom
vtlaGovej sily F k povrchu vtlacku (Obr. 4). Vnikajuce teleso
je pravidelny Stvorboky diamantovy ihlan s vrcholovym
uhlom 136°.

Obr.4 Schéma merania tvrdosti podla Vickersa
Fig.4 Scheme of hardness measurement by Vickers
Na obrazku 5 je znazornena ukazka merania tvrdosti podla

Vickersa na vySetrovanom objekte. Tato metdda je velmi
presna a minimalne zavisla od zatazenia.

Obr.5 Meranie tvrdosti podla Vickersa na vySetrovanom
objekte

Fig.5 Hardness measurement by Vickers on
investigated object

Na zvolenie vhodnej teploty Zihania je potrebné vykonat
skudku tvrdosti. Zabrani sa tym aj pripadnému poruseniu
materialu. Na zaklade dosiahnutych vysledkov je mozZné
navrhnut teplotny diagram pre proces Zihania.

K procesu Zihania sa pristupuje po ziskani vSetkych
potrebnych udajov. Vzorka sa Zziha zdOvodu, aby
namerané hodnoty napati vyvolanych zataZenim, neboli
ovplyvnené skutoénymi zvySkovymi napdatiami, ktoré by
sa mohli v materiali eventudlne nachadzat'.

Zihanie je proces, ktorého cielom je zmena mechanickych
vlastnosti spdsobom tepelného spracovania zliatin.

Po ziskani potrebnych udajov o vySetrovanom objekte
sa pristupi k procesu Zihania. Je to potrebné hlavne z toho
dévodu, ak sa berie do Uvahy fakt, Ze pri vyrobe materialu
dochadza k vzniku zvySkovych napéati. Tie sa eventualne
mdZu v objekte nachadzat aje potrebné ich odstranit.
Po zvéZeni spravania sa materidlu je mozné navrhnut
teplotny diagram (obr.6), v ktorom je uvedeny postup
Zihania (teplota, doba Zihania).
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Obr.6 Navrh grafu k procesu zihania
Fig.6 Graph design for the annealing process

Po procese Zihania je vhodné vyZihanu vzorku vylestit
leStiacim zariadenim a opatovne ur€it  tvrdost podla
Vickersa, za u€elom porovnania zmien vlastnosti pred a po
Zihani vySetrovaného objektu.

2.5 Meranie hrubky vysetrovaného materialu

Hrubky stien materidlu je mozné merat pomocou
ultrazvukovych hrabkomerov za pouZitia sondy s réznou
frekvenciou. Dokonala akusticka vazba medzi povrchom
materialu a sondou je dosiahnutda pomocou vazobného
prostriedku (obr.7).

Miesta na povrchu vzorky je vhodné rozdelit si na viac
Casti(obr.8), na ktorych sa vykona meranie. Z od¢itanych
udajov sa neskor urCi aritmeticky priemer z kazdej Casti.
Namerané hodnoty sluzia nielen pre experimentalnu, ale aj
numericki Cast ulohy. Numerickd cast ulohy je velmi
napomocna pri porovnavani dosiahnutych vysledkov.

Po tychto ukonoch je vySetrovana vzorka pripravena
k samotnému procesu odvitavania.

Obr.7 Merania hrubky stien pomocou hriubkomeru
Fig.7 Wall thickness measurement by thickness gauge
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Obr.8 Miesta merania hrubky steny tlakovej nadoby

Fig.8 Locations of the wall thickness measurement on
the pressure container
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Zaver

Ciefom prispevku je ozrejmit postup pripravy vySetrovanej
vzorky, na ktorej ma byt vykonany proces odvftavania.

Spravne vysledky nie je mozné v Ziadnej oblasti dosiahnut
bez dokladnej predpripravy vySetrovanej vzorky. V nasom
pripade sa jedna o ur€enie zvySkovych napéati v kovovom
materiali pomocou metédy odvftavania. Jedna sa o velmi
presniu metédu a vykonava sa pomocou odvitavacieho
systému (najCastejSie SINT MTS 3000, RS- 200). Na to, aby
nedoslo pocas tohto procesu k poruSeniu materialu, alebo
nenastali neCakané problémy, je nevyhnuté poznat
materidlové charakteristiky a chemické zloZenie. V ¢lanku je
uvedeny podrobny popis vSetkych uUkonov a uvedenie
dovodu nutnosti vykonat dané procesy.
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Abstract

Clanok je venovany zvyskovych napatiam- od procesu ich
odstrafiovania vo vySetrovanom materiali az po pouZitie
odvftavacej metddy. ZvySkové napatia v materidloch alebo
Struktdrach su  spbsobované pri  vnutornych trvalych
napatiach. Mézu byt generované alebo modifikované vo
vSetkych fazach zivotného cyklu compomentu od pévodnej
vyroby materidlu az po finalnu verziu. Ich vyskyt sa
zaznamenava uz pri samotnej vyrobe materialu,
predovSetkym v technologickych procesoch. V praxi sa
vyskytuju zvySkové napatia s pozitivhym alebo negativnym
uCinkom. Po odstraneni zvy8kovych napati v materidli
napriklad pomocou Zihania, je mozné pristupit k procesu
odvftavania.

The article is aimed on residual stresses- from their removal
procedure in the investigated object to using hole drilling
method. The residual stresses in a component or structure
are stresses caused by incompatible internal permanent
strains. They may be generated or modified at every stage
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in the component life cycle, from original material production
to final disposal. Their occurrence are recorded by material
production or in technological processes. In practice, the
residual stresses can exist with positive effect or negative
effect.

After removal of residual stresses in the material may
proceed to the hole drilling process.
Nowadays is hole drilling one of the most widely used
technique for residual stress measurements, due to its
precision and low cost.
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Komrarécia napatovych
a defor

macnyc

poli ziskanych

metodou PhotoStress a softverom

ANSYS

FrantiSek Trebuna, Peter Frankovsky, Maria Kenderova

Abstrakt

V prispevku je porovnané napatové pole dosky s kruhovym otvorom v strede
ziskane experimentalne metédou PhotoStress® a numericky softvérom ANSYS.
Skumana doska bola zatazovana diametralnym tahom, pricom pre ziskanie poli
deformacii a napéati sa pri experimentalnej metode PhotoStress® sa vyuzil odrazovy

polariskop LF/Z-2.

Krugéové slova: metoda PhotoStress®, izoklinne pruhy, izochromatické pruhy,

odrazovy polariskop LF/Z-2, softvér ANSYS

Uvod

Jednou z najrozSirenejSich metdd experimentalneho uréenia
poli hlavnych pomernych deformacii a poli hlavnych
normalovych  napati na  zatazenom  fotoelasticky
povrstvenom objektea'e odrazova fotoelasticimetria, resp.
metéda PhotoStress™. Pri tejto metéde sa Specidlne
deformacno-opticky citlivé fotoelastické povrstvenie aplikuje
na skuSanu suciastku. Ak je fotoelastické povrstvenie
naaplikované na  skumanej suCiastke  osvetlené
polarizovanym svetlom z odrazového polariskopu, tak pri
pohlade cez polariskop mbéZeme na povrstveni pozorovat
Uplne rozdelenie deformacii a napéti vo forme farebnych
izochromatickych pruhov. S optickym kompenzatorom
pripevnenym  k odrazovému  polariskopu je mozZné
jednoducho arychlo vykonat kvantitativnu napéatovu
analyzu. Je tiez mozné realizovat fotografické alebo videové
zdznamy scielom ziskania zaznamov o rozloZeni
deformacii a napati na analyzovanom objekte, pri znamom
zatazZeni.

Metdda odrazovej fotoelasticimetrie, resp. metéda PhotoS-
tress® umoZziuje:
e identifikovat kritické miesta,

e zvyrazhovat  oblasti s nizkymi a vysokymi
napatiami,

e merat SpiCky napadti a urCovat napatové
koncentracie okolo otvorov, drazok, zaobleni

a inych potencialnych poruchovych oblasti,

e optimalizovat rozloZenie napati v suCiastkach
a sustavach pre minimalnu hmotnost a maximalnu
spolahlivost,

e merat hlavné normalové napétia aich smery v
roznych bodoch fotoelastického povrstvenia,

e opakovane realizovat meranie pri réznych
zatazeniach bez potreby aplikacie nové
fotoelastického povrstvenia,
vykonavat merania v laboratériu alebo v teréne,
identifikovat a merat zvySkové napatia,

e zistovat pruzné deformacie a zaznamenat
redistribuciu deformacii v plastickej oblasti.
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Zakladna tedria a princip odrazovej fotoelasticimetrie, resp.
metody PhotoStress® sa za poslednych 50 rokov nezmenili.
Bez ohladu na to, ktory pristroj pouzivame, tedria zostava ta
istd, ale principy vyhodnotenia sa s vyvojom pocitacovej
techniky a digitalizaciou obrazu vyrazne menia. Na obr. 1 je
zobrazeny odrazovy polariskop LF/Z-2 pomocou ktorého
bola vykonana celo polova deformacnd, resp. napatova
analyza dosky s kruhovym otvorom v strede.

kusupsgnzator

Obr.1 Odrazovy polariskop LF/Z-2
Fig.1 Reflection polariscope LF/Z-2

Sucastou odrazového polariskopu LF/Z-2 su:

o digitalna videokamera,

e laserové osvetlenie umozfiujuce zobrazit smery
hlavnych normélovych napati,

o digitdlny kompenzator - model 832, ktory
zabezpecluje meranie rozdielu hlavnych
normalovych napéti o,-o, ijednotlivych hlavnych
normalovych napati o, a o,,

e softver PSCalc™ umoziujici uréenie hodndt
hlavnych normalovych napati a hlavnych
pomernych deformacii,

e nastroje na vytvorenie drazky,
metodu Slitting.

pre separacnu
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Analyza poli deformacii a poli napati
metédou PhotoStress®

Doska s kruhovym otvorom v strede bola zatazovana
diametralnym tahom v zataZovacom rame podla obr.2. Tah
bol vyvolany pomocou pakového mechanizmu a na
od¢itanie vyvolaného zatazenia bol pouzity dynamometer
6418 s meracim rozsahom do 1000N.

AN AAANSRENIE e e

Obr.2 Zat'azenie dosky s kruhovym otvorom v strede
Fig.2 Plate with a round hole under stress

Na obr. 3 je zobrazeny odrazovy polariskop LF/Z-2 pri
pozorovani farebnych izochromatickych pruhov diametralne
zatazenej vzorky s kruhovym otvorom v strede.

Obr.3 Analyza poli napiti odrazovy polariskop LF/Z-2

Fig.3 Analysis of stress fields, reflection polariscope
LF/Z-2

Pri minimalnom zatazeni vzorky boli pozorované a nafotene
tmavé pruhy, ktoré nazyvame izokliny. Izoklinne pruhy
predstavuju miesta rovnakych smerov hlavnych pomernych
deformacii a hlavnych normalovych napéti. Pri pozorovani
izoklin su osi analyzatora a polarizatora rovnobezné.

Vrozsahu 0° - 90° sa sucCasnou rotaciou analyzatora
a polarizatora ziska celkovy obraz rozloZenia izoklin po celej
analyzovanej ploche. Na obr. 4 sU znazornené izoklinne
pruhy ziskané pod uhlovym parametrom od 0° do 90°
s prirastkom po 10°. Z obr. 4 je zrejme, Ze izokliny ziskané
pod uhlovym parametrom 0° a 90° su rovnakeé.
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Obr.4 Izoklinne pruhy na doske s otvorom v strede
pozorované pod roznym uhlovym parametrom

Fig.4 Isoclinic fringes on the plate with a round hole in
its centre examined under different angle parameters

Rozbor izochromatickych pruhov

Na =zatazenej fotoelastickej povrstvenej vzorke sa
pozorovali izochromatické pruhy pri postupnom zatazovani
skimanej dosky s kruhovym otvorom v strede. Pri
pozorovani izochromatickych pruhov su osi polarizatora
a analyzatora na seba kolmé. lzochromatické pruhy su
pruhy konstantnych rozdielov hlavnych pomernych defor-
macii, resp. hlavnych normalovych napéti. Poradie
izochromatického pruhu uréujeme pomocou kompenzatora
pripojeného k odrazovému polariskopu.

Pre urenie radu izochromatického pruhu v doske
s kruhovym otvorom sme dosku postupne zatazovali dia-
metralnym tlakom. Je nutné pri rozbore izochromatickych
pruhov na celej ploche pozorovanej dosky poznat zavislost
medzi farebnymi pruhmi a napatim resp. deformaciou. Ana-
lyza izochromatickych pruhov bola vykonand odrazovym
polariskopom LF/Z-2, pricom osi polarizatora a analyzatora

boli na seba kolmé.

zat'azenie 1 zat'azenie 2

bez zat'azenia

zat'azenie 3 zat'azenie 4

zat'azenie 5

zat'azenie 7 zat'azenie 8

zat'azenie 6

Obr.5 Izochromatické pruhy pri postupnom zat'azeni
dosky s otvorom v strede

Fig.5 Isochromatic fringes during gradual loading of the
plate with a round hole in its centre
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Analyza poli deformacii a poli napati
programom ANSYS

Experimentalne ziskane pole napati dosky s kruhovym
otvorom v strede bolo porovnané s napatovym polom
ziskanym v programe ANSYS 12.1. Rozmery, charakter
zatazenia a materialové charakteristiky modelovanej dosky
sU identické s doskou, na ktorej bola vykonana
experimentalna analgza poli deformacii a poli napati
metddou PhotoStress™.

Na nasledujucich obrazkoch su zobrazené vystupy |
programu ANSYS pre dosku s kruhovym otvorom v strede :
zatazenej diametralnym tahom. &

Obr.9 Pole deformacii a smerov hlavnych deformacii
Fig. 9 The field of principal strain deformations and
directions

Na obr.6 je zobrazené porovnanie poli napati dosky
sotvorom vstrede ziskane programom ANSYS
a experimentalnou metdédou PhotoStress .

Obr.6 Pole ekvivalentnych napéti podla von Misesa

Fig. 6 The field of equivalent stresses according to von
Mises

Obr.10 Porovnanie poli napéti dosky v otvorom v strede
ziskane programom ANSYS a metédou PhotoStress®

Fig.10 The comparison of stress fields on the plate with
a round hole in its centre gained by ANSYS programme
and PhotoStress® method

Zaver

V prispevku bolo uvedené porovnanie napatovych poli
dosky s kruhovym otvorom v strede ziskanych
experimentalne metédou  PhotoStress® za  poutitia
odrazového polariskopu LF/Z-2 anumericky softvérom
ANSYS. Zobr.10 je zrejme, Zze napatové polia ziskane
numericky a experimentalne sa zhoduju.

Obr.7 Polia normalovych napéti v smere osi x a v smere
osi osiy
Fig. 7 Fields of normal stresses in the x and y direction
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Abstract

This paper demonstrates the comparison of stress field
on a plate with a round hole in its centre that was
experimentally determined by PhotoStress® method with
stress field determined numerically by ANSYS software. The
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examined plate was being stressed through diametral
tension. Reflection polariscope LF/Z-2 was used
in experimental method PhotoStress® in order to reveal
strain and stress fields.
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Metoda DIC a jej uplatnenie pri ex-
perimentalnej pohybovej analyze

Miroslav Pastor, Rébert Hunady

Abstrakt

Metoda digitalnej obrazovej korelacie (DIC) je moderna opticka metdda, ktorej kon-
cepcia umoziuje jej Siroké vyuzitie v réznych oblastiach experimentéalnej mechaniky.
Vdaka schopnosti vykonavat vysokorychlostné merania ju je mozné aplikovat’ pri
analyze réznych dynamickych dejov. Clanok prezentuje aplikaciu korelaéného sys-
tému Q-450 pri ur¢ovani kinematickych zavislosti pohybujuceho sa objektu a spdsob
numerického spracovania nameranych udajov v prostredi programu Matlab.

Kracové slova: digitalna obrazova korelacia, pohybova analyza, kyvadlo, Matlab

Uvod

Kinematicka analyza nachadza svoje prvoradé uplatnenie
najma pri tvorbe numerickych modelov mechanickych sus-
tav resp. pri navrhu prototypu nového zariadenia. Aj napriek
moznostiam, ktoré ponukaju sucasné softvérové produkty
pouzivané pri modelovani, ¢asto je nutné zavery navrhu
alebo presnost modelu overit meranim. Existuje viacero
meracich metdd, pomocou ktorych je mozné experimental-
ne urCovat veli€iny charakterizujuce pohyb objektu alebo
jeho €asti [1]. Z tohto hladiska je vyhodné aplikovat techniku
umoznujucu zachytit' cely objekt resp. niekolfko objektov
sucasne, vdaka ¢omu je mozné na zaklade jedného mera-
nia analyzovat' fubovolnu ¢ast mechanizmu. Metoda digitél-
nej obrazovej korelacie umozriuje zachytit' priestorové po-
sunutia objektu s vysokym Casovym rozliSenim s
presnostou na jednotky mikrometrov [2], ¢o je mozné vhod-
ne vyuzit’ prave pri pohybovej analyze.

1. Metoda digitalnej obrazovej korelacie

Metdda digitalnej obrazovej korelacie je nekonvenéna optic-
ka metdda, ktorda umoziuje vykonavat bezkontaktné mera-
nie priestorovych posunuti a pomernych deformacii na ce-
lom povrchu vySetrovaného objektu. Na zachytenie
priestorovych pretvoreni vyuzZiva techniku digitélnej registra-
cie obrazu.

virtual grid

Obr.1 Ciernobiely $kvrnity vzor na povrchu testovanej
suciastky

Fig.1 Black and white speckle pattern on a specimen
surface
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Podstata metédy spociva v snimani stochastického vzoru
vytvoreného na povrchu skimaného objektu napr. strieka-
nim ciernej farby na biely podklad. Pozorovana oblast sa
rozdeli na menSie podoblasti tzv. fazety alebo obrazové
elementy (obr. 1). Skvrny na povrchu reprezentuju materia-
lové body telesa. Verne kopiruju jeho deformaciu a spolo¢-
né s nim sa pohybuju. Posunutia a pomerné deformacie
jednotlivych bodov sa uréuju na zaklade korelacie odpove-
dajucich si faziet determinovanych na digitalnych snimkach
v stave pred a po deformacii telesa [2][3].

Z;..“’.':!%ag]e plane

)ﬁ %
Image plane L',:_h‘\

MNa
L

Grid
Obr.2 Princip priestorovej digitalnej obrazovej korelacie
Fig.2 The principle of spatial digital image correlation

Pri priestorovej analyze sa vyuziva stereoskopické usporia-
danie senzorov. Ked je objekt pozorovany z dvoch réznych
smerov, pozicia kazdého bodu povrchu je zaostrend na
urcity pixel v obrazovej rovine prislusnej kamery (obr. 2). Ak
sU zname polohy oboch kamier voéi sebe, zva&senia ob-
jektivov a v8etky parametre obrazu, je mozZné vypocitat
absolutne trojrozmerné suradnice kazdého bodu povrchu a
vytvorit' tak jeho priestorovy obrys. Digitalizované snimky
zachytené v jednotlivych krokoch merania, kedy sa body na
povrchu premiestiuju vplyvom zataZenia, su v procese
korelacie porovnavané so zvolenym referenénym krokom.
Vysledkom tychto porovnani su deformacné polia a polia
posunuti.
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2. Meranie priestorovych posunuti pohybu-
juceho sa objektu

Objektom merania bolo redlne kyvadlo volne kmitajice v
gravitatnom poli po uvofneni z jeho pociatocnej polohy.
Rotacny pohyb kyvadla okolo stélej osi rotacie zabezpeco-
valo lozZisko nalisované na odstupfiovany hriadel pevne
pripevneny k ramu. Ty¢ kyvadla s ocelovym zavazim tvaru
plochého valca bola s puzdrom loZiska spojena zavitovym
spojom. Zakladné rozmery kyvadla su znazornené na obr.3.

90

10

A

Obr.3 Rozmery kyvadla
Fig.3 Dimensions of the pendulum

Pre ziskanie kontinualnych vychyliek pohybujuceho sa ky-
vadla bolo potrebné vykonat vysokorychlostné meranie. Pri
objekte v pohybe je potrebné dbat o to, aby bol snimany
objekt po€as celého merania plne viditelny v zornom poli
oboch kamier, priCom frekvencia snimania musi byt dosta-
to¢ne velka na to, aby zachytené snimky neboli rozmazané.
To by malo za nasledok zavadzanie nepresnosti v dosledku
vzniku korelaénych chyb. Z tychto dévodov bolo nutné po-
znat pribliznu trajektériu a rychlost pohybu zavaZia kyvadla.
Obr. 4 znazorhuje usporiadanie kamier po¢as merania a

& R

Obr.4 Usporiadanie kamier a pohl'ad z nich na merany
objekt

Fig.4 Views from cameras to measured object and their
configuration
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Cas kmitania kyvadla od uvolnenia z pogiato&nej polohy az
do zastavenia bol odhadnuty pomocou simulacie v progra-
me MSC.Adams/View na priblizne 4,5s [4]. S ohladom na
tento odhad bol celkovy €as akvizicie nastaveny na 4,774s.
Pri zvolenej frekvencii snimania 357 fps systém zachytil
1705 snimok z kazdej kamery.

Na obr. 5 je znazorneny zrekon$truovany obraz sledovanej
Casti kyvadla. Vychylky kyvadla boli vySetrované v bode,
ktory reprezentoval priblizni polohu taZiska zavaZia. Na
obr. 5 je tento bod znazorneny zelenou farbou.

Obr.5 Zrekonstruovany obraz zavazia kyvadla po kore-
lacii

Fig.5 Reconstructed image of pendulum bob after cor-
relation

Casové priebehy jeho posunuti do smerov x a y pri uvolneni
kyvadla z pociatocnej polohy danej uhlom ¢o (obr. 6) boli
importované do prostredia Matlab [5], kde boli dalej spraco-
vané.

3. Spracovanie nameranych udajov a pohy-
bova analyza

Z nameranych Casovych priebehov posunuti zvoleného
bodu je mozne urcit parametre popisujuce pohyb kyvadla
len ich dodato€nym numerickym spracovanim. Pre rychlost
a zrychlenie bodu (obr. 6) je mozné aplikovat kinematické
zavislosti platné pre pohyb bodu v kartézianskom suradnom
systéme [6]:

e vypocet rychlosti bodu:

kde: x=x(0), y= 30,

D=V, 4V,

e vypocet zrychlenia bodu:

_ [,2 2,
a()=,a,+a,

Uhlovu rychlost a uhlové zrychlenie kyvadla mozZno ziskat
postupnym derivovanim uhla pooto€enia ¢ podfa ¢asu vyu-
Zitim znamych vztahov [6]:

O=¢>
a=w=¢;
kde pre uhol pootocenia ¢ plati:

o(f) = arctan EUR

N
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Obr.6 Grafické znazornenie kinematickych veli¢in ky-
vadla

Fig.6 Graphical representation of kinematic parameters
of the pendulum

KedZe Casové priebehy vychyliek bodu A kyvadla ziskané
meranim nepredstavovali spojité funkcie, ale subor diskrét-
nych hodn6ét v jednotlivych krokoch merania, Ccize
v prislusnych ¢asovych okamihoch, bola pri rieSeni v Matla-
be vyuZitda metdéda numerickej derivacie [7]. Derivaciu fubo-
volnej funkcie f(t) podla ¢asu t mozno vyjadrit vztahom:

0= lim A= A0

At—0 At

Ak predpokladame dostatoéne malé At mézeme prvu deri-
vaciu funkcie odhadnut nasledovne:

A(t+A0)- A1),

7= At
resp.
o 0= A=),
At
f(t) A
At | at
o tat t fat T

Obr.7 Numericka derivacia

Fig.7 Numerical differentiation

V pripade, Ze tabulkové hodnoty su ekvidistantné z hladiska
Casu (obr.7), mbézeme vzorec pre numerickd derivaciu zis-

kat' derivovanim interpolacnych vzorcov vyjadrenych pomo-
cou diferencii. Pre tri za sebou nasledujuce hodnoty

At—AD, A8, ft+AD

mozno ziskat odhad prvej a druhej derivacie danej funkcie
zo vztahov:

_ A+ A= At=AD

B 2A¢

ft+ A0 -2 (B + At—AD)
AP

(b

f'(H=
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Stavové a Casové priebehy jednotlivych kinematickych veli-
Cin ziskané uvedenym spésobom su vysledkom pohybove;j
analyzy kyvadla. Jednotlivé grafy su znazornené na obr. 8-
15.
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Obr.8 Priebeh posunuti x,y bodu A kyvadla v zavislosti
na case

Fig.8 Time-dependent chart of displacements of the
point A
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Obr.9 Trajektoria bodu A kyvadla
Fig.9 Trajectory of the point A of the pendulum
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Fig.10 Time-dependent chart of velocity of the point A
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Fig.12 Time-dependent chart of rotating angle of the
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Fig.13 Time-dependent chart of angular velocity of the
pendulum
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Obr.14 Zavislost’ uhla pootocenia na uhlovej rychlosti
kyvadla

Fig.14 Dependence of rotating angle on angular velo-
city of the pendulum
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Fig.15

Zaver

V €lanku bol popisany jeden zo spdsobov vyuZitia metody
digitadlnej obrazovej korelacie a to pri urovani kinematic-
kych parametrov pohybujuceho sa objektu. Suc¢asné kore-
lané systémy umoziuju zachytit deformacie a posuvy pri
plnom rozliSeni kamier aj pri frekvenciach snimania nad
20000 fps. Vdaka tomu sa moznosti vyuzitia tejto metody
posuvaju aj do oblasti lomovej mechaniky, modalnych sku-
8ok, razovych skusok, analyz kmitania a pod. Univerzalnost
aplikacie z nej robi vysoko efektivhu metddu experimental-
nej mechaniky, pre ktoru je charakteristicka materialova a
geometrickd nezavislost, flexibilna oblast merania, priesto-
rova vizulizacia vysledkov, moznost merania v fubovolnom
mieste sledovanej oblasti, schopnost’ zachytit hehomogén-
ne pole deformacii na celej oblasti atd.
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Abstract

Digital image correlation method (DIC) is modern optical
method that allows its wide utilization in various branches of
experimental mechanics. Thanks to ability to perform high-
speed measurements, DIC method can be applied in analy-
sis of various dynamic actions. The paper presents an ap-
plication of correlation system Q-450 in determination of
kinematic dependencies of moving object and describes a
way of numerical processing of measured data in Matlab.
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Metody spracovania si%nélov

pri diagnostike poruch

ozisk

asynchronnych motorov

Peter Kuréik, Milan Zalman

Abstrakt

Pri diagnostike poruch loZisk na zaklade snimania statorovych prudov je potrebné
detekovat nizkouroviiové poruchové signaly za pritomnosti samotnych statorovych
pradov, ktoré majui oproti nim mnohonasobne vy$siu troveni. Clanok ukazuje metddy
predspracovania prudovych signalov, ktoré su zamerané na potlaenie harmonic-
kych zloZiek prudov a zjednoduSenie a spresnenie naslednej detekcie za pomoci

Fourrierovej transformacie.

Kracové slova: poruchy lozisk, asynchronny motor, statorovy prud, filtracia,

fourrierova transformacia, diagnostika

Uvod

Poruchy a poskodenie gulickovych lozisk je mozné rozdelit
na dva typy. Prvym su bodové defekty na jednom alebo
viacerych miestach jednotlivych mechanickych &asti loZiska.
Druhym typom je plodné poskodenie i uz jednej z drah
loZiska, alebo guliiek vzniknuté napriklad v dosledku ne-
spravneho mazania alebo kor6zie. Kym v druhom pripade
sa porucha prejavuje vibraciami v Sirokom frekvenénom
spektre, bodové defekty spbdsobuju generovanie pomerne
presne definovanych frekvencii, ktoré su zavislé na mecha-
nickej konstrukcii loZiska a otackach hriadela. Tieto poru-
chové signaly je potom mozné zachytit’ napriklad pomocou
akcelerometrov, alebo inych snimacov vibracii.

Na naSom pracovisku sa na miesto pouZitia akcelerometrov
venujeme vyhodnocovaniu signalov priamo zo statorovych
prudov asynchrénnych motorov, v ktorych sa poruchové
signaly nachadzaju vdaka kolisaniu zatazného momentu pri
mechanickych interakciach v loZisku. Tento pristup predpo-
klada pouzitie frekvenéného menic¢a, ktory umozfiuje mera-
nie fazovych prudov ajeho vyhodou je, Ze nepotrebuje
pouzitie Ziadnych doplnkovych snimacov, ktoré by sa museli
pripajat na motor. Ako ale uz bolo spomenuté, pri tomto
type detekcie je kluCova prave kvalita spracovania prudo-
vych signalov, to sa tyka aj kvality merania prudov
a rozliSenia analdgovo digitalnych prevodnikov.

Poruchy gulickovych lozisk

Za predpokladu, Ze pozname mechanické rozmery loZiska
(Obr. 1.) je mozné vypoditat frekvencie vibracii, ktoré sa
objavia v pripade konkrétnej bodovej poruchy loZiska [1],
[2]. PoSkodenia sa mbzu vyskytnut’ na ktorejkofvek mecha-
nickej Casti loZiska, teda vonkajSej, alebo vnutornej drahe,
gulicke alebo klietke. Princip detekcie vSetkych typov po-
ruch je rovnaky, liSia na najma frekvenciami a intenzitou,
preto by prakticky diagnosticky algoritmus mal pocitat’ viet-
ky poruchové frekvencie a vyhladavat ich vo frekvenénom
spektre prudovych signalov. Dalej sa budeme zaoberat
najma poskodenim na vonkajSej drahe loZiska, okrem iného
aj z toho dévodu, Ze je pomerne jednoducho realizovatelné
aj umelo a prave tento typ poSkodenia sme realizovali aj na

|atp|journal | Experimentalne metddy v mechanike a mechatronike

testovacej zostave na naSom pracovisku. Mechanicku frek-
venciu, ktora vznikd pri poruche na vonkajSej drahe loZiska
je mozné vypocitat na zaklade vztahu (1).

n
-f;/onk = E f;"mech (1

Pripadne, pokial nepozname presné mechanické rozmery
loZiska, je mozné podla [4], pre Standardné typy loZisk s 6
az 12-timi guli¢kami vypoditat' priblizné frekvencie pre po-
Skodenie na vonkaj$ej drahe podla vztahu (2).

2

fvank =n g rmech (2)

frmech j& mechanicka frekvencia rotora, f.onk je frekvencia
generovana vadou na vonkajSej strane drahy loZiska, PG je
priemer gulicky, PD je priemer obeznej drahy, n je pocet
guliciek a [ je kontaktny uhol.

PG
E— 1
oS 6’) (1)

Vonkajsia draha
Gulicky

Kryt loZiska

Obr. 1. Zakladné mechanické usporiadanie loziska
Fig. 1. Basic mechanical configuration of a ball bearing
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KedZe bodové poskodenie loZiska vlastne spdsobuje perio-
dicky sa opakujuce impulzy zatazného momentu, je ich
mozné zachytit' aj vo frekvenénom spektre pradovych signa-
lov [3]. Frekvencia impulzov je v8ak v statorovych prudoch
modulovana prvou harmonickou napajacej frekvencie podla
vztahu (3).

fvysl = ‘](‘I tm por m= 1,2,3,... (3)

Analyza poruchovych signalov

Poruchové signaly prenasané do prudu maju impulzny cha-
rakter a meraniami na umelo poSkodenom loZisku sme
zistili, Ze amplituda impulzov sa pohybuje zhruba na urovni
1 a 10mA, Co je Casto menej ako tisicina amplitudy napéja-
cieho statorového prudu. Amplituda je tiez zavisla od rych-
losti otacania hriadela a so zvySujucimi sa otaCkami sa
mierne zvySuje. Na meranie prudov vyuZivame 16-bitové
A/D prevodniky, ktoré sa pri simulaciach aj realnych poku-
soch ukazali ako dostato¢né. Ako simulaény a modelovaci
prostriedok pouzivame Matlab Simulink a realne experimen-
ty su realizované za pomoci karty dSpace 1104. Asyn-
chréonny motor je riadeny skalarne [5]. Predoslé pokusy s
pouzitim vektorového riadenia ukazali, Ze prudova spatna
vazba pri vektorovom riadeni vnasa do prudového spektra
mnozstvo Sumu atento problém bol eSte vyraznejSi na
redlnom motore kvoli pouZitiu inkrementalneho snimaca.
Blokova schéma riadenia je na Obr. 2.

Uabc* = T labc
* p »] Generator >
w_el S.kalarl?e o Pwm | Model fi
riadenie +  +IGBT > AM
r [XTH
L J
w_m [
= IRC
w_ely yw m
Model
poruchy
loZiska l Y ¥y
Frekvencna
analyza

Obr. 2. Blokova schéma skalarneho riadenia motora
Fig. 2. Block diagram of scalar motor control

Ako hlavni metédu analyzy sme si zvolili Fourierovu trans-
formaciu, predpokladom v$ak je, Ze pocas celého trvania
analyzy (necelé 4 sekundy) je potrebné motor udrzat na
konstantnych otackach. Na Obr. 3 je znazorneny pouZzity
signalovy retazec pre frekvenénu analyzu.

hann

IFFT]  —m{ 1 3
Freg

Window I'»1ai|;-_:_i_::_ud5
Fundtion

¥
¥

o g

18-bit A'D

Buffer

Obr. 3. Signalovy ret'azec frekvenénej analyzy
Fig. 3. Frequency analysis signal chain

Na potlatenie znamych neziaducich efektov Fourierovej
transformacie je signal prenasobeny zvolenym oknom pri-
¢om najlepSie vysledky boli s okienkovou funkciou typu
"hann". Fourierova transformacia je po€itana z 16384 vzo-
riek, €o pri periéde vzorkovania 0.2ms znamena minimalny
akviziény Cas priblizne 3.28s. Na Obr. 4 je mozné vidiet
vysledok frekvenénej analyzy z motora s poskodenym lozi-
skom. Cervenou farbou sti znazornené vypoéitané porucho-
vé frekvencie pre poSkodenie na vonkajSej drahe lozZiska,
samotné frekvenéné spektrum prudu je modrou farbou.
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Obr. 4. Frekv. charakteristika pri poSkodeni loziska
Fig. 4. Frequency spectrum with bearing fault

Ako je mozné vidiet z Obr. 4, napajacia frekvencia (40Hz)
a jej vyssie harmonické maju oproti frekvenciam, ktoré vzni-
kaju vdaka poSkodeniu loZiska ovefla vySSiu amplitudu a pri
mensej Urovni podkodenia zamedzuju rozpoznanie poru-
chovych signédlov. Z tohto dévodu sme sa rozhodli presku-
mat’ moznosti Upravy signalu pred analyzou a zvysit tak
potencial jej vyuzitie aj pri niz8ej amplitide poruchovych
signalov.

Ako prvé sme testovali vyuZitie roznych Standardnych digi-
talnych filtrov, ale v pripadoch, ked sa poruchové frekvencie
nachadzaju v blizkosti harmonickych zloZiek prudov je Casto
strmost’ filtra nedostato¢na. Okrem toto je potrebné zvlast
odfiltrovat kazdu harmonickd zloZzku. Kazdopadne sme
s tymto pristupom nedosiahli Ziadne vyraznejSie uspechy.

V dalSom kroku sme sa zamerali na moznosti spracovania
signalu v amplitidovej oblasti. KedZe mame k dispozicii dva
merané statorové prudy, rozhodli sme sa vyuzit informaciu
z oboch prudov, tak, ze sme navrhli obvod, ktory posuva
fazu jedného prudu, tak aby bol v porovnani s druhym
v protifaze. Po séitani oboch signalov potom dochadza
k vyraznému potlaCeniu napdjacej frekvencie a jej nasob-
kov, takZe ddjde aj k odstraneniu vy8Sich harmonickych, ale
signaly s inymi frekvenciami zostanu zachované (Obr. 5).

i

b5= { Chkorenie a pripeditasie | -
| signdlu w protifase
d

ash . . I sk s b
in A tn 1w in in o

Obr. 5. Posunutie signalu a jeho pripocitanie v protifaze

Fig. 5. Delaying and addition of the signal with reversed
phase

Pri prvom rieSeni s pouzitim dvoch fazovych prudov sa
ukazala ako kriticka spravna detekcia fazy signalov, pretoze
uz aj mala odchylka mala velky vplyv na efektivnost meto-
dy. PouZitie skalarneho riadenia nam umoznilo nahradit
pévodny systém detekcie fazy na zaklade kontroly prechodu
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nulou, priamo vypocétom fazového posunu na zaklade pres-
ne znamej napajacej frekvencie (Obr. 6).

f max

1_el },— 1 | Tl [ « selektor I_tirt
. " e . La =
# ¥ Tz wyslupu
I_min T. & T *
Refaze:
oneskoreni

lajfibfic

Obr. 6. Blokova schéma filtra s posuvom fazy signalu
Fig. 6. Block diagram of the phase shift filter

Nové zapojenie uz vyuziva iba jeden fazovy prud, priCom je
ho mozné modifikovat aj pre pouzitie dvoch, experimenty
s dvomi prudmi vSak neukazali Ziadne vyrazny prinos. Filter
je relativne vypoc&tovo nenaroc¢ny, pri praktickej realizacii je
jedinym narokom pamat, ktor4 musi obsiahnut dostato¢né
mnozstvo vzoriek, aby zachytila celd periodu meraného
signalu. Na Obr. 7 je ukazka praktického fungovania filtra so
signalom, ku ktorému je pridany signal imitujuci poruchu
loZiska, jeho amplituda je vS8ak mnohonasobne zvacsena.
Cervenou farbou je znazorneny vstupny signal, modrou
farbou je znazorneny posunuty, v tomto pripade uz o celu
periédu a zelenou farbou je vysledny signal, ktory vznikne
ich od¢itanim.
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Obr. 7. Ukazka vstupu a vystupu z filtra s posunom fazy
Fig. 7. Input and output signal of the phase shift filter

V idedlnom pripade déjde k uplnému potlaceniu napajacej
frekvencie, avSak ako je mozne vidiet na Obr. 8 a 9, metdda
je pomerne efektivna aj pri redlnej aplikacii.
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Obr. 8. Frekvenéné spektrum nefiltrovaného pradu
Fig. 8. Frequency spectrum of unfiltered current
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Obr. 9. Frekvenéné spektrum filtrovaného prudu
Fig. 9. Frequency spectrum of filtered current

Zaver

Hlavnou vyhodou odstranenia harmonickych zloZiek zo
signalu je, ze takto upraveny signal je mozné po transfor-
macii do frekvencnej oblasti efektivne priemerovat, ¢im je
mozné eSte viac potlacit Sum, a zvyraznit hfadané porucho-
vé frekvencie. Metéda je navySe vypoctovo nenarocna, ¢o
mdZe prispiet k jej jednoduchSej realizacii, napriklad ako
sucast riadiaceho systému inteligentného frekvenéného
meni¢a. Treba ale pamatat na fakt, Ze pre samotnu dia-
gnostiku je stale potrebna aj Fourierova transformacia. Pre
vyhodnotenie poruchy je potom potrebné vypocitavat oca-
kavané poruchové frekvencie pre danu rychlost otacania
a porovnat' ich s frekvenciami najdenymi vo frekvenénom
spektre prudu.
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Snake-like robot motion analysis

Ivan Virgala, Alexander Gmiterko, Michal Kelemen, Rébert Surovec, Erik Prada, Martina Vackova

Abstract

The paper deals with N-mass system imitating snake robot rectilinear motion. At first
a snake rectilinear motion is described from the view of biology. For engineering
analysis the snake body has to be replaced with many same segments. The snake
motion is based on friction forces between snake body and surface on which snake
locomotes. From this reason different kinds of friction models are discussed. In the
next section rectilinear motion is modeled with Coulomb friction model. After mass
external forces determination the one phase motion time is determined. From this
we can establish average velocity equation for N-mass moving system. At last the
optimal number of masses N is determined and the average velocity dependence on
number of masses N for different angles of surface inclination in the graph is shown.

Keywords Coulomb friction model, N-mass system, rectilinear, snake

Introduction

The biologically inspired snake-like robots are able to per-
form a stable motion in areas where other kinds of mecha-
nisms are ineffective or not very stable. Their locomotion is
on very high level of stability because of that most parts of
their body are in contact in with the surface in which they
locomote. The snake-like robots are usually composed from
many same segments. On the one hand their body structure
enables them to perform a lot of desired functions. On the
other hand their structure is difficult from the view of control.

A rectilinear motion is one of four basic biological snake
locomotion modes. This pattern gait is usually used by the
snakes with heavy bodies which are not able to move by
undulation. This kind of motion is not very effective but it is
usable in environments where gait as lateral undulation or
sidewinding are not suitable. In practice applications there
are often necessary mechanisms which can move through
the hard to reach areas, narrow spaces or to man danger-
ous environments.

There are not many functional models concerning the recti-
linear motion. Most works are done only in theoretical level.
For motion variables determination there were used various
kinds of mathematical models. Within this study the model
consists only of identical masses will be considered. There
will not be considered passive bonds only linear actuator. [1]

At first the paper deals biological analysis of snake rectiline-
ar motion. Further, stiction, Coulomb friction model, viscous
friction model and Stribeck effect are discussed in order to
describing friction between snake and surface for consistent
modeling. The mechanical systems investigated in this pa-
per will obey isotropic Coulomb friction model. In the next
section the mathematical model of snake rectilinear motion
is established. By means of Newton’s mechanics the exter-
nal forces affecting i-th mass are described and subse-
quently the average velocity of N-mass system is derived. In
order to achieve the maximum velocity the optimal number
of masses N is derived. The average velocity dependence
on number of masses N for different angles of surface incli-
nation is shown in the graph.
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1. Biological snake motion

The rectilinear motion is the second basic motion of snake
locomotion and it absolutely differs from other ways of the
motions. The rectilinear motion is specific for the snakes
with heavy bodies disabling their side undulation. This type
of motion is slower than other ones. The ventral surface is
used for providing the drive through the anchoring. During
the motion ventral scales are alternately smoothly lifting up
from the surface and drawing forward and then lowering
down. The part of ventral skin is drawing forward and so the
scales are joining in the bunch. This part of the body is then
pushing down and the sides of abdomen go down on the
surface. This motion enables the snakes going straight. So
that to enable this mode of motion the snake fixes several
points of longitudinal lower part and moves the body parts
among them. The propulsive force of the snake is primary
the friction force and it is the force between the snake and
surface. In contrast with sidewinding motion and lateral
undulation motion including the unilateral muscle activity
changing from one side to another, the rectilinear motion
includes a bilateral activity of the muscles joining the skin
with skeleton. [2][3] On the fig.1 the snake rectilinear motion
is shown.

Fig.1 The snake rectilinear motion

2. Friction models

A friction in the mechanical parts of the moving systems
causes failures especially during precise position regulation.
Its compensation can be reaches by design solutions how-
ever they not eliminate friction course nonlinearity within low
velocities.

Within this study a friction is necessary in order to mecha-
nism motion. The motion of i-th mass is based on the static
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friction of other masses. In the next section we will discuss
static friction model, Coulomb and viscous friction model
and Stribeck effect.

2.1 Stiction

The static friction models only have a static dependence on
velocity. This kind of friction occurs if a mass velocity equals
zero and it acts against a relative mass motion. The force
required to overcome the static friction and initiate motion is
called the breakaway force and can be expressed as

F.,v=0A|F|<Fy
F= (M
Fysgn(F,),v=0A|F,|> F;

Where F¢ and Fs is external force affecting the mass and
static friction force, respectively. After overcoming static
friction force Fs, the mass starts move.

The main disadvantage of static friction model is discontinui-
ty at zero velocity. The discontinuity at zero velocity also
leads to numerical difficulties. To overcome this problem the
discontinuous behavior near zero velocity is approximated
by means of a continuous function like arctan with a very
step slope. However, a very step slope around zero velocity
can result in very short integration time steps which slow
down or even stop simulation.

2.2 Coulomb friction model

A Coulomb friction model does not depend on velocity mag-
nitude but only on velocity direction — sgn(v). Coulomb fric-
tion coefficient f; is usually lower than static friction coeffi-
cient f; for the same materials. Coulomb friction is also
known as kinetic friction or dynamic friction and can be
expressed as

F, = F_.sgn(v) (2)

FC:fC|FN| 3)

For zero velocities Coulomb friction depends upon signum
function. A common use of switching function is

+1Vv >0
ovv=0 (4)
-1Vv<0

sgn(v) =

2.3 Viscous friction mode

A viscous friction occurs in the case when there is an oil
between the contact surfaces, which reduces friction coeffi-
cient f. This coefficient is lower than Coulomb friction coeffi-
cient. Viscous friction is represented as a linear function of
velocity

F.=fFv (5)

2.4 Stribeck effect

A Stribeck effect is a kind of friction which occurs when a
liquid or solid oil is used for contact surfaces of moving
mechanical parts. This causes decreasing of friction Fr with
an increasing velocity v until to so-called Stribeck velocity
Vs.

From this velocity starts affect especially viscous friction. A
Stribeck effect is a function of used oil. Stribeck curve is a
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continuous drop in the friction force for small velocities,
which originates from transition of boundary lubrication to
full fluid lubrication through partial fluid lubrication.

Stribeck effect can be expressed as

F(v),v;tO
F, =1 F,v=0A|F|<F; (6)
Fysgn(F,),otherwise

.The different kinds of friction models are shown in the fig.2.

a) b)
Fll F‘
.--'""-.#F
v v
_-‘_.________,_.--'
c) =2 d) gl

'
=T

.---"‘-"'r-’

Fig.2 Friction models (a — Coulomb friction model, b - Cou-
lomb plus viscous friction mode, ¢ — static plus Coulomb
plus viscous friction model, d — Stribeck effect)

There are different ways to describe F(v) but most common
form of the nonlinearity is

05
v

Vg

F(v)=F.+(F,—F.)e " +Fyv )

Where v is called Stribeck velocity. The function F is easily
obtained by measuring the friction force for the motion with
constant velocity. The curve is often asymmetrical.

On the fig.3 Stribeck effect is divided into three sections.

Ffl/

=

f — - 7 =
Fig.3 Stribeck effect

The first area represents static friction. The junctions deform
elastically and there is no excursion until propulsive force
does not reach the level of static friction force.

The second area represents boundary lubrication. Within
this area it is still solid to solid contact, the lubrication film is
not yet built. The friction force decreases with increasing
velocity but generally is assumed that friction in this area is
higher than for fluid lubrication.

The third area represents partial fluid lubrication. The lubri-
cant is drawn into contact area through motion or by sliding.
The greater motion velocity is, the thicker fluid film will be.
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The fourth area represents full fluid lubrication. Within this
area the lubricant film is thick and contact bodies are com-
pletely separated to each other.[4][5][6]

It should be note that above mentioned friction models are
idealized and they are commonly used for simulations. In
the cases of accurate positioning regulations the friction
causes many problems and it is usually compensated.

3. Rectilinear motion modeling

In the chapter 1 the biological snake rectilinear motion was
described. For mechanical modeling there are usually used
masses, springs and dampers. In this study only the masses
will be considered.

If we want to analyze rectilinear motion of a snake we have
to see its biological body as the series of N identical con-
secutive elements where each element performs some
activity. These elements we replaced with masses with the
weight m. On the fig.4 is snake body from the view of biolo-
gy and on the fig.5 is model of snake from the view of me-
chanics. [7][8]

< NV NN HN

Fig.4 The snake body

m m m mom
11213

Fig.5 The simplified of a snake

The mechanical system consisting of N masses will be-
haves according to the following points:

e One motion cycle consists of N phases

e During one motion phase only one mass moves
while other stay at rest

e Each phase of a motion is divided into two sec-
tions. During the first section is i-th mass attracted
to the (i+1)-th mass by propulsive force. During the
second section is i-th mass decelerated. A velocity
course of each phase behaves according to fig.6.

e During the first and second section of each phase
the same total force affects i-th mass.

e The actuators of the static masses affect so that
they maintain their relative positions and these
masses behave as one mass.

e On the moving mass affects total external force
which is the same in each phase.

e Each phase lasts the same time

e Angle a changes from 0° up to amax What is the
maximum angle when the mass still stays at rest
(does not slide down).
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Fig.6 The course of velocity during one phase

On the fig.5 is shown a simplified model of a snake on the
flat surface without inclination. In general, will be derived
mathematical model for case with inclined surface. On the
fig.7 the free-body diagram of i-th moving diagram mass is
shown (i=2, 3, ..., N-1).

Fig.7 The free-body diagram i-th moving mass on the flat
inclined surface.

The sum of total external forces affecting i-th moving mass
during the first section of phase can be expressed through
the matrix:

F, N-i 0
" (N=i)mg fscosa—sina

Fo | _ (i-1)mg 0 0 1. cosa (8)
F, 0 -mg 0 .

sin
F 0 0 -mg

The sum of total external forces affecting i-th moving mass
during the second section of phase can be expressed
through the matrix:

F, —(N—i 2 2
" ( ) iymg  2mg 2mg fycosa—sina
Fp | —(1 —l)mg 0 0 9)
T 0 0 fecosa
! e sina
F, 0 0 -mg

Where Fps, Fp2, Frand Fg are first and second propulsive
force, friction force and gravitational force, respectively. mis
weight of i-th mass and g is acceleration of gravity.

The force affecting 1-th or N-th mass equals:
F*Y = (N -1)mg( f; cosa —sina) (10

From the basic Newton’s mechanics it can be derived the
phase duration. The each phase will be last the time:

o
f, = 1
’ g[(N—l)fScosa—fccosa—Nsina] (

1
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Where 6 is a maximum possible distance between two
masses. Subsequently we can write the average velocity
equation for N-mass moving system:

vV :ﬁ\/é'g[(N—l)fs cosa— f.cosa—Nsina] (12

From the equation (12) we can derive optimal number of
masses N for maximum velocity of this mechanical system.
The basic equation for optimal number determination is:

dv;N )
dN

The equation (13) serves us to find local extreme of the
function of average velocity. After computing equation (13)
we obtain following formula for optimal number of masses N
for the maximum velocity:

N 2cosa( fy+ /)

fscosa—sina

=0 (13

(14

As can be seen the optimal number of masses N for the
maximum velocity is dependent only on friction coefficient
and angle of surface inclination.

On the fig.8 we can see average velocity dependence on
the number of masses N with different angles of surface
inclination. The simulations were done in software Matlab
with2 following coefficient: fs=0.5, f¢=0.3, 6=0.02 m, g=9.81
ms™.

007

= = = =
5 8 B 8
]

Average velocity [m/s]

=

=

(]
T

0.017

0 2 4 6 8 n 2 14 T
Number of masses N

Fig.8 The average velocity dependence courses on number

of masses N with different angles of surface inclination

Conclusion

The paper deals with a snake robot rectilinear motion mod-
eling on the flat inclined surface. In the paper mathematical
model is established by means of Coulomb friction model.
The propulsive forces Fps and Fp, for i-th moving mass are
determined. From Newton’s mechanics the average velocity
equation is derived. As can be seen the average velocity is
not depends on mass weight m (in the case when each
mass is the same) but especially on number of used mass-
es N. The optimal number of masses is derived from the
average velocity equation and average velocity dependence
on number of masses with different angles of inclination is
shown in the graph. The N-mass system will have the max-
imum velocity when angle of inclination is 0° and number of
masses N=3.

It is clear that in practice applications it is impossible to
achieve the same static friction coefficient fs for all static
masses and thereby create the same propulsive forces for
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moving mass during entire one motion cycle. Therefore
above mentioned equations are slightly limited and they can
be used only in laboratory conditions meanwhile.
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Hyper-redundancia a jej aplikacia v

robotike

Erik Prada, Alexander Gmiterko, Michal Kelemen, Rébert Surovec, lvan Virgala, Martina Vackova

Abstrakt

Clanok sa zaobera zakladnym definovanim pojmu hyper-redundancie a aplikaciou
tejto schopnosti v oblasti servisnej a priemyselnej robotiky. V uvode ¢lanku je spo-
menuté prvé stretnutie sa s pojmom hyper-redundancie v praci G.S Chirikjiana
a jeho vSeobecné zadefinovanie. V nasledujucej Casti je struéne opisana hyper-
redundancia z hfadiska biolégie a to hlavne inSpirovanie sa biologickymi vzormi.
V dalSej €asti su popisané mozné aplikacie hyper-redundacie z oblasti manipulacnej
techniky. Zavere€¢na €ast' Clanku obsahuje struény uvod do kinematiky redundant-
nych mechanizmov a pribliZzenie algoritmov roz8irenej Jakobiho metédy a Moore —

Penroseho inverznej metody.

Kracové slova: redundancia, hyper-redundancia, stuperi volnosti, kinematika, Ja-

kobiho metdda, Moore-Penroseho algoritmus, tensor-arm

Uvod

So slovnym spojenim hyper-redundancie sa prvy krat stre-
tavame v praci G.S. Chirikjiana. V nej hyper-redundanciu
zadefinoval ako vlastnost' robotickych mechanizmov, ktoré
maju vysoky poCet nezavislych stupriov volnosti a spolu
s velkym poc¢tom akénych clenov dosahuju mechanizmy
schopnost’” manipulovatelnosti vac3ej, ako je potrebné pre
splnenie konkrétnej ulohy. Velky podiel na splneni danej
ulohy ma tak kinematicka redundancia. T4 nam urcuje man-
tineli v akych sa pri navrhu mechanizmu mézeme hybat.
V zavislosti od poZadovanej ulohy mechanizmu mézZeme
mechanizmy klasifikovat ako hyper-redundantno manipu-
la¢né alebo hyper-redundantno lokomo&né. Zavisi to pria-
mo od toho &i je naSou ulohou manipulovat’ s cudzim objek-
tom, alebo vykonat' lokomaéciu za u€elom presunu z jedného
miesta na iné. S hyper-redundanciou priamo suvisi aj morfo-
I6gia zloZenia mechanizmu. V makroskopickom vyjadreni
mdzu hyper-redundantné mechanizmy pri sériovom zapoje-
ni ¢lankov nadobudat tvar velmi podobny s biologickymi
predlohami ako su slonie choboty, hady a rézne chapadla
Zivocichov [2].

1. Hyper-redundancia v biologii

V prirode sa vyskytuje velké mnoZstvo prikladov hyper-
redundantnych Zivo&ichov. Tie mbZzeme rozdelit bud na
zivocCichy, ktorych morfolégia celého tela ma hyper-
redundantny charakter, alebo jednotlivé Casti tela maju
hyper-redundantny charakter. Do kategérie s celotelovou
hyper-redundantnou morfoldgiou patria ¢ervy, hady, slimaky
a rézne vodné Zivocichy. Telo tychto Zivo&ichov je vplyvom
evolucie uspOsobené tak aby sa v konkrétnom prostredi
vedeli o najlepSie pohybovat' & uz za u€elom ziskavania
potravy, rozmnoZovania sa alebo len oby€ajného preZitia.
Typy lokomaocii aké pozZivaju tieto Zivocichy su odlidné
a zavisia od konkrétnej situacie v danom momente [2].

Napriklad u €ervov ako dazdovka je pohyb uspdsobeny tak
aby sa dokazala dobre pohybovat v uzkych chodbiCkach
pédy. Dazdovka vie svoje Elanky tela pri pohybe zuZovat
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a roztahovat tak aby sa dotykala stien chodby a za pomoci
trenia sa postupne posuvala dopredu.

Obr.1 Plaziaci sa had vyuzivajuci bo¢ny
pohyb s nerovnost'ami terénu [3]

Fig.1 Snake with using lateral undalation
locomotion in enviroment with
obstacles [3]

Samotna kapitola typov pohybov je u hadov, ktoré pouziva-
ju rézne kombinacie zakladnych pohybov ako priamodiary
pohyb, bo€né vinenie, harmonikovity pohyb a bo¢ny pohyb
s vyuzitim nerovnosti terénu (Obr.1) [2]. K Zivo€ichom, kto-
rych kon&atiny maju hyper-redundantny charakter patria
napriklad slony, chobotnice, sépie atd.

Obr.2 Porovnanie slonieho chobota
a jeho hyper-redundantného
znazornenia v podobe mechanizmu [7]

Fig.2 Compare of elephant trank
with hyper-redundant mechanism [7]

ATP Journal PLUS 1/2012| 92



Sloni chobot ma unikatnu uchopovaciu schopnost ¢o sp6-
sobuje jeho anatomické rozlozenie (Obr.2). Slon si vie za
pomoci chobota poradit s malymi jemnymi ako aj
s rozmernymi a tazkymi predmetmi. V pripade chobotnic je
princip ¢innosti ich ramien diametralne odliSny. Podstatné je
Ze si ramena zachovavaju hyper-redundantny charakter. Ich
ohybnost’ je spojena aj s prostredim vody, v ktorej sa na-
chadzaju. Chobotnice si s pomocou ramien dokazu poradit
aj so situaciami kde sa vyZzaduje velka flexibilnost
a jemnost. Chapadla pouzivaju pri pohybe, chytani potravy,
maskovani alebo pri obrane pred predatormi (Obr.3).

Obr.3 Chobotnica vo svojom prirodzenom prostredi [4]
Fig.3 Octopus in its natural enviroments [4]

2. Hyper-redundancia v minulosti a v su-
c¢asnosti

Mechanizmami s vlastnostou hyper-redundancie sa vy-
skumnici zacali zaoberat eSte pred Chirikjianom. Najviac
pozornosti sa sustredilo na vyskum v oblasti manipulatorov.
Medzi prvymi v tejto oblasti boli Victor C. Anderson a Ro-
nald C. Horn [1] so svojim ,tensor arm“ ktory si nechali
patentovat (Obr.4). Dal$im zaujimavym rie$enim bolo vytvo-
renie manipulatora ,Orm“ na Standforde, ktory pouzival
kaskadovo uloZzené pneumatické akéné €leny [2]. Tieto dva
predchadzajuce rieSenia su charakteristické tym, Ze jednot-
livé ¢lanky s akénymi Elenmi su spojené sériovo. Paralelné
rieSenie vyuzival ,VGTM — Variable Geometry Truss Mani-
pulator® od F. Naccarata a P.C. Hughesa [5]. Ty pouZili
v praci algoritmus Inverznej kinematiky a konstrukéné riede-
nie obsahovalo viacero linearnych akénych ¢&lenov ktorych
pésobenim dochadzalo k zmene tvaru sietovej Struktury
pozostavajlicej z &lenov pevnej dizky, akénych &lenov
a kibov. Na obrazku (Obr.5) je znazorneny HRCR (Hyper
Redundant Chain Robot), ktory sa nazyva ,3D-Trank".
Predstavuje prototypové rieSenie slonieho chobota,
v Bersteinovom centre vypoctovych neurovied, na univerzite
v Gottingene v Nemecku [6]. KeJun Ning a Florentin Wor-
gotten  pouzili netradicné rieSenie, pozostavajuce
z troj¢lankového so Styrmi stupfami volnosti
a patclankového s 6smimi stupfiami vofnosti. Princip 3D
Tranka spociva vo vyuziti principu uzamykania jednotlivych
kibov. 3D Trank pouZiva ako pohon $tvoricu jednosmernych
motorov upravenych tak aby maximalny kratiaci moment bol
1Nm a maximalne otacky motora boli priblizne 20 RPM. Na
kazdom motore su upevnené navijaky ,ktoré sluZia na navi-
janie Styroch vodiacich drétov. Vodiace dréty prechadzaju
vodiacimi o€kami na kazdom segmente a pdsobenim navi-
jaka dochadza k uplatneniu kladkového zdvihu.
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Obr.4 Tensor-arm, jeden z prvych
patentov hyper-redundantného
mechanizmu [1]

Fig.4 Tensor-arm, one of the first
hyper-redundant mechanism
patent [1]

Vodiace drdty su symetricky rozmiestnene v osiach ¢lankov.
Pdsobiace tahové sily v drétoch su snimané prostrednic-
tvom snimacich komponentov umiestnenych na prvom
segmente. Pre pooto&enie kibov po $pecificky nastavenych
hodnotach sa pouZziva prevodova spojka, ktorej umiestnenie
je ovplyvnené zapadkovym mechanizmom ktory tvori fero-
magnetické jadro elektromagnetického akéného €lena. Pra-
covny rozsah natagania kibu je od -27 stuptiov do 27 stup-
nov srozliSenim 4.5 stupfa. Kontrola daného natoCenia
kiba sa vykonava prostrednictvom potenciometra prepoje-
ného prostrednictvom prevodovky na spojku. Pre ovladanie
elektromagnetickych akénych ¢lenov boli pouZité mikropodi-
tate ATMEGA16 ako generatory PWM signalu a MOSFET
zapojenie pre spinanie elektromagnetickych akénych cle-
nov. Ovladanie motorov bolo zabezpecené prostrednictvom
riadiacej dosky v zakladnom module, prepojenej s PC cez
sériovy port RS-485 [6].

Obr.5 ,,3D-Trank“ 3 — ¢lankovy,
5 — ¢lankovy hyper-reduntny
robot [6]

Fig.5 ,,3D-Trank" 3 — parts and
5 — parts hyper-redunt robot [6]
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3. Zaklady kinematiky redundantnych me-
chanizmov

Kinematické vztahy robotickych manipulatorov su formulo-
vané k ramu pevnych elementov mechanizmu. Vztah medzi
referenénym ramom a kinematickymi atributmi manipulatora
su reprezentované dizkou jednotlivych elementov, uhlom
natodenia medzi elementmi a kibmi. Je mozné tak uplatnit
Denavit-Hartenbergovu metddu, v ktorej su pouzité homo-
génne transformacie pre opis relativnych pooto€eni a posu-
nuti prifahlych spojenych €asti. Prvok v zakladni je oznace-
ny ako j=0, ktory poskytuje inicializacné priestorové
referencie. Koncovy ¢len oznacujeme ako j=n, ktory udava
orientaciu a poziciu pri n stupfioch volnosti v rdmci sériovej
Struktury. Pri priamej kinematike sériovej Struktury manipula-
tora plati [2]:

x,. =f(q) (1)

kde q je vektor uhlov kiba a Xee je vektor pozicie koncové-
ho ¢lena. V diferencialnom tvare moéze byt opis polohy kon-
cového Clena v rdmci priamej kinematiky nasledovny:

5, =J(q)xq )

Kde J(q) je Jakobian, transformacna matica s prvkami Jj;.

J . i

=i 3
g (3)

fi a qi su prvky vektora f() respektive vektora q.

oh o 9 %

oq, 0q, 0qs, oq,
o, o, o, 9
dq, 0Oq, 0q, aq,
g% 9 G 4)
oq, 0q, 0qs; oq,

o, o, o U
oq, 0q, 0qs, - oq,

Pri pouziti inverznej kinematiky sa zameriame na uréenie
uhlov klbov , vektora q €o nam prinesie poZadovanu poziciu
a orientaciu koncového €lena.

q=1"(x,,) (5)

V pripade rieSenia neredundantnych manipulatorov kde
rozmery vektorov su nasledujuce:

dim(q) = n = dim(x,, )= m (6)

Tento problém inverznej kinematiky méze byt rieSeny
v diferencialnom tvare nasledovne:

5q=J"(q)ox,, )

Pri rieSeni mézu nastat dve obmedzenia . V prvom pripade
ak Jakobiho matica je singularna to znamenda Ze jej deter-
minant je rovny nule:

det(J)=0 (8)
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To spOsobi, Zze nie je mozné vytvorit inverznu Jakobiho
maticu. Fyzicky to zodpoveda strate schopnosti manipulato-
ra sa pohybovat vjednom alebo viacerych smeroch.
V druhom pripade ak je manipulator redundantny , o zna-
mena Ze plati:

dim(q) =n> dim(xee): m (9)

KedZe Jakobiho matica nie je uz Stvorcového typu, boli
vytvorené pre redundantné manipulatory alternativne meto6-
dy vypoctu:

e Moore-Penroseho pseudo-inverzna metéda

e RozSirena-Jakobiho metdda

Vztah Moore-Penroseho pseudo inverznej metédy ma na-
sledujuci tvar [2]:

3 =W (aw )" (10)
J c Rmxn’W = Rmxn’J+ c Rm><ll
(11)
J' =J"ak,n=m
V pripade ak je n>m plati rovnica:
IneR™™ (13)

In je jednotkova matica, (In-J*J) je operator, ktory zobrazuje
n-vektory na nulovy priestor Jakobiho matice. W je symet-
ricka, pozitivne definitna vahova matica. Moore-Penroseho
postup je pomerne popularny pre rieSenie redundantnych
mechanizmov. Pri pouZiti tohto algoritmu v8ak nastavaju
dvoje problémy. Prvym problém je to, Ze algoritmus nie je
nevyhnutne cyklicky. V pripade trajektorie uzavretej slucky,
ktortl vykonava koncovy efektor, pohyb kibov manipulatora
nemusi vykonavat trajektériu uzavretej slucky. Inak pove-
dané, koncovy efektor manipulatora méze sledovat trajekto-
riu uzavretej slucky, ale nastavenia manipultora sa nevratia
do vychodzich nastaveni ak koncovy efektor prejde do vy-
chodzej polohy. V pripade ak mame robot s velkym poctom
stupriov volnosti, dochadza tak k problému, Ze robot sa
zamota. Druhym problémom Moorovho-Penroseho algorit-
mu je jeho vypocétova neefektivnost.

Roz8irena Jakobiho metdda na urCenie redundancie obsa-
huje taktiez dva postupy rieSenia. V jednoduchSom postupe
mame nasledujuce zadefinované podmienky:

c=g(q)v & = Glq)ig (14)
kde vektory ¢ a g patria do mnoZiny R™™.
FX“} = _J}&l (15)
oc |G
&I_F‘*[ax%} o
G | oc

Jedno partikularne rieSenie vektora funkcii g a ¢ je nasledu-
juce:

gla) =, -3°3)vH|

c=0

Toto rieSenie optimalizuje funkciu H(q) pre zobrazenie gra-
dientu do nulového priestoru Jakobidnu, rovnako ako
v pseudo-inverznom pripade. | ked' je zobrazenie gradientu

(17)

(18)
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rovnaké, vyskytuju sa dva zakladne rozdiely. Prvy rozdiel je
vo vacsej prileZitosti vyskytovania sa algoritmickej singulari-
ty. Vypoctoveé poZziadavky pre rozSirenu Jakobiho metdédou
su nevhodné pre pouZitie u hyper-redundantnych mecha-
nizmov. Invertovanie matice (15) si vyzaduje vykonanie
aritmetickych operacii v O(n’). Ak rozsireny systém vypoétu
je zalozeny na rovnici (17) musia sa dalSie vypocty pomo-
cou pseudo-inverznej metddy vykonat rovnakym postupom.
[2].

Zatial ¢o vypoctov potrebnych pre implementovanie rovnic
(12), (15) a (16 ) explicitne zahffa inverziu matic, bolo preto
vhodné pouzitie riedkych matic pre sformulovanie znovu
pouzitelného algoritmu. Dany algoritmus je tak mozné pou-
Zit' pre rieSenie inverznej kinematiky a dynamiky. Tato me-
téda moze potencialne zredukovat’ pocet vypoctov na O(n)
pre velké n [2].

Zaver

Poslednych dvadsat rokov bolo voblasti hyper-
redundantnych mechanizmov rieSenych mnozZstvo problé-
mov s priamym dopadom na prakticku aplikaciu. PouZitie
hyper-redundantnych mechanizmov ma v buducnosti velky
potencial hlavne v aplikaciach kde je potrebna vysoka ma-
nipulovatelnost. Hyper-redundantné mechanizmy ¢&i uz
postavené na baze manipulatorov, alebo vyuZzivajuce loko-
mocny princip celého tela, sa so zvySujucimi poznatkami
z oblasti kinematiky, dynamiky a riadenia budu dalej zdoko-
nalovat a budu schopné pInit mnoZzstvo jednoduchych ale aj
zlozZitych uloh. Prave schopnost’ vyuZitia vysokého poctu
stupriov volnosti spolu so zvySujucim sa kontinuom celého
tvaru dava celkovej funkénosti nespochybnitelnt vyhodu
manevrovatelnosti v priestore.
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Abstract

The article deals with the basic definition of hyper-
redundancy and application of skills in the service and in-
dustrial robotics. At the beginning of the article is mentioned
the first encounter with the concept of hyper-redundancy in
Chirikjian’s thesis and its definition. In the following part is
briefly described hyper-redundancy in terms of biology and
especialy inspirated with biological pattern. The next section
describes the possible application of hyper-redundancy like
as in design robotic manipulator. The final part of the article
contains a brief introduction to the kinematics of redundant
mechanisms and zoom in algorithms and extended methods
of the Jacobins and enlarged Moore-Penrose inverse met-
hod.
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Metody kinematickej
analyzy pre lokomocné
Struktury imitujuce pohyb hada

Robert Surovec, Alexander Gmiterko, Michal Kelemen, Ivan Virgala, Erik Prada, Martina Vackova

Abstrakt

Hadom in8pirované roboty su pomerne novou problematikou v oblasti mechatroniky,
pricom prvé prototypy boli skonstruované v sedemdesiatych rokoch dvadsiateho
storocia. Pred samotnym navrhom tychto &lankovanych mechanizmov je vSak po-
trebné preStudovat’ zakladné druhy pohybov biologickych hadov a nasledne pristupit
k ich matematickému opisu. Pre tento u€el sa pouziva niekolko metéd kinematicke;j
analyzy. Clanok pojednava o prehlade historického vyvoja hadovitych robotov a
demonstruje tri najbeznejSie pouzivané metddy kinematickej analyzy, akymi su
Denavit-Hartenbergov princip rozmiestnenia suradnicovych systémov, klasicka
maticova metdda z ktorej su vacsinou odvedené vSetky ostatné a princip chrbticovej

krivky (backbone curve).

Kracové slova: Hadovity robot, mechatronika, pohyb, kinematika

Uvod

Problematika hadom inSpirovanych robotov je v su¢asnosti
predmetom pocetnych vyskumov v oblasti mechatroniky.
Zistilo sa totiz, Ze je ich ovefa vyhodnejSie aplikovat
v obmedzenom priestore ako roboty vacSich rozmerov s
doposial zauzivanymi podvozkami, nakolko na zemetrase-
niami alebo vybuchmi postihnutych lokalitdch by sa hadovity
stroj zlahka preplazil cez trosky zrutenych budov aby naSiel
prezivSich. Okrem toho maju roboty imitujuce pohyb hada
Siroku Skalu vyuzitia, napriklad vo vojenstve z dévodu $pe-
hovania nepriatel'skych zloZiek, no mézu plnit' aj inSpekéné
ucely v jadrovom priemysle. Nakolko pri navrhu este nie je
vopred zname, v akom prostredi sa bude robot presne po-
hybovat, pri kinematickej analyze sa pouzivaju také metédy,
prostrednictvom ktorych sa ur€i polohovy vektor uréitého
vymedzeného bodu jedného ¢Elanku vzhladom k zakladnej
suradnicovej sustave umiestnenej do vztazného bodu, vodi
ktorému sa hadovity mechanizmus pohybuje. VaéSinou sa
pouziju klasické maticové transformaéné metddy alebo z
nich odvodené principy, akym je aj Denavit-Hartenbergova
metdda ktora sa bezne pouZiva pre rieSenie kinematiky u
priemyselnych manipulatorov. Novym pristupom kinematic-
kej analyzy je aj metdda chrbticovej krivky (backbone cur-
ve), ktoru po prvy krat aplikoval Chirikjian a Burdick pri rie-
Seni ich hyper-redundantného mechanizmu. \%
nasledujucich kapitolach budu opisané vyvojové etapy ha-
dom inpirovanych robotov az po su¢asnost, zakladné dru-
hy pohybov biologickych hadov, so znalostami ktorych je
nevyhnutné disponovat pre nasledné zostavenie matema-
tického modelu, a napokon v poslednej kapitole budu na
jednoduchych prikladoch demonstrované jednotlivé vyssie
spomenuté metddy kinematickej analyzy.

1. Histéria vyvoja hadom inSpirovanych ro-
botov

Cloveka uz od nepaméti fascinovala predstava, Ze jedného
dfia bude schopny vytvarat ludom alebo inym Zivo&ichom
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podobné stroje. Vznikali stéle zaujimavejSie navrhy, avSak
vacsina z nich zostala iba na papieri. Podobne to bolo aj u
ruského maliara, grafika a konstruktéra Petra Mituricha,
ktory okolo roku 1920 zacal skicovat hadom inSpirované
mechanizmy, nim oznaCované ako Volnoviky. Tie fungovali
vacsinou na baze hodinového stroja, ktoré by po€as pohybu
vpred vyuzivali prie€ne vinenie segmentov tela.

Obr.1 Séria robotov ACM
Fig.1 The family of ACM

V €asoch, ked technika dosiahla dostatocne vysoku uroven,
sa tieto sny stali skutonostou a postupne sa pristupilo
k fyzickej realizacii. Prvym, kto skonstruoval plne funk&ny
stroj imitujuci pohyb hada, bol profesor Shigeo Hirose
z Tokyjského Institutu Technologie. Prostrednictvom svojho
stroja Active Cord Mechanism ACM-3, vyvijaného medzi
rokmi 1972 az 1975, sa tak stal priekopnikom v oblasti ha-
dovitych robotov. Pozostaval z dvadsiatich sériovo spoje-
nych valcovych segmentov, medzi ktorymi boli servosysté-
mami pohanané kiby sdvoma stupfiami volnosti a pre
minimalizaciu trenia medzi telom a hladkou podloZkou sa na
spodok kazdého segmentu umiestnili pasivne kolesa. Napa-
janie bolo zabezpefené privodnymi kablami z externého
zdroja. ACM-3 sa stal podkladom pre dalSie vyvojové etapy
Hiroseho hadom inSpirovanych robotov, priCom vSetky vyu-
Zivali pomocné lokomoé&né zariadenia. Najnovsim rieSenim
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je vroku 2005 predstaveny ACM-R5, ktorej jedinecnost
spocCiva v jeho vyuZiti tak na suchom povrchu ako aj pod
vodnou hladinou. Séria robotov ACM je zobrazena na ob-
razku 1. Hirose svojou pracou zaujal aj dalSich vynalezcov,
ktori Coskoro predloZili svetu vlastné rieSenia mechanizmov
s lokoméciou hada. Nechal sa nim inSpirovat aj profesor
Yoram Koren so svojim Studentom Yansongom Shanom
z Michiganskej Univerzity, ktori v roku 1992 skonstruovali
mechanického hada, zvaného Michigan snake 1 (MS-1).
Skladal sa zo Siestich ¢lankov, ako akéné ¢leny boli pouzité
jednosmerné motory a pre efektivnej$i dopredny kizavy
pohyb sa pod kazdym segmentom umiestnili dva gufové
kolesd a koliky pre zabranenie spatného pohybu robota.
Zdokonalenou verziou je MS-2, pri ktorej sa odstranili gulo-
vé kolesa, takZze moduly robota su v priamom kontakte
s podlozkou [1].

s
ssTal

Obr.2 Dalsie modely hadovitych robotov
Fig.2 Other models of snake-like robots

Na prelome 80. a 90. rokov zacal navrhovat' a zostrojovat
mechanizmy imitujice pohyb hada aj Dr. Gavin Miller. Vy-
tvoril celu sériu robotov s pasivnymi kolesami po€nuc mode-
lom S1 po S7, ktoré financoval on sam. Nakolko jednotlivé
modely obsahovali stale viac a viac pohonov, za¢al experi-
mentovat’ s hadovitym strojom, ktory by bol pohanany pro-
strednictvom jedného motora v hlavovom segmente
a pohyb by bol realizovany pomocou ozubenych prevodov
a kyvadiel. Ten v8ak z dovodu nedokonalej synchronizacie
pohybu modulov zlyhal a preto nakoniec zostal pri koncepcii
s viacerymi servomechanizmami [2]. Gregory Chirikjian na
Californskom Institaite Technolégie v Pasadene (Caltech)
vramci svojej dizertaCnej prace dokonca priSiel
s my$lienkou vytvorit manipuldtor, zloZzeny z viacerych
segmentov spojenych kibmi, ktory by mal viac stupfiov vol-
nosti ako je to pre splnenie danej ulohy Ziadané. Tento
mechanizmus preto nazval hyper-redundantnym. V prvej
polovici 90. rokov sa s profesorom Joelom W. Burdickom
pustili do kinematickej analyzy a napokon pristupili
k samotnej realizacii, z¢&oho vziSiel mechanizmus
s oznaenim Snakey. Skladal sa z desiatich identickych
modulov, spojenych rotaénymi a prizmatickymi  kibmi
s troma stupfiami volnosti. Dalsim, kto vyznamne prispel
k rozvoju vdanej oblasti bol Dr. Kevin J. Dowling
z Univerzity Carnegie Mellon v Pittsburghu. V roku 1997
predstavil bezkolesového 3D robotického hada, ktorého
nazov naznacuje jeho schopnost’ vinenia v horizontalnej aj
vertikalnej rovine. Pozostaval z hlavového ¢lena s riadiacim
modulom a z desiatich segmentov hlinikovej konstrukcie
s dvoma zabudovanymi polohovymi servomechanizmami,
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navzajom pootoCenymi o devatdesiat stupriov, ¢im sa za-
bezpecilo striedanie horizontalnych a vertikalnych pohybov.
Od tej doby sa vyskumnici snazili diStancovat od pouzitia
kolies u hadovitych robotov, takze ich pohyblivost bola za-
bezpe€ena trenim medzi telom mechanizmu a podlozkou
[1]. Taktiez na Univerzite Carnegie Mellon sa rovnakej prob-
lematike zacal venovat aj Dr. Howie Choset. So svojim
timom od prelomu 20. a21. storoCia navrhuje hadovité
roboty, ktoré by sa okrem preplazenia do nepristupnych
priestorov dokazali vy$plhat po stipovitych objektoch. Séria
tychto mechanizmov dostala pomenovanie Modsnake a ako
akény Clen bol vo vacésine pripadoch pouzity modifikovany
polohovy servomechanizmus znacky Hitec HS-5955TG [3].
Vedci Skandinavskej nezavislej vyskumnej organizécie
SINTEF a pracovnici Katedry kybernetiky Norskej univerzity
vedy a techniky sa pri navrhu robota imitujuceho pohyb
hada nechali inSpirovat faktom, Ze biologické hady pre rych-
lejSi  a efektivnejSi pohyb vyuzivaju nerovnosti terénu
a prekazky. V polovici nultych rokov 21. storocia vznikol
prototyp zvany Aiko, pozostavajuci z jedenastich valcovych
segmentov spojenych kardanovymi kibmi. Za aké&né &leny
sa zvolili elektrické jednosmerné motory [4]. Sofistikovanej-
§im rieSenim je robot Kulko vyvinuty v roku 2010, ktory vo
svojich moduloch obsahuje aj snimace dotykovych sil. Kaz-
dy kib je pohanany na kontinualnu rotaciu upravenym polo-
hovym servomechanizmom znacky Hitec HS-5955TG, kto-
rého vystupny hriadel je pripojeny k zavitovkovému kolesu
cez retazovy prevod. Na rozdiel od Aika, Kulko automaticky
vyhladava nerovnomerne rozlozené prekazky o ktoré sa
potom po ich najdeni zaprie a az tak postupi vpred [5]. Vys-
Sie opisané modely su zobrazené na obrazku 2. V sucas-
nosti je mechanizmov imitujucich pohyb hada ovela viac,
avSak v tejto kapitole spomenuté rieSenia inSpirovali k praci
dalSich vyskumnikov pdsobiacich v danej oblasti. Je teda
zrejmé, ze postupom Casu sa hadom inSpirované roboty
rozSirili a presli niekolkymi zdokonaleniami. Tyka sa to naj-
ma miniaturizacie suvisiace s pouzitym pohonom a zdrojom
energie ale aj postupného odstrafiovania pasivnych kolies.

2. Zakladné typy pohybov biologickych ha-
dov

Prvé hady sa objavili v druhohornom utvare krieda priblizne
pred 150 az 100 milibnmi rokov, avSak od su€asnych sa lisili
tym, Ze na ich panve boli eSte dva pary malych v kolene
ohnutych nbh bez chodidiel. Dodnes sa horlivo diskutuje,
aky mala priroda dévod na redukciu kon&atin. Niektori vedci
sa domnievaju, Ze sa to stalo nasledkom ich podzemného
Zivota, nakolko pre pohyb vpred sa im stacilo zapriet so
svojim podlhovastym telom o steny tunelov. Postupom &asu
niektoré jedince opustili podzemie a svoj pohyb museli pri-
sposobit podmienkam zemského povrchu, po ktorom museli
vykonavat plazivy pohyb [6]. V su€asnosti rozoznavame
Styri zakladné druhy pohybov, zavislé predovSetkym od
Celade a prostredia. Dopredny pohyb boénym vinenim
(Obr.3 a) sa uskuto&fiuje tvorbou horizontalnych vin pozdiz
hada od chvosta az po hlavu, priCom kazdy bod tela prejde
rovnaku drahu vtvare sinusoidy. Harmonikovity pohyb
(Obr.3 b) spociva v tom, Ze had harmonikovito zloZzenu ¢ast
svojho tela udrziava v pevnej polohe kym zvysSna Cast sa
bud tla¢i alebo taha vpred. Po vykonani tohto procesu si
tieto dve cCasti tela vymenia ulohu. Pri bo€nom pohybe
(Obr.3 ¢) had nadvihuje ¢ast svojho tela a bez toho aby
medzi Supinatou koZou a podloZkou vznikal kizavy pohyb,
pohana svoje telo vbok. Medzi telom a povrchom zeme je
kratky staticky kontakt [7]. Proces priamociareho pohybu
(Obr.3 d) prebieha vytvaranim vertikalnych vin s malou
amplitidou pozdiZ tela od chvosta aZ po hlavu. Zabezpeduje
sa to kontrakciou svalov a su¢asnym opieranim sa bruSnymi
Supinami o nerovnosti povrchu [8].
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Obr.3 Zakladné pohyby biologickych hadov
Fig.3 Basic types of locomotion in biological snakes

3. NajcastejsSie pouzivané metody kinema-
tickej analyzy pri rieSeni hadovitych robo-
tov

Pri rieSeni kinematiky u hadovitych robotov nie je vzdy zna-
me, v akom prostredi sa budu pohybovat alebo s akymi
prirodzenymi a antropogénnymi prekazkami sa budu musiet
vysporiadat. Z tohto dévodu sa pouzivaju metddy na urCe-
nie polohového vektora zvoleného bodu urcitého clanku
vzhladom ku globalnej suradnicovej sustave umiestnenej do
vztazného bodu vonkajSieho priestoru.

3.1 Klasicka maticova transforma¢na metoda
Homogénne transformacie sa pouzivaju pre uréenie poléh a
orientacii ¢lankov mechanizmu vzhlfadom ku globalnemu
suradnicovému systému. Nech sa hadovity robot sklada
z troch identickych valcovych segmentov s dizkou I a polo-
merom r;, pricom prvym je si., prostrednym s; a poslednym
si+1. Tieto moduly su navzajom spojené planarnym rotacnym
kibom s uhlom pootodenia ¢i. Zakladny staticky globainy
suradnicovy systém Bj={x,, Yyb, zv} je umiestneny do vztaz-
ného bodu, ktory je v rovnakej vySke nad podloZkou ako
taziska jednotlivych segmentov T;, tj. vy8ka h sa rovna
polomeru segmentov r; (Obr.4). Nakolko had nema pevnu
zakladnu, je potrebné tento staticky suradnicovy systém
pretransformovat na lokalny v tazisku posledného ¢lanku
Ti+1 (Obr.5). Vysledkom je lokalny pohyblivy suradnicovy
systém M={Xn, Ym, zm}, ktorej transformacna matica vyzera
nasledovne:

cos§ —sin 0 Xy

sing  cos& 0y
Cp= 1
"lo 0 1 0 M

0 0 0 1

kde Xg+1p @ Yy+1)p SU suradnice taziska Ti+1 zavislé na me-
niacej sa polohe posledného modulu, & reprezentuje uhol
medzi osami Xp(Y») @ Xm(ym) pri natoceni okolo osi z,. Nasle-
dujucim krokom je posunutie osi zp v smere o0si Xo
o vzdialenost a, t.j. do kibu spajajliceho segmenty si1 a si.
Ziska sa translacna homogénna matica C1:

100 a
C1=0100 2
0010
0001
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Dalej je potrebné natotit os x; okolo osi z1 o uhol @;, vy-
sledkom ¢oho je rotacna matica Ca:

cosep; -sing; 0 0
sing; cosgp; 0 0
Cz — gol (01 (3)
0 0 1 0
0 0 01

Zostava uz len posunutie osi z; v smere osi x 0 vzdialenost
b do taziska i-teho ¢lanku T;, ¢im sa ziska translaéna homo-
génna matica Cs:

100 b
010 0
371001 0 @)
000 1

Vynasobenim jednotlivych diel€ich transformaénych matic
dvoch ¢&lankov spojenych rotaénou jednotkou medzi sebou
v poradi, ako boli pohyby uskuto€nené, a nasledné vynaso-
benie tohto produktu maticou lokalneho pohyblivého surad-
nicového systému umiestneného v taZisku posledného
segmentu sa ziska vysledna homogénna matica Hi:

n—1
Hi :Cm'HCi (5)
i=1

V nej su pritomné zloZky polohového vektora i-teho ¢lanku
vzhlfadom na j-ty vztazny bod rj;:

Xij = X(ip)p + a.cosé + b.cos(& + goi) (6)
Yii = Yo +a8ing +bsin(E + ;) @
e @

Polohovy vektor taZiska i-teho segmentu vzhladom na j-ty
vztazny bod sa teda ziska:

Zb

h a b v b Ii
Yii+1)b A o
B i o

4

X(i+1)b

Xb
Obr.4 Klasicka maticova transformac¢na metéda

Fig.4 Classic matrix transformation method

i+1)b
. Y1) N

Sis1

Tt

4
Xb ‘ sing Xm
Obr.5 Ziskanie lokalneho pohyblivého
suradnicového systému
Fig.5 Acquirement of a local mobile coordinate system
Po prvej derivacii matice H; sa ziska matica rychlosti V;,
z ktorej sa urCi rychlost taZiska i-teho segmentu hadom

inSpirovaného robota vzhladom k j-temu vztaznému bodu,
voci ktorému sa pohybuje [9]:
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V. = = 10
Yoodt dt (10)

Druhou derivaciou matice Hj sa ziska matica zrychlenia A;:
n-1
d? cm.H C
A= dZHi 3 i=1
boar? dt?

(11)

3.2 Denavit-Hartenbergov princip rozmiestnenia surad-
nicovych systémov

Metéda vypracovana Jacques Denavitom a Richardom
Scheunemannom Hartenbergom v roku 1955 je pouzivana
hlavne u priemyselnych robotov, avSak da sa aplikovat aj na
hadom inSpirované roboty.

Zb

Obr.6 Denavit-Hartenbergova transformacia
Fig.6 The Denavit-Hartenberg convention

Robot sa sklada z troch identickych valcovych segmentov,
navzajom spojenych planarnym rotaénym kibom s uhlom
pooto€enia @;. Zakladny staticky globalny suradnicovy sys-
tém B;={xv, yb, Zb} je umiestneny do vztazného bodu, ktory
je v rovnakej vySke nad podloZkou ako taZiska jednotlivych
segmentov Ti. Nech je zndma s ¢asom sa meniaca vzdiale-
nost medzi pociatkom globalneho suradnicového systému
a taziskom (i+1)-teho segmentu I(t). Tato priamka zviera
s 0sou Xp uhol & a s osou modulu sj+1 uhol B (Obr.6). Trans-
formacia globalneho suradnicového systému na lokalny
v taZisku i-teho segmentu T; sa vykona rovnakym spéso-
bom ako pri klasickej maticovej metdde, avSak s tym rozdie-
lom, Ze postupné umiestfiovanie lokalnych sudradnicovych
systémov sa doplini do tabulky (Tab.1) vo forme Denavit-
Hartenbergovych parametrov (4i, di, ai, a;), ktoré plne
charakterizuju geometrické vztahy medzi susednymi ¢lan-
kami spojenymi rotaCnou pohybovou jednotkou.

i i di aj of
0 0 0 I(t) 0
1 B 0 a 0
2 @i 0 b 0

Tab.1 Tabulka parametrov transformaénych matic

Hodnoty ztabulky 1 sa doplnia do univerzalnej transfor-
macnej matice medzi dvoma susednymi suradnicovymi
systémami (12), ktorého vyhodou je, Ze ma rovnaky tvar pre
vSetky lokalne suradnicové systémy kinematickej Struktury
bez ohladu na typ pohybovych jednotiek.
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cosd;, -sind.cose; sing;.sing; a;.cosY;
_|sing;  cosd.cosa; -cosdsing; a;.sind (12)
i~ .
0 sing; cosq; d;
0 0 0 1

$i je uhol medzi osami x; pri otoCeni okolo osi z;, d; pred-
stavuje najkratSiu vzdialenost medzi osami x; s kladnym
smerom v smere osi z;, a; symbolizuje najkratSiu vzdiale-
nost medzi osami z; s kladnym smerom v smere osi x;, Q; je
uhol medzi osami z; pri oto€eni okolo osi x;. Pocet riadkov
v tabulke 1 zodpoveda poc¢tu matic, ktoré ked sa medzi
sebou vynasobia, ziska sa vyslednd homogénna matica H;i:

H, =] ]c (13)

Znej su zname zlozky polohového vektora i-teho ¢&lanku
vzhlfadom na j-ty vztazny bod r;; [10]:
Xjj = l(t).cos5+a.cos(5+[3)+ b.cos(§+[3+goi)

yij = 1(t).sind + a.sin(§+ [3)+ b.sin(§+ B+o; )

(14)
(15)
(16)
Derivaciami matice Hj sa ziska matica rychlosti a zrychlenia.

3.3 Metoda chrbticovej krivky

Metodu chrbticovej krivky (backbone curve) po prvy krat
aplikoval Gregory S. Chirikjian a Joel W. Burdick v roku
1994 pri rieSeni hyper-redundantného mechanizmu. Nakol-
ko sa pri rieSeni uvazuje, Ze sa mechanizmus sklada
z nekoneéného mnozstva modulov, chrbticova krivku je
mozné povazovat za Ciasto€ne kontinudlnu krivku, ktora
zachytava doblezZité makroskopické geometrické rysy hyper-
redundantného robota a tvori jeho os (Obr.7). Pre urCenie
aktualnej konfiguracie mechanizmu sa pozdiZ krivky roz-
miestni séria ortonormalnych referenénych suradnic, ktorych
poloha vzhladom na zakladny suradnicovy systém Bj={xy,
Vb, Zb} j€ matematicky vyjadrena nasledovne:

X(s,t) = J' (o, t).0(c, t).do, (17)
0

kde se[O,l] je bezrozmerna veli€ina a predstavuje mieru
vzdialenosti pozdiZ chrbticovej krivky v éase t.

Zb

€1

v

Chrbticovda Referencna
krivka stradnicova
sustava
Obr.7 Metoda chrbticovej krivky
Fig.7 A backbone curve method

Xo Fyzicky

robot

I(s,t) reprezentuje dizku dotyénice krivky aje dana vzta-
hom:

1(s,t) =1+ &(s, 1) >0, (18)
pricom &(s,t) je lokalna roztaznost chrbticovej krivky, ktora

opisuje lokalnu expanziu alebo kontrakciu chrbtice vzhla-
dom k zakladni v Case to.

ATP Journal PLUS 1/2012| 99



z > X2

X1
Obr.8 Definicia K(s,t) a T(s,t)
Fig.8 Definition of K(s,t) and T(s.,t)

u(s,t) je jednotkovy vektor dotyCnice ku krivke v bode s a je
vyjadreny:

U(s,t) = [sinK (s, t)cosT(s,t) cosK(s, thcosT(s,t) sinT(s,t)]f, (19)

kde K(s,t) a T(s,t) su Eulerove uhly (Obr.8). Cely tento opi-
sany Ukon sa nazyva referenéna séria chrbticovej krivky, v
ramci ktorého krivka spolo¢ne s referenénymi suradnicovymi
systémami podrobi parametrizacii [11].

Zaver

V tomto ¢lanku uvedené priklady metdd kinematickej analy-
zy, ktoré sa beZne pouzivaju pri rieSeni lokomdécie hadovi-
tych robotov, poukazuju na vhodnost’ ich aplikacie. Klasicka
maticova metdda sa javi ako najpraktickejSia, nakolko nie je
pri nej potrebné uvaZovat s viachasobnym polohovanim
lokélnej suradnicovej sustavy v jednom bode ako u Denavit-
Hartenbergovom principe, avSak na Ukor ziskania viacerych
homogénnych matic, ktorych sucin je ¢asovo naro¢ny bez
pouzitia poc€itacovych softvérov. Tieto pristupy vSak nevy-
Zaduju znalosti konkrétneho aplikovaného pohybu ako pri
metdde chrbticovej krivky, pri demons&trovani ktorej sa
v kapitole venovanej kinematike uvazoval rovinny dopredny
pohyb bo€nym vinenim.
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Abstract

Snake-like robots are a relatively new problem in the field of
mechatronics. The first prototype was designed in the
1970’s. Before proposition of these mechanisms is neces-
sary to read through basic types of locomotion in biological
snakes and then make a mathematical description of them.
For this purpose several methods of kinematic analysis can
be used. This article deals with an evolution survey of
snake-like robots and then interprets three most frequently
used methods of kinematic analysis, like a Denavit-
Hartenberg convention, classic matrix method from which
other methods are derived, and also a backbone curve
principle.
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Dvojosovy zonglér - navrh riadenia

Stanislav Triaska, Milan Zalman

Abstrakt

Clanok je zamerany na navrh riadenia dvojosového Zonglovacieho manipulatora.
V ¢lanku sa podrobnejSie venujeme k hardwarovej konfiguracii a vzajomnej komuni-
kacii dvoch réznych pracovnych prostredi ktoré tvoria jeden vysledny celok.

Kracové slova: Riadenie v redlnom Case, powerlink, OPC, Server- klient komuniu-

kacia, Zonglovanie

Uvod

Servosystémy si v dnesSnej dobe nasli Siroky rozsah vyuzitia,
takmer celom priemysle. Presadzovanim riadenia s umelou
inteligenciou a réznych spatno-vazobnych systémov ako je
napriklad vizualna spatna vazba, a samo nastavajuce regu-
laénych obvodov posuvaju riadenie servosystémov na naj-
vysSiu uroven.

Obr. 1: zonglovanie ¢lovek vs. stroj

Zonglovaci manipulator patri do skupiny systémov ktoré sa
daju charakterizovat ako rychle dynamické systémy ktoré
maju mat schopnost opakovatelného pohybu, s presne
nastavenymi vektorom stavovych veli¢in aby dokézal konti-
nualne prehadzovat objekt. Systémy ktorych Uloha je via-
zana za zonglovanie méZeme kategorizovat podla viace-
rych kritérii z ktorych uvedieme iba niektoré:

Podla poctu stupriov volnosti:

e Manipulatory s jednym stupfiom volnosti (st konstruké-
ne najjednoduchs$ie manipulatory, ktorych pohyb je defi-
novany pomocou rotacie ramena okolo osi rotacie, alebo
kde rameno kona vertikalny pohyb)

e Manipulatory s viacej stupfiov volnosti

Rozdelenie podla pracovného priestoru
e 2D (zonglovanie v jednej rovine)
e 3D

Podfa vyuZitia spatnej vazby:

e Systémy s vyuZitim spatnej vazby (najcastejSie sa vyu-
Ziva vizudlna spatna vazba ako je vysokorychlostna
priemyselna kamera)

e Otvorené systémy (pracujuce iba na zaklade matematic-
kého modelu)

V &lanku poukdZzeme na jednu z moznych alternativ navrhu
riadenia dvoj osového Zonglovacieho manipulatora.
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Fyzikalny opis systému a hardwarovu
a komunikaciu uvedieme v Casti opis systému.

konfiguraciu

Systémova konfiguracia

Hardwarova konfiguracia a komunikacia dvojosového Zzong-
lovacieho manipulatora je znazornena na Obr.2

AS klient AS klient AS klient
MATLAB
- target for Sim UI!r.“.(
| | |
TCP/IP
b
APC 620
|— ﬁ X20 System
powerlink

powerlink

Acopos Silver 544

Obr. 2: Systémova topoldgia

Cely systém je riadeny prostrednictvom softvéru Automaton
Studio (AS). Priemyselné PC prostrednictvom komunikac-
ného systému X20 cez zbernicu powerlink komunikuje
s frekvenénymi meniémi typu Acopos. Na riadenie servopo-
honou vyuZivame polohové regulatory ktoré su navrhnuté
a realizované v programe Matlab/Simulink. Prostrednictvom
komunika¢ného toolboxu ,target for Simulink, dokazeme
odosielat Zelanu analégovu hodnotu elektromagnetického
momentu. Polohové regulatory su navrhnuté a realizované
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na strane klienta,. Prostrednictvom TCP IP protokolu sa na
priemyselné PC (APC 620), odoSle iba vygenerovany C
kod. Aktualnu spatnu vazbu polohy servosystému nam

poskytuje resolver synchrénneho motora typu 8LSA25.

Automation software zahrriuje vSetky softvérové baliky nut-
né pre konfiguraciu, programovanie, diagnostiku a vSetky
operacie v B&R Control Systems, B&R Motion Systems a
B&R Panel Systems.

Zakladna sada Automation Studio™ nam  sluzi
k jednoduchej konfiguracii a programovaniu automatizac-
nych uloh. Je v Aiom integrované Siroké spektrum Standard-
nych funkénych blokov od jednoduchych Standardnych
logickych, & matematickych operacii aZz po komunika¢né
protokoly a zloZité riadiace algoritmy.

Vyhodu B&R Automation Studio:

e Prostredie zahriuje moznost pouzitia pre vSetky druhy
aplikacii,

Jednoduchd integracia a komunikacia medzi nastrojmi,
Jednoduchd sprava prostredi,

Jeden dodavatel hardvéru a softvéru,

Je zaru€ena kompatibilita pri pouZiti jednotlivych nastro-
jov.

Vstupom do systému je vektor Zelanych hodnt generovany
z4. rozmerného Master generatora, ktory je navrhnuty
v Matlabe.

V= [go*,a)*,g*,z'*} (1.1)
Regulatory polohy typu PIV pre kazdu os su navrhnuté
metdédou rozmiestfiovania poélov a tiez su navrhnuté
a realizované v Matlabe. Vystupom zregulatora polohy
a predkorekénych konstant je Zelana hodnota momentu
motora. Principialna schéma komunikacie Matlabu a AS je
znazornena na Obr. 3.

B TL AR ek
Project

. ,.? Autemanan Snidia

2
.\ Froject

Lﬂc:g

@@\

@ -

Obr. 3: Princip €¢innosti B&R AS Target for Simulink [5]

Server - klient komunikacia

Ak pracujeme so zariadeniami od réznych vyrobcov (ako su
AS a Matlab), ¢astokrat vznika problém pri nadviazani vza-
jomnej komunikacie. Jednou z moznosti nadviazania komu-
nikacie moze byt prave OPC (OLE for Process Control).

OPC konfigurator spravuje premenné v logickych skupi-
nach, ktoré su nasledne priradené urc¢itym objektom, napri-
klad ulohe. Konfigurator sldzi k online nahravaniu premen-
nych, testovaniu simulacie premennych, importu a exportu
konfiguraCnych suborov do AS. Spojenie medzi klientom
a serverom je stanovené poc€as nastavovania projektu.

Pri tvorbe projektu v AS je nutné deklarovat subory
k nastaveniu doplfiujucich parametrov premennych:

OPC tag — definuje pristup k premennym, ich hysteréziu,
popis. Premenné je mozné vyuzivat z konfiguracie projektu,
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OPC alarm — nastavuje limity pre maximalnu hodnotu pre-
mennych alebo bitov. Tato konfiguracia moze byt spolo¢na
pre viac suborov OPC tag,

OPC property

Client Application(s)

(Djcom

PVI

Obr. 4: Struktura OPC [4]

Pred spustenim automatického generovania kdédu bolo
potrebné nastavit vzorkovaci €as systému v Matlabe av
AS. Tento ¢as musi byt rovnaky ako cyklicky €as tried, pod
ktorymi budu vygenerované tasky pracovat. V naSom pripa-
de sme volili periodu vzorkovania 1ms. Tento vzorkovaci
Cas zaroven predstavuje aj najvacsiu limitnu hodnotu cyklic-
kej triedy v AS. Frekvenéné menice pracuju s najmensou
periddou vzorkovania ktora vynasa 400us.

® Configuration Parameters: FIV_RIGHT/Cade Generation ERT based [Active]

Salect! | Smudsbon e

ot b St b

Seves 1o

Type: [liued-stas Soheeri | dscrete v contracus states) v

Frand-shep stem (hunchenental sarsgis biese): 0.0

PLEY.CPU [Software Condiguration]

- 1
Dt o

Verson  Trandies 15 Sau feyt| Source

=— & Cpche WY -[1 ma]
W Fadelin
& oerd e
W orerimd

1000 ey
G 1000 U

Obr. 5: Nastavenie rovnakej periode v Matlabe a v AS
pre spravne generovanie kodu

Kod sa vygeneruje iba v pripade Ze je spravne nastavena
systémova cesta z Matlabu k AS.

Suhrn a buduce plany

V ¢lanku sme uviedli hardvérova konfiguraciu systému
.zongléra lopti¢iek* s dvomi stupriami volnosti Obr.6.

—

Obr. 5: systém na zonglovanie

Pre spravne fungovanie a moznost’ systému bolo potrebné
vytvorit HW konfiguraciu v AS. Riadenie realizujeme pro-
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strednictvom Matlabu, Prostrednictvom Specialneho toolbo-
xu , Target for Simulink” vygenerujeme kéd riadiaceho algo-
ritmu na Zonglovanie. Komunikacia prebieha typu server-
klient a preto bolo nutné spravit’ konfiguraciu OPC.

Ciefom nasho riadenia bude vytvorit autonédmny samo na-
stavitelny systém na zaklade vizualnej spatnej vazbe. Sta-
vové riadiace veli€iny sa budu samo nastavovat’ na zaklade
Zelaného algoritmu zadaného uzivatelom. Prostrednictvom
vizuélnej spatnej vazby systém by mal byt schopny zidenti-
fikovat si parametre mastra pre kontinualne Zonglovanie
s objektom (uhol a rychlost vrhu objektu, ako aj uhol uchy-
tenia objektu so spravnym spomalenim pohybu).
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Modelling of the VTOL micro aerial

mobile robot

Anezka Chovancova, Jozef Rodina, Peter Hubinsky

Abstract

Micro aerial mobile robot with capability of vertical take-off and landing (VTOL) can
be flown indoors as well as outdoors. It can operate in restricted area such as
buildings with little space to maneuvre. In this paper we focus on linear dynamic
modelling of quadrotor, so we neglect both aerodynamic forces and weather
conditions. This model is used for stabilization; therefore, we handle only rotation
motion. Once we have developed dynamic model, it is neccessary to get parameters
for simulation in experimental way. These parameters includes propeller thrust and
moments of inertia. Finally we create model of quadrotor in Simulink.

Keywords: quadrotor, dynamics, moment of inertia, state model

INTRODUCTION

First quadrotor named Gyroplane No. 1 was built by Breguet
Brothers in 1907. The aicraft had an uncovered open steel
framework with a seat for a pilot and an engine at the
centre. Nowadays quadrotors are mostly constructed as
unmanned aerial vehicle (UAV) with electronic control
system and electronic sensors.

The quadrotors have recently expanded to many
applications field because of good maneuverability and
ability to hover, take off and land vertically.

At first they was used in military operations for monitoring
and surveillance. Nowadays these small robots assist in
rescue missions after natural disasters or explosions. The
quadrotors replaced human being during activities, that can
be harmful to life like reconnaissance in area with high level
of radiation.

In the past few years flying quadrotor became a very
popular hobby and the way sports events can be recorded.

To be able to design the most appropriated control (PID,
LQ), it is necessary to identify dynamic model of the
quadrotor, in this case the model will be linear.

DYNAMIC MODEL

In recent few years quadrotor has become very popular due
to small size, good manoeuvrability and mechanics
simplicity. The combination of these characteristics was the
reason why we decided to construct and design control for
this type of VTOL vehicle.

Quadrotor is a flying platform with four propellers as it is
illustrated on fig. 1. F1 and F3 spin clockwise and the
another two counter-clockwise. Alteration of motion and
orientation is generated by varying thrust of specific rotor. To
be able to determinate position and orientation of quadrotor,
we must specify inertial frame and body fixed frame [e1s,
€28, e3g] as shown in Fig. 1.

The orientation of the quadrotor is given by three Euler
angles, namely roll @, pitch 6 and yaw ¥. Yaw angle is
produced, when sum of all torques are different from zero.
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Propellers spinning in the same direction control either pitch
or roll angle, by increasing thrust for one rotor while
decreasing thrust for the other one. Translation motion is
achieved by maintaining a non-zero pitch or roll angle.

F, Fy
A e ti:}

front

inertial frame
Fig.1 Inertial and body fixed frame of the quadrotor
The translation motion describe Newton's second law:
mi' = F, )
The angular velocity can be obtained from Euler equation:
Q=M, (2)

Total moment consists of body gyro effect, propeller body
effect, actuators action and damping.

1 D=0V, ~1,)-J,Q, +I(-F, + F;)- K, ®
1,0=0W(,-1,)-J,0, +I(-F, +F;)-K ,0 (3)
LY =001, ~1,)+(-01 + 0y — 05 +04) - K. ¥

Yaw angle is caused by unbalanced torque. The value of
drag moment depends on drag coefficient D, and angular
speed:

0, =D, 0} (4)

ATP Journal PLUS 1/2012| 104



We will not take into account body gyro effect either
propeller body effect, because they bring into model non-
linearity.

1D =I1(-F, +F;)-K @
1,6 =I(-F +F;)-K 0 (5)
LY =(-01+0,-03+04)-K.¥

After adjustment equation (5) we obtain state model of
quadrotor:

. K. .
b=t (-F +Fy) -2
7 (=Fy +Fy) 7

. ] K, .

0 :_(_Fl +F3)—_9 (6)
Iy ]y

L] K, .

‘I’=I—(—Q1+Q2—Q3+Q4)—] b4

The vector u of input variables is given as follows:
—F2 +F4 1231
u= R+ =|uy (7)
—O+0r—O3+04] |u3

The vector of state variables is x’ :[cb 0 ‘P]and the
equation (6) and (7) can be written as state space model:

X = Ax+ Bu (8)
where,
X 0 0
X
A=| 0 _Ky 0 9)
I,
0 0 _X.
L IZ_
L 0 0
I)C
l
B=|0 — 0 (10)
1,
0o 0 1
(- IZ_

EXPERIMENTAL IDENTIFICATION OF
PARAMETERS

At first we constructed a quadrotor platform shown in Fig. 2.
To be able to design control for it, we derived state space
model, which contains unknown parameters. These
parameters should be figured out by experiment.
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Fig.2 A quadrotor platform

MEASUREMENT OF THRUST

We can easily control angular speed of each propeller, but
for rotation motion it is important to identify generated thrust.
There is relation between these two physical quantities and
it is necessary to be figured out.

For this experiment are needed: electric BLDC motor,
propeller, weighing scales, speed controller, tachometer,
and power supply as shown in Fig. 3.

Fig.3 Experimental plaiform for measurement of thrust

We noted down weight from the scale at constant speed.
Then we increased the speed and noted down another
value of weight. We repeated the measurement at least 8
times. The data is approximated by a quadratic function.
Measured data and it's quadratic approximation are shown
in Fig. 4

1 T SRR IR SIRES ST CCRETIRIT

A
k3

10 : ot

¢ 18 ralc apprar abor
- MEazJred ¢£7a

z | 30¢ 2020 00C 4000 0CcC EZ10 y0Cd £300 fCan
angL 3 spesd L

Fig.4 Quadratic approximation of measured data
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The thrust is gravitational acceleration multiplied by static
thrust, that it is given as follows:

m = 0.0000055807 &2 +0.0042 & —9.651 (7)

MEASUREMENT OF MOMENT OF INERTIA

We used trifilar pendulum to measure moment of inertia.
Pivot points of pendulum form a equilateral triangle. Smaller
equilateral triangle is attached to quadrotor as shown in Fig.
5.

Fig.5 Trifilar pendulum

The following assumptions must be met:

. Centroids of triangles are directly above each other
o Distance |OO'| is known as z

o Distance |OA| = |OB| = |OC| =R

. Distance [O'A'| = |O'B'| = |O'C'| =T

. Distance |AA'| = |BB'| = |CC'| =d

. Angle of deflection must meet the condition: ¢ = sin
¢

. We consider potential energy equal to zero in
lowest position

. In calculations the friction is neglected

At first we focus on determinate the relation between
distance z and elevation of quadrotor z.

Distance d in reference position is given by the following
equation:

d?=(R-r)* +2* (8)
After rotation of quadrotor equation (8) can be rewritten as:
dz:(RCOS(p—r)Z+R25in2(p+(z—zo)2 9)

By replacing d® in equation (9) by its corresponding
expression from (8) we get:
28 =229z +2Rr(1-cosp)=0 (10)
Solution of equation (10) is approximated by using the
second order Taylor expansion:

Rr 2
-9

>, 11)

Z()=
After deflection the ratio of kinetic to potential energy
changed:

l](ﬂ] +mgzy=E

2 \ dt (12)

We replace zp in equation (12) by expression from (11). The
derivative of the result respect to time is:
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2
d_EZId(pd (p+ngrdgo

13
dt dt qr? z dt (13)
The total energy of system does not change:
2
142 mekr (14)
dt z

The solution of harmonic oscillator from equation (14) is:

® =@, sin[ ’ngrH-yJ
1z

Period of oscillation is:

(15)

T:2—7Z=27z 1z

16
o mgRr (16)

Moment of inertia we get from adjustment equation (16):

I :R‘ngmT2
Adr“z

(17)

Experimental identification of moment of inertia was focused
on determination of oscillation period. Firstly we constructed
trifilar pendulum and then we rotate quadrotor by angle ¢ as
we can see in fig. 6 and fig. 7.

Fig.6 Reference position of quadrotor

Fig.7 Position of quadrotor after rotation by an angle ¢

We repeated the measurement several times and we used
average value to moment of inertia calculation.

The moment of inertia around axis e1g, and ezg is 0.002875
kgmi. The moment of inertia around axis eg is 0.00547
kgm®.

The aim of this chapter was to measure generated thrust
and moments of inertia around axis of body fixed frame.

SIMULATION

We created dynamic model of quadrotor in Simulink from
state space model as shown in fig, 8. We used following
values:

. [Kx, Ky, K7] = [6.567, 5.567, 6.354] x 10™ N/rad/s [2]
. Dp = 3.232 x 107 N.m/rad/s [2]
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. The initial values of angular speed during
simulation was [w1 w2 w3 w4] = [3500 2500 3000 3000] rpm
. the length of armis 1= 0.3 m

. the weight of quadrotor is 0.775 kg

Fig. 8 The Simulink model of dynamics of quadrotor

The simulation should confirm the accuracy of the model.
The vector of initial values was elected so that pitch and
yaw angle should be increasing in the negative direction and
roll angle in reverse. The rotation speed should get settled.

Fig. 9 shows a process of rotation speed from simulation,
that meets our expectations so the designed model can be
marked as correct.

#11

A

* Al

-l

-5 i i i ! i :
- u ST BT 1 B PR A S 11 S T 1

g
Fig. 9 Visualization of state variable

CONCLUSION

In this paper we presented linear dynamic model of
quadrotor, that can be used to design stabilization controller.
We neglected aerodynamic forces and weather conditions,
so this model is suitable only for indoor use. Also we
described experimental identification of parameters, namely
moments of inertia and thrust.
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Our future work will focus on the identification of drag
coefficients. Once all parameters are identified, the
comparison of model with behaviour of quadrotor platform
will be done.
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Generalized model of the
two-wheeled mobile robot

Rodina Jozef , Hubinsky Peter

Abstract

This paper presents a generalized mathematical model of the two-wheeled mobile
robot or the Mono Axial Vehicle (MAV). Our presented mathematical model brings a
new approach to modeling of this types of vehicles. Instead of two mathematical
models we developed one with generalized distance of the center of mass of the
MAV. This approach allows us to make controller synthesis much easier than before.

Key words : Mono axial vehicle, pendulum, inverted pendulum, mathematical model

Introduction

Mono axial vehicle (Fig.1) is a very interesting platform for
design and evaluation of control methods for movement
systems [1]. A system behavior can be described like an
inverted pendulum (center of mass of the chassis is located
above the wheels axis) and a classical pendulum/two-mass
system (center of gravity of the chassis is located under the
wheels axis). This approach is commonly used in world but
this also brings needs to design two different control
methods and to design switching mechanism between this
two controllers.

Fig.1 Mono axial vehicle (MAV)

differences between these two mathematical models are in
position of the center of the mass. In case when center of
the mass is located above the wheel axis is vehicle acting
like a inverted pendulum and it is in so called unstable
position. The well known Segway (vehicle for personal
transportation) is this type of vehicle. In opposite case when
center of the mass is under the wheel axis has vehicle
tendency to oscillate during movements like pendulum on a
wheel axis. This types of vehicles are known as Dicycles.
Chassis of the MAV we design will be used for small
inspection mobile robots. This chassis will therefore contain
an inspection tools like IR cameras and some other sensors
(mostly for sensing of quality of the surrounding
environment). This sensors will be located on a small
retractable platform which can hide into the body of the MAV
or can move out from the body of the MAV (Fig. 2).
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Fig.2 Retractable platform on the MAV

By changing position of this retractable platform also center
of the mass changes its position from position under the
wheel axis to position above the wheel axis.

1. Mathematical model of the MAV

The MAV contains two motors for its motion and this cause
that not only straightforward motion is possible, but we
consider only straightforward motion in mathematical model.
In order to develop the control system, we need to create a
mathematical model of the system which will be
corresponding with behavior of the real system. First we
need to defined system of the MAV its parameters and the
system of coordinates (Fig. 3).

y
A
"180°

Fig.3 Definition of the MAV (its parameters and
coordinate system)

We obtain following parameters from figure 3. :
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mass of the wheel

=

W inertia of the wheel

diameter of the wheel

length of the center of mass from the
center of the body

angle of deviation of the body

N~

==Y

mp mass of the body

1.1 Dynamics of the MAV without external forces

At this stage of developing of the mathematical model we do
not take into account external forces acting on the MAV. In
order to create mathematical model of the MAV we use the
Lagrange equations of the second kind [2][3]. First we have
to obtain potential and kinetic energy of the system.

Wheels

Kinetic energy (translational) :

1

E, = Evaf (1)
. 2

v = % )

Kinetic energy (rotational) :

T
Exe= Sy @)
Potential energy :

E,=0 4)
Body

Kinetic energy :

1
E, = Empvz2 (5)
V3 = Vot vy 6)
d 2
v, = |—(x+ Lsinf (7)
e [l Loing)
d 2
Vi, = [E(_ Lcosf )} 8)

Potential energy :
E, = m,gL(1- cosf ) )

From the equations above we are able to obtain Lagrange
of the MAV system as follow.

L=T-U (10)
where :

L Lagrange of the MAV system

T sum of all kinetic energies
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U sum of all potential energies

Now we are able to express the Lagrange of the MAV
system.

1 .2 1 .2
L=—¢ R(my+m,)+=J,0 +
2 2 (11)
+ mpLp RO cosd - m,gL+ m,gLcost

We get following coordinates from equations 1 to 11.

. 0

0,0,0 angle position, speed and acceleration of the wheel
2 2

[ é .9' angle position, speed and acceleration of the body
2 b

From partial derivation of the Lagrange of the MAV we get
following equations describing dynamics of the MAV.

i 0L —a—L:O (12)
i iL —a—L:O (13)
dt M‘ d0

In order to express equation 12. we have solved following
partial derivations.

JL
—=0 (14)
d9
4 a—L = (mWR2 + m,R* + JW)(.p'+
dt 3
4 (15)
. 2
+ m,LR| § cosf - 0 sinf ]
We get.
4 8_L Ik, (mWR2 + m,yR* + JW)(.p.+
dt| do
4 (16)
. .2
myLR| 0 cosf -6 sinf ]: 0

In order to express equation 13. we have solved following
partial derivations.

aaaL: —mPLRgol 9 sinf - m,gLsinf (17)
4 8L. = mpLR (p cosf - 0 q) sing |+ m,L’ 9 (18)
dt 30

We get.

d 8L. - 0L - mPLquol cosf + m,L*8+ m,gLsinf = 0 (19)
dt| 54| 06
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From equations 16. and 19. we are able to obtain differential
equation of motion of the MAV.

2

myR*+ m,R*+ J,, 0 + m,LRO cosd - m,LRE sinf = 0 (20)

mPLRqIJ.COSO + mPL2é'+ mpgLsing = 0 (21)

In rotation joint of the body and wheels are locating DC
motors which are acting on the body/wheels with torque Mp.

When we get into account this external torque we get
following equation of motion of the MAV.

" 2

0= —9 sinf - 29 cosf + M, (22)
Js Js Js
Js=my,R*+ m,R*+ J,,;B= m,LR
6 =- Bsinﬂ - EcosH 0- M, (23)
C C C

C=mp,*;D= m,gL

We do not take into account dumping and frictions acting in
the MAV system at this moment, for simplification of control
structure synthesis.

From equations 22. and 23. we can describe both of
positions (stable and unstable) of the MAV as follow (see
also fig. 3).

For stable position we have defined angle ? . For unstable
position we define angle of the body ¢ which we obtain
from following equation

=0 -180° (24)

This is similar to rotation of the body around wheel axis
about 180° so we move center of mass from position under
the wheel axis to position above the wheel axis. Because of
this we can use mathematical model with angle @ defined
by equation 24. for unstable position. For stable position we
use mathematical model with angle 6 .

1.2 Generalized mathematical model of the MAV

Because we are trying to avoid of having two different
mathematical descriptions of the MAV we decided to made
one mathematical description with generalized distance L
(see fig.3). L is distance of the center the of mass from
center of the wheels/body. For this approach we need to
prove that change of angle from f to « = § - 180" is equal to
the change of sign of the distance L from L to -L.

1.2.1 Change of the angle ¢ to a = 4 - 180
If we change angle ¢ to a = § - 180° we get :

sin(¢ ) = sin(d - 180°) = - sin(d ) (25)

cos( )= cos(f - 180°) = - cos(f) (26)
When we edit equations 22. and 23. according of equations
25. and 26. we get :

. 2

0= -59 sin9+£90059 +&
Js Js Js

(27)
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§=- gsin() - gcosﬁ (;)'— % (28)

1.2.2 Change of the sing of the generalized distance L

When we change sing of the distance L from positive to
negative we can edit equations 22. and 23. as follow :

2

&f = - EG sinf + £9 cosf + M, (29)
Js Js Js

"o D B " M

f = - —=sinf - —cosf g - —L£ 30
C oot e- 2 (30)

1.2.3 Proof of the generalized mathematical model of
the MAV

As we can see equation 27. is equal to equation 29. and
equation 28. is equal to equation 30. We have made the
proof that we can make generalized mathematical model of
the MAV without need of having two mathematical models
with different body angle definitions.

2. Simualtion

From differential equations we describe in previous chapter
we are able to obtain mathematical model in the Matlab
Simulink in order to make simulations. Full mathematical
model created in Matlab Simulink can be seen in figure 4.

00

O

Fig.4 Mathematical model created in Matlab Simulink

Simulation diagram can be seen in figure 5.

B -3
Saepl : “I |
WAV ronknear

Scops |

Fig.5 Simulation diagram

In first simulation we have made was distance L set to
positive value. We applied torque step on the input Torque
Mp of the MAV model. Graph of Applied torque can be seen
in figure 6. On the set of following graphs (Fig. 7, Fig. 8) can
be seen behavior of the MAV in the stable position. Also can
be seen that, because of hone dumping or friction, the body
of the MAV is oscillating about zero angle. Also wheels are
moving forward with some visible oscillations.
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Fig.6 Graph of the applied toque impulse

ot
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Fig.7 Graph of the body angle in case when L is positive

3.5

0.5 /
! 2 3 4 5

Time [s]
Fig.8 Graph of the angular position of wheels in case
when L is positive

Second simulation have been made with negative value of
the distance L. Also on the set of following graphs (Fig. 9,
Fig. 10) can be seen behavior of the MAV in the so called
unstable position. From graph of the body angle it can be
seen that, because of none friction, body is still rotating
around the wheel axis. Actually we expected this behavior in
this mathematical model. Also it can be seen from figure 10
angular position of wheels.

Theta [rad]

1 2 3 4
Time [s

Fig.9 Graph of the body angle in case when L is
negative

Fifrad]
2
—

| o~

0 1 2 3 4 5
Tine [s

Fig.8 Graph of the angular position of wheels in case
when L is negative

Conclusion

This paper presents a unified mathematical model of the
two-wheel vehicle known also as the Mono Axial Vehicle or
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MAV. We have made generalized mathematical description
in order to simplification of control structure synthesis.

First we have obtained dynamical model of the MAV by
using of the Lagrange equations of the second kind. We
have shown what are the differences in dynamical model of
the MAV in stable and in unstable position. Also we have
proved that we can use generalized distance L. Also by
changing of this distance from positive to negative values
the behavior of the MAV is changing from stable to unstable
system.

Our future work will focus on the control structure synthesis
with use of presented mathematical model. But because we
need identify all parameters of the MAV we are also
preparing real MAV.
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Optimization of Circular Marks
Detection for the purpose of
Mobile Robot Localization

Peter Pasztd, Marian Kl'ucik, Jaroslav Hanzel, Peter Hubinsky

Abstract

A visual system provides many advantages against other types of sensors,
observing and measuring of the process from a safe distance for example, but on
the other hand new objectives and problems must be solved, e.g. significant data
transfer, camera vibration elimination, speed of data processing and many others.
Visual systems can be applied to perform dimensions verification, quality testing of
surface attributes, object identification, mobile robot localization, etc. This paper’s
content is aimed at the use of visual systems for navigation and localization of
mobile robot with help of circular marks placed in unknown environment. The mark
recognition consists of combination of several image processing algorithms. The
results have showed stability, satisfactory dynamics and program effectivity.
Optimization of control parameters was done by genetic algorithms.

Keywords: visual system, image processing, optimization, genetic algorithms, robot

navigation

Introduction

This article describes the possibility of mobile robot
navigation and localization using visual system. The
localization and the navigation are made by circular marks
recognition which are distributed in an unknown
environment. The mark recognition consists of combination
of several image processing algorithms as described in
[1,2]. Usually every step of image processing depends on
setting some kind of parameters so it is on place to talk
about optimization of these parameters to avoid false marks
recognition in the image and to make the recognition
process light condition independent. It will be described the
used image processing steps for marks recognition and the
parameters which are optimized with genetic algorithms.

1. Image processing

For realtime image processing the free OpenCV library is
used. Therefore the used image processing algorithms are
based on the options of this library. Probably one of the best
choices is to use Hough transform for circular marks
recognition, because it can detect objects that can be
described with mathematical equation. The other advantage
is that after successful recognition the data about the circles
positions and diameters in the image are known [3].

It is possible to use these data to determine the mobile ro-
bot’s position in the environment. Based on the recognized
circle’s diameter in the image it is possible to compute the
distance between the mobile robot and the circular mark in
the environment From the coordinates of the recognized
circle in the image it is possible to calculate the angle be-
tween the mobile robot and the mark in the environment. To
compute this angle it is also possible to use the fact that if
the angle between the mobile robot’s visual system and the
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mark is not a right angle then the circular mark in the cap-
tured image is an ellipse. If these described data are known
it is possible to obtain the mobile robot’s relative position in
the environment in polar coordinates measured from the
position of the mark.

In this article we will describe only the optimization of the
process of circle detection in the image because the ellipse
detection is based on other types of image processing algo-
rithms like Hough transform (OpenCV does not include func-
tions of modified Hough transform for ellipse detection).

The circular marks recognition process consists of the
following parts: capturing the input image if the environment,
conversion from RGB into HSV colour model, smoothing the
S channel of the image and finally circle detection using the
Hough transform.

Conversion from RGB into HSV colour model

This conversion can be easily made using OpenCV’s
cvCvtColor() function which converts the source image with
it's colour model into destination image with specified colour
model:

void cvCvtColor(

const CVArr* src,

CvArr* dst,

int code
),.
In our case we can use the code CV_RGB2HSV. The
description of this function is showing that no parameter is
included that can change the conversion so there is no need
of any optimization at this step.
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Smoothing of the S-channel

Smoothing (also called blurring) is usually done to reduce
noise or camera artefacts in the image. OpenCV offers more
different smoothing operations, but we will use the Gaussian
filter. It expects an 8-bit input image and produces an 8-bit
output image. The OpenCV’s smoothing function is:

void cvSmooth(
const CVArr* src,
CVArr* dst,
int smoothtype = CV_GAUSSIAN,
int param1,
int param2,
double param3,
double param4

),.

For the Gaussian blur, the first two parameters give the
width and height of the filter window and the optional third
parameter indicates the sigma value of the Gaussian kernel.
For asymmetric kernel you may optionally use a fourth pa-
rameter, the third and fourth parameters then will be the
values of sigma in the horizontal and vertical directions.

The OpenCV’s cvSplit() function is used for dividing the
HSV image into separate H, S and V parts.

Circle detection using Hough transform

The OpenCV’s function for circle detection using Hough
transform is completely described in [3]:

4 N

Input image capturing

S-channel smoothing
cvSmooth|
parameters: filter window width and height,
horizor and vertical sigma values of the
§ Gaussian kernel =

2

:> RGB to HSV conversion
.-\-\-C..-r(_ y -

CvSeq* cvHoughCircles(

CvArr* image,

void* circle_storage,

int method,

double dp,

double min_dist,

double param1,

double param?2,

int min_radius,

int max_radius
)’.
Reading this description let us know, that cvHoughCircles()
function calls the cvCanny() and cvSobel() functions and
that some parameters in cvHoughCircles() function are
corresponding to these automatically called functions. The
input image is passed through an edge detection phase
therefore these parameters are needed to be optimized to
get the best results. We only set the parameters min_radius
and max_radius manually, because we want to detect the
marks in the environment regardless on their distances from
the mobile robot. If the circular mark is far from the mobile
robot it’s radius in the captured image is small. If the mark is
closer to the robot, its radius becomes greater.

2. The parameters to be optimized
The fig. 1 is showing the described process of circular

marks detection (sequence of OpenCV functions) with the
parameters which are needed to be optimized.

slor

L8

S-channel selection

cvSplit(

™ =
Hough transform circle detection
cvHoughCircles(), calls cvCanny() and cvSobel|
parameters: resolution of the accumulator image, minimal distance between two circles,
Canny() threshold and accumulator threshold
b >

Fig. 1 Circle detection algorithm with parameters to be optimized

3. Genetic algorithms as method for visual
system optimization

To optimiziation of the image processing or to optimization
of the object recognition was used genetic algorithms. Ge-
netic algorithms are universal browsing and optimization
method, so it can be used with many advantages for an
optimization of image processing [5]. Results that are pre-
sented in this paper are simple experiments with use of ge-
netic algorithms to optimization assigned to object recogni-
tion in obtained image.
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This time was optimized with genetic algorithms parameters
shown on fig. 1. These parameters have an important role in
marks detection in obtained picture. By solving more com-
plex tasks with increasing numbers of parameters is much
more time needed to solve these tasks. By solving tasks
with increasing number of variables, can the dimension of
searched space increase exponential [5].
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In the optimization process is a crucial found mark.
Searched circle marks can be charakterized by the following
parameters: color, radius, position of the center circle in the
analyzed image. From these parameters can be determined
criterion for searching the circle mark in a particular image.
In the optimization process were used several variants of
images and to each image have been the correct
parameters assigned. The following criterion has been
determined to investigate the accuracy of the identified
circle (this criterion is applied only to one image):

F(X Y, r)= (= X+ (y= v )+ (r= 1)’

where:
x —is x position of identified circle/ellipse center
y —isy position of identified circle/ellipse center

r— radius of identified circle/ellipse
X, e ,
— center of correct identified circle/ellipse
Yo _ center of correct identified circle/ellipse

Tw _ center of correct identified circle/ellipse

In the optimization process was used standard configuration
of evolution process (order of mutation and crossover
operations, the elite selection). Configuration of evolution is

The population Fitmness
initialization B computing
(100 individuals) (criterion)

| The new population |

shown in fig. 2.
Yes The
optimized
parameters
Mo
Selection |

Elite indwvidual s

selection

The crossover operation

The mutation operation

Fig. 2. Used method of genetic algorithms for optimization of image processing

Fig. 3 Used input images for image processing — far from the marks
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Fig. 4 Used input images for image processing — near the marks

To the experimentation and testing has been used a mobile
robot |1-Robot. On board this robot, was located a small
computer with a USB camera. The actual processing of
images was performed on a static machine with higher
performance. The following figures document two situations
in which the mobile robot sees the marks. In fig. 3 can be
seen a situation where the robot is relatively far away from
marks, and it can be seen that the dimensions of the two
marks are relatively small size compared to the image. In
fig. 4 are the marks larger which makes them easily
recognizable and significantly facilitates the identification

To the optimization process were included a number of

identification. The overall criterion for one set of parameters
and several shots was determined as the sum of the results
for all test images based on equation (1). If the criterion
function approaches zero, it means that all the marks of all
the test images were correctly identified.

In fig. 5 is visualized output of identification marks. With the
marks were correctly identified the center and radius.
These data were then used for mobile robot navigation. With
the optimization was achieved higher reliability of the marks
identification. In fig. 6 is shown the course of evolution
during the development of criterion for each generation. We
see that in ten evolution courses, the criterions development

S reliable approaches zero.
similar images. To each frame were set the correct results PP
on which basis was calculated error or inaccurate
W | carmera I |.'[.='!I E‘I"H-

Fig. 5 Output from the image processing after the parameter optimization
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Fig. 6 Evolution of optimization criterion

Despite earlier optimistic results, the experiments can not be
considered as completed. The optimization process was
performed on static images obtained from a mobile robot,
which were not several factors considered - eg. camera
vibrations during robot motion, changing light conditions,
and the changing aspect of marks. In the future it is
necessary to extend the optimization set to several types of
images or for video with standard situations, in which the
robot can be found.

Conclusion and future work

In conclusion it can be stated, that the method of marks
detection with the camera has many advantages, but also
many problems, that need to be solved. The experiments
showed us, that it is possible to control mobile robot with
this method. It is needed to solve many problems, especially
camera vibration on board the mobile robot. With consider-
ing of changing light conditions, so process control with
camera, it is needed to apply in control program adaptation
to this changing conditions.

The future plan is to use the results and experiences directly
to the video, obtained from a mobile robot. The main
problem is the evaluation of individual images, where in
each frame of the video is necessary to find the right
position of mark, in order to assess the success of each
individual in the optimization process using genetic
algorithms. Later it can be used the optimization process
with genetic programming, where it would be possible to
optimize both, the parameters and structure of the image
processing (eg, to omit some unnecessary steps, add other
features, etc..). With such optimization it can be possible to
obtain more different algorithms for different situations
occurring in  mobile robotics. Further expansion of
optimization problem is possible with use of modeling as in
[7], [8]. Goal of this paper is to describe possibility of using
camera in process sensing, and to sketch options, which
this technique of control allows. However, this kind of
process control also leads to the new problems, which are
needed to solve.
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