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Preface

Annual ,,Semindi ASR* (Seminary of Automatic Control Systems), organized by the
Faculty of Mechanical Engineering , Department of Control Systems and Instrumentation in
collaboration with the Committee of Applied Cybernetics and Informatics — KAKI Ostrava,
achieved on this year 2014, was held thirty-eight times.

The seminaries of ASR demonstrate as important Workshops every year their fixed
position at the large offer of science-research actions with international range and with a
reputable special even social level. The workshop ,,Seminary ASR* was distinctly signed on
this times as an effective platform for meeting teachers and Ph.D. students from the VSB -
Technical University of Ostrava with scientists and students from other universities of Czech
Republic, Slovakia and Poland, even with experts from industrial companies and other
institutions. In 2014 the Seminary of ASR is split into two parts. The first one is a student
competition — STOC 2014 as the 19th Student Science Workshop and the second part is a
traditional XXXVIII™ Seminary of ASR “Instruments & Control” as a Ph.D. seminary and
student competition.

The goal of Seminary of ASR'14 "Instruments and Control" is to present results of
R&D projects, reciprocal interchange of participant's information, experiences and retrieval of
possibilities for cooperation on common projects, mainly between Ph.D. students. The other
goal of this year's Seminary of ASR is to introduce the professional public, experts and
scientific workers from universities, research institutions, industry, design and supply firms
with the most up-to-date knowledge from the areas of automation, measuring, diagnostics and
control systems, program systems for control, SCADA/HMI systems, CAD, and other areas,
and to provide an exchange of experience.

The main topics of Seminary ASR’2014 “Instruments and Control” there are:

e The methods and algorithms of automatic control

e Modeling and simulation of control elements and systems

e Measuring and diagnostic systems

e The means of automation devices

e Program support of control and diagnostic systems

e Applied informatics (Computer Science)

The new series of international conferences, known as International Carpathian Control

Conference (ICCC), were established in the year 2000 in collaboration with three partners

which are technical universities such as TU KoSice (faculty of BERG), AGH Krakow (faculty
of FMIR) and VSB-TU Ostrava (faculties of FME and MGF).

This year's conference will be held in May 2014 in Czech Republic as an “ICCC"2014”.
Now the ICCC conference is organized by five technical universities from Poland, Slovakia,
Czech Republic, Hungary and Romania in the alternate venues.

Doc. ING. RENATA WAGNEROVA, PH.D. PROF. ING. RADIM FARANA, CScC.
Chairman Co-Chairman
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Determination of the Performance of the Technological Process
Based on Models

BARANOVA, Vladena', LANDRYOVA, Lenka® & FUTO, Jozef’
"Ing. DX| Department of Control Systems and Instrumentation VSB — Technical University

Ostrava, Ostrava, Czech Republic, vladena.baranova@gmail.com

? doc. Ing. CSc. lenka.landryova@vsb.cz

3 doc. Ing. Ph.D. DX Institute of Control and Informatization of Production Processes, Faculty
of Minin%,EEcology, Process Control and Geotechnologies, Technical University of KoSice,

Slovakia & jozef.futo@tuke.sk.

Abstract: The continuously increasing requirements on the performance improvement of
technological processes in the field of industrial engineering reinforce the need for searching
for reserves and risk reduction. One of the possibilities is the design and determination of
probabilistic models of observed phenomena on the basis of new information technologies.
The use of the statistical and mathematical processing of data and its subsequent evaluation
provides the opportunity to create models describing the course and predictable development
of the process. This article is devoted to the analysis of adverse events, such as outburst and
ejection in the process of refining steel in an oxygen converter in order to create models that
present the dependence of the above-mentioned phenomena and thus affect the capability of
the process itself. An evaluation of the random variable in the form of the Shewhart charts
and the subsequent determination of the process capability index can become decisive in
determining the key performance indicator KPI of this complex technological process.

Keywords: technological process, model, outburst, ejection, KPI

1 Introduction

Current information technologies allow capturing and recording data from processes in
hard operating conditions with new technical means and in real-time, following the measured
data archiving, processing and evaluating in situ or in the laboratory [5, 6, 7, 8, 9, 10, 11, 12].
An example could be the use of small industrial cameras connected to a computer during
model creation for monitoring adverse phenomena in the steel making process [13]. In
laboratory conditions data collected by sensors and analyzed using mathematical and
statistical methods have become the basis for evaluation of the phenomena, which are in
operating conditions characterized by a rapid course and unwelcome presence. Watching
them in situ is difficult and dangerous, but for creating their models that can serve as the key
performance indicators KPI of the technological process, they are indispensable.

Each performance indicator needs to have its target value to define its development
towards the ideal status. The records and application of KPIs for the steel making process
enabled the determination of various parameters (indices), which describe the impact of
technical and human factors on a monitored technological process.




2 Description of the principle of model creation

When creating such models of complex phenomena of a real fact we abstract from a wide
range of details and consider only the significant aspects of the phenomenon, which have the
importance in terms of an objective examination. In such a way we receive a simplified and
therefore useful idea of an actual fact as the created model according to Eykhoff definition:
"Model is an expression of the essential characteristics of an existing object, which describes
knowledge about this object in a usable form"[4, 14].

When analyzing the data obtained, we assumed that these phenomena are the
consequence of an action of some ,,unregulated” variables during refining steel as the effect
of a variety of technical means, but also the human factor, which all affect not only the
process itself, but also its result. The whole course of a steel refining process was recorded by
two cameras KAM1 and KAM?2 (Figure 1). The observed phenomena were recorded and
evaluated with the necessary information (mostly time variables) so that the observed
phenomenon has been described by means of "knowledge about the object." A color camera
(KAM1) was placed over the cap of a converter, and monitored outbursts, while a black-and-
white camera (KAM2) was placed under the converter and monitored ejections.
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Figure 1 — Placement of cameras KAM1 and KAM2 in the converter

Records of 30 blows were the starting point for the models creation, where each blow is
accompanied by outbursts and at least one ejection. Occurrence of outbursts and ejections in
the process of refining steel in an oxygen converter is an undesirable event, because of the
significant financial, material, time and energy losses. All these cases are based on the same
assumption, namely that the observed phenomena are characterized by a random variable -
time. It is important to note that the duration and the course of phenomena with regard to the
dynamics of the whole process were possible to determine by means of a video [1, 2, 3, 6].

3 Observed actions — outbursts and ejections

In the steelmaking process to the melted iron oxygen through a nozzle in the form of a
gas stream is supplied for decarbonization. Peak flow blowing causes rapid slag
decarbonization of the final step of the process. A gas stream is tearing off fluid, causing
squirt metal droplets. This phenomenon is generally called an outburst or spraying and is
visually manifested by whipping flames from the converter. In the past, it was studied,



because it causes operational problems and leads to a reduction in productivity and a lower
yield of steel. It is therefore desirable to reduce the number of outbursts.

The term ejection means the irregular squirt of smaller or larger particles of metal and
slag during blowing from the throat converter. As a result of ejection the yield of steel
decreases (0.5 - 1%), the blow balance of a melt modifies during refining, the final
temperature of the steel changes and the slag and steel increasingly create formations in the
mouth throat of a converter. Ejection is visually identifiable as a phenomenon, in which the
converter is in flames and from its throat pieces of slag melt squirt.

Figure 3 — Demonstration of the ejection duration from KAM?2

4 Creating models based on the examination of data from the

audio-video recording

According to the used recordings, models can be divided into three groups:

1. Processing of video recording,

2. Processing of audible recording,
3. Simultaneous processing of video and audible recording.

Given the scale of the problems we will consider only models processed from the video
recording. The video recording provides information about the unwanted phenomena
(outbursts, ejection) that accompany the production of steel.

This information concerns the time course of the mentioned phenomena and their
intensity. Thus the obtained time series of a random variable can be evaluated as an analog
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signal with the time course or as a discrete random variable. An example of such an
evaluation can be seen in Figure 4, where charts show the time courses of outbursts, ejections
and the blow interruption for 10 blows.
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Figure 4 — Time course of outbursts, ejections and blow interruption in the blows 1-10

In Figure 5 we can see a model that describes the relationship between outbursts and
ejection. A strong correlation between the model and the measured values of time of the
beginning for outbursts and ejections confirms the value of correlation coefficient
R” = 0.9628, respectively the coefficient of reliability. After outburst, we can likely expect
ejection.
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Figure 5 — Model of interdependence between outbursts and ejections

Other models may be created in the form of various characteristics of random variables
such as time to the beginning of the outburst and ejection, the mean time to the beginning of
the outburst and ejection. Qualitative attributes of these phenomena can be described by a
number of statistical indicators.The video recording allows us to evaluate and describe the
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dynamics of the course of phenomena and subsequently determine its impact on the course of
the blow. It is therefore possible to create models based on the video recording that may be
helpful in deciding in situ.

It is important to note that when analyzing the recorded video, all phenomena considered
for outbursts and ejections were described by the attributes. A laboratory evaluation is
worsened due to the measurement chain and subjective approach of the observer. Repeating a
recording in the laboratory allows a more correct evaluation of the course of the phenomena,
their parameters and the post-processing of data in the form of a model for a predetermined
objective.

Following the determination of the process capability index, one of the properties of KPI
may be assigned to the process. An example of such a determination is the evaluation of a
random variable as a Shewhart diagrams in Figure 6 and Figure 7. Each value that is outside
of the boundaries of the upper warning limit in Figure 6 and Figure 7 indicates that the
observed numerical characteristics begin to recede the mean of the observed random variable.
An assumption for bringing the course of outbursts and ejection under control is to identify
the causes of a discrete process and the execution of remedial measures.
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Figure 6 — Shewhart chart evaluates the duration of the outbursts
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5 Determination of the process capability

The role of the process capability index PCI is simply to express the relation between
the target value T, specified limits of USL and LSL (Upper and Lower Specification Limit)
and the actual process expressed by the mean value p and the standard deviation ¢ of the
measured values of the selected quality characteristic of the process. Target value T is the
desired mean value of the quality characteristic that must be achieved, respectively to be as
closely to it as possible. The lower and upper specification limits LSL and USL are the limits
set for the character quality with respect to the required variability in order to ensure the
required functionality of process [1, 2, 3, 10, 11, 12].

Capability index Cpm, the Taguchi capability index, removes some of the weaknesses of
indices C, and Cpi and retains their good qualities. This index was designed in the context of
loss function, used in the Taguchi approach to quality assessment. It compares the maximum
permissible variability of the observed quality characteristic given by width of the tolerance
band with its real variability around the target value T. For its calculation the following
relation is used:

¢ __ USL-LSL 0

"6 o+ (u-T)

The term {02 +(u-T )2} is a measure of the average quadratic loss due to non-

compliance with the conditions of production quality. When the standard deviation increases
and / or the mean moves away from the target value, the denominator index value increases
and C,n, decreases. The advantage of this index is the ability to record the changes in median
values that are in the index C, “compensated” by changing the standard deviation. This index
is used for two-sided tolerance and the target located at the center of the tolerance band, as is
the case in our application [1, 2, 3].

Cpmoutburst =0.5750 (2)

Cpmejection =0.5942 (3)

6 Conclusions

The mentioned examples of processing of video recording are only part of the
opportunities, which new technologies allow. The aim of the article is mainly to describe
options for modeling based on the processing of a video recording that were carried out in the
most demanding conditions. It doesn’t solve the suppression of these adverse phenomena. The
design and technological solutions to combat these phenomena are already known and in
many cases used. Similarly there are not given examples of the processing of the audible
recording, for example in the form of a Fourier transformation or other characteristics of the
random variable obtained by the simultaneous processing of both recordings (audible and
video).
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Validacia procesu merania teploty zliatiny hlinika pri tlakovom
liati

DUBJAK, Jan'

'Ing., DAl Technicka univerzita v Kogiciach, Fakulta vyrobnych technologii so sidlom

<

Presove, Katedra matematiky, informatiky a kybernetiky, Bayerova 1, 080 01 PreSov, ==
jan.dubjak@tuke.sk, @ http://www.fvt.tuke.sk/kmik

Abstrakt: Liatie pod tlakom je vyborny sposob pre vyrobu rozmych suciastok vyrobenych
z nezeleznych kovov. Teplota je dolezZitym technologickym parametrom vyroby, ktory ma vplyv
na Strukturu a kvalitu odliatkov. PouZitie presného kontinudlneho meranie teploty zliatiny je
najlepsim pristupom pre predikciu problémov s kvalitou Struktury vyrobkov. Teplotny meracit
system by mal napomoct ziskat' spdtnu vizbu z vyrobného procesu tak, aby sa zabranilo
pripadnym nedostatkom v dalsich fazach vyroby.

Pri meranie sa pouzil termoclanok typu "K" v ochrannej trubici z grafitu. Preto, aby bol
proces vyroby sposobily je nevyhnutné poznat skutocné a presné hodnoty teploty taveniny.
Pristupilo sa teda k validacii tohto procesu. Pre overenie procesu merania teploty sme pouzili
postupy a nastroje SPC (Statistickd kontrola procesu) a grafické ndstroje Microsoft Excel
2007.

KPucové slova: tlakové liatie, teplota, termoclanok, validacia, SPC (Statistic process control)

1 Tlakové liatie

Jednou z mnohych moznosti pouzivanou pre produkciu odliatkov je technologia
odlievania pod tlakom. Jedna sa o Specificki metdodu pouZivand najmi pri vyrobe rozmerovo
mensich, lahSich, tenkostennych ale zaroven tvarovo =zlozitejSich vyrobkov s presne
nadimenzovanymi po¢tami kusov v jednotlivych sériach pricom sa kladie vyrazny déraz na
kvalitu povrchu, ktory je zvycCajne hladky. Tieto odliatky si vyrabane zvicSa zo zliatin
nezeleznych kovov so strednou teplotou odlievania.

Liatie pod tlakom Obr.1 je metoda presného liatia, ktord sa najviac blizi k idedlnej snahe
priamej premeny zakladného materidlu v hotovy vyrobok. Je to sposob vyroby odliatkov, pri
ktorom je roztaveny kov vstrekovany do trvalej formy velkou rychlostou 10 — 100 m-s-1,
ktori kov dosahuje vo vtokovom zareze za pdsobenia vysokého tlaku (tavenina sa lisuje
tlakmi do 500 MPa). Poc¢as doby tuhnutia zostava kov pod tlakom. Velka rychlost’ plnenia a
vysoky tlak umoziujt odlievat’ tymto spdsobom tenkostenné a vel'mi Clenité odliatky, ktoré v
mnohych pripadoch nevyzaduju d’alSie opracovanie okrem odstranenia vtoku a otrepov.
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Obrazok 1 — Priklad technologie tlakového liatia

Dolezita je teplota liatia vzhl'adom na trvanlivost’ formy a dobu tuhnutia zliatiny. Ked’ze
je nebezpecenstvo predcasného stuhnutia tenkych stien odliatku, ma vyznam mnozstvo tepla,
ktoré je potrebné odviest’ formou do doby stuhnutia odliatku.

Treba si v§imnut’ obsah plynov v roztopenej zliatine. Pri rychlom tuhnuti zostava v
zliatine aj v tuhom stave rozpustené viac plynov ako pri pomalom tuhnuti. Objemové zmeny
pri chladnuti vytstuji do zmrast'ovania zliatiny. VzhI'adom na kovovu formu prevlada pri
liati pod tlakom brzdené zmrastenie, ktoré je ovela nizSie ako vol'né zmraStenie pri liati do
piesku. Tiez st dblezité mechanické vlastnosti za vyssich teplot, kde pri nizkych hodnotach
pri zliatine by mohlo pri brzdenom zmrast'ovani dochadzat’ k praskaniu odliatku.

Ciel'om taviaceho procesu preto musi byt natavenie zliatiny s pozadovanou kvalitou a to

vwe

Vv

naplynenim. O kvalite kovu rozhoduje najma:
- tavena surovina,
- typ a konstrukcie taviacich a udrZiavacich peci,
spdsob vedeni metalurgického procesu,
metalurgické spracovanie taveniny a spdsob liatia.
Pri taveni a ndslednom odlievani vznikaju nenavratné a navratné straty kovu.

2 Kontrola teploty taveniny

Kontrola lejacej teploty je bezpodmiene¢ne nutnd. Teplota kovu by mala byt
kontrolovana pocas celého procesu vyroby a to od samotného tavenia materidlu az po
odlievanie suciastky.
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Na meranie teplot pri liati hlinikovych zliatin sa pouzivaju takmer vyhradne plastové
termoclanky NiCr-Ni, ktoré st nielen dostatocne presné, ale maju aj dostato¢ne dlhu
zivotnost. Plastové termoclanky st vdaka ich vlastnostiam pouzivané v chemickych
zariadeniach, elektrarnach, peciach, meraniach v potrubiach, pri vyrobe motorov a na
skusobniach. V ohybnom tenkostennom plastovom vedeni st ulozené a zalisované
termodroty v ohnovzdornom oxide magnézia. Dobry prestup tepla medzi plastom a
termoparom umoziuje kratky reakény cas ¢ a vysoku presnost’ merania. Prevedenie odolné
voci otrasu zarucuje dlha Zivotnost. V Standardnom prevedeni su termopdry izolované od
plasta.

Pri operativhom merani teploty zliatin hlinika sa pouZzivaji ponorné ¢lanky, v ktorych je
termoclanok osadeny vo vhodnej rukovidti a v ochrannom plasti Obr.2. Tento plast je
Standardne vyrobeny zo Specidlneho materidlu najcastejSie zirkonu alebo je oSetreny
ochrannym naterom. Ochranné vrstvy a natery su dolezité pretoze hlinik pdsobi na tieto
trubice agresivne a hrozilo by ich poskodenie a nédsledné poskodenie termoclankov. Ochrana
termoclanku je funk¢na pokial’ ned6jde k mechanickému poskodeniu.

Obrazok 2 — Plastovy termoclanok NiCr-Ni v zirkdnovom plasti
Dlhodobo sa teplota v peci meria termoc¢lankami v ochrannych trubiciach z drahSich ale

odolnejsich materidlov Obr3. Tieto trubice ponorené do taveniny su vyrabané napriklad z
grafitu, keramiky a pod..
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Obrazok 3 — Kontinualny termoc¢lanok v grafitovej trubici

Problémom aj napriek masivnej ochrannej vrstve je postupné obalovanie ochrannych
plastov agresivnymi oxidmi hlinika ¢o mé6ze aj pri najmenSom poskodeni v priebehu
neodbornej manipuldcie sposobit’ poSkodenie alebo az znicenie termoclanku, €o je spojené s
vysokymi ndkladmi na opravu alebo pripadni vymenu. Preto je potrebnd preventivna
validacia termoclanku v meracom systéme nevyhnutna.

Sledovany meraci systém pozostava s vanového udrziavacieho agregatu, v ktorom je
ponoreny plastovy termoclanok Obr.4. Reguléacia a zobrazovanie parametrov je zabezpecené
na kontrolnom panely.
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Obrazok 4 — Skiimany meraci systém

3 Postup validacie procesu merania teploty

1.

Prvym krokom po odmerani a naslednom zapisani hodnét nameranych ru¢nym
termometrom a kontinualnym termoclankom bolo, Ze tieto tidaje boli spracované
do tabulky. Z tejto tabulky boli neskér tudaje pouzivané vo vsSetkych
vyhodnocovacich operaciéach.

V dalsom kroku sa pomocou programu Microsoft Office Excel 2007 hodnoty
teplot, ktoré boli namerané kontinudlnym termoclankom graficky porovnali s
hodnotami nameranymi ru¢nym termometrom. Toto porovnanie ukdazalo, ¢i
hodnoty od termoclanku v peci, ktoré sa zobrazuj na displeji kontrolného panela
zodpovedaju realnej teplote taveniny Obr5.

16



Teplota nalise L28
665,00

660,00

655,00

650,00

Teplotav°C

645,00

—— Thermometer

—— Termoclanok

640,00

635,00

1 3 5 7 9 1 13 15 17 19 21 23 25 27 29
Cislo merania

Obrazok 5 — Porovnanie teploty nameranej termometrom a termoc¢lankom pre
kontinudlne meranie teploty

Z porovnania hodndt Obr.6 je zrejmé, Ze odchylka medzi kontinudlnym meranim a ru¢ne
nameranymi hodnotami pohybuje v rozmedzi +/- 2°C. Takato odchylka je pri zvladnutom
procese nepodstatna a preto mozno povazovat’ takéto kontinualne meranie za dostacujlice pri
monitoringu teploty taveniny. Jedno meranie vykazalo velka odchylku. V procese
vyhodnotenia tato hodnota bola zadefinovana ako hruba chyba zapri€inend operatorom a to
bud’ zlym od¢itanim z displeja alebo zlym zapisom hodnoty
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Obrazok 6 — Rozdiel nameranych teplot

3. Ked sme overili relevantnost’ hodnot, mohli sme pristapit’ k samotnej validacii
prostrednictvom nastrojov SPC (Statistic process control). Udaje sa spracovali
programom SPSS QI Analyst Version 3.0 do histogramu Obr.7 a regulacného
diagramu Obr.8. To umoZnilo vyhodnotenie vyskumu, konkrétne validaciu
procesu merania teploty kontinudlnym termoc¢lankom v danom meracom systéme.
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Obrazok 8 — Rozdiel nameranych teplot
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4 Zhodnotenie validacie

Z analyzy histogramu mozno urcit, ze meraci systém ma vhodné rozlozenie hodnoét a to
aj napriek tomu, Ze poloha histogramu nie je centrovand na stred. Tento jav ale hodnotime nie
ako chybu v procese udrziavania teploty. Bolo to sposobené nastavenim hodnoty z
technologického postupu na regulacnom obvode, ktord bola ale odlisSnd od Statisticky
ur¢en¢ho stredu. Cely priebeh vyrobného procesu ukazuje regulacny diagram, ktory
potvrdzuje vysledky odvodené z histogramu. Dolezitym faktom je, ze index sposobilosti CpK
mal dostato¢nti hodnotu na to, aby bol proces merania teploty kontinudlnym termoc¢lankom
pre tento meraci systém vyhodnoteny ako spdsobily.

5 Zaver

Validacia resp. overovanie relevantnosti hodnét je pre spravne rozhodnutia vo vyrobe
nevyhnutné. Na jednoduché a rychle overenie spdsobilosti vyrobnych procesov je optimalne
pouzit’ motodiku SPC (Statistic process control), ktord v dostato¢nej miere odzrkadluje
priebeh procesu. Rovnako na jej zaklade mozno predikovat’ spravanie vyrobnych procesov a
tak dostato¢ne pruzne reagovat’ na nedostatky. Na zaklade tychto ukazovatel'ov bolo mozné
vyhodnotit’ relevantnost’ informacii z automatizovaného monitorovania teploty pre spolocnost’
MOPS PRESS s.r.o0..
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Abstrakt: prispevek popisuje vyuziti systéemu Linguistic Fuzzy-Logic Control, vyvinutého na
Ostravské univerzité v Ostravé pro Fizeni technologickych systémii. VyuZiti znalosti expertu,
snadno aplikovatelné touto technikou, umoznuje velmi jednoduse sestavit i velmi
komplikovanou strategii Fizeni s velmi dobrymi vysledky. Postupy vypracované v Laboratori
inteligentnich systémii rizeni Ostravské univerzity v Ostravé jsou prezentovdany na Fizeni
modelii helikoptéry a magnetické levitace, které reprezentuji rychlé regulované soustavy

s velmi malym tlumenim. Sestavené regulatory vyuzivajici metodiku LFLC u nich dosahuji
velmi dobré vysledky.

Klic¢ova slova: fuzzy logika, rizeni, Linguistic Fuzzy-Logic Control, technologicky systéem

1 Uvod

Fuzzy logika byla objevena Prof. Zadehem [Zadeh 1965] a s ispéchem pouzita pro popis
systému s neurCitostmi [Zadeh a Kacprzyk 1992] v Sedesatych letech dvacatého stoleti. Tato
technika byla néasledné vyuzita také pro vytvareni systémil fizeni. Nyni je fuzzy fizeni jiz
piijimano jako standardni nastroj pro fizeni technologickych systémut. Obvykle je vyuZzivana
technika postavend na fuzzy IF-THEN pravidlech, obvykle v podobé poprvé pouzité
Mamdanim [Mandami a Assilian 1975], nebo Takagim a Sugenem [takali a Sugeno 1985].
Uspéch fuzzy logického fizeni je zalozen na skute¢nosti, Ze popis redlného systému je
obvykle alespon zcasti neurcity. Tyto neurcitosti vznikaji z mnoha diivodul, velké slozitosti
regulované soustavy, nedostatku znalosti o regulované soustavé, lidsky faktor v fizeni, a dalsi,
obvykle v kombinaci né€kolika vlivi.
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Specidlni systém fuzzy fizeni byl vyvinut na Ostravské univerzit¢ v Ostravé prof.
Novakem a jeho tymem [Novak 1995, Novék a Perfilieva 1999, Novak 2010] na zakladé¢
slovniho popisu sytému. Linguistic Fuzzy Logic Controller (LFLC) je vysledkem aplikace
formalni teorie fuzzy logiky v SirSim smyslu (FLb). Zékladnim konceptem FLb jsou hodnotici
jazykové vyrazy a jazykové popis. Popisné (jazykové) vyrazy jsou piirodni jazykové vyrazy
jako maly, stfedni, velky, asi tficet pét let, zhruba tisic, velmi kratkd, vice ¢i mén¢ hluboky, ne
ptilis vysoky, zhruba teplé nebo horké médium, zhruba silny, zhruba stfedné¢ vyznamné a
mnoho dalSich. Vytvafi malou, ale velmi diilezitou, slozku pfirozeného jazyka, protoze jsme
je zvykli pouzit v béZzném vyjadfovani, aby bylo mozné hodnotit jevy kolem nas. Hodnotici
vyrazy maji dilezitou roli v nasem zivoté, protoze ndm pomdhd urcit nase rozhodnuti,
pomahaji ndm v uceni a porozuméni, a mnoho dalSich aktivitach.

Jednoduché hodnotici jazykové vyrazy maji obecnou podobu <linguistic modifier> <TE-
adjective> (kde <TE-adjective> je jednim z pridavnych jmen "malé - sm, stfedni - me, big -
bi" nebo "zero - ze ". <linguistic modifier> je piislovce, jako je "extrémné - ex, vyrazn€ - si,
velmi - ve, spiSe - ra, vice ¢i méné - ml, pfiblizné - ro, pfiblizn¢ zhruba - qr, velmi zhruba -
vr"), viz obrazek 1. LFLC je dobrym nastrojem pro definovani strategie fizeni, miiZeme ho
pouzit i pro fizeni rychlych technologickych procesii se vzorkovaci periodou 0,01 [s] nebo
méng. Piispévek prezentuje dva piiklady citlivych nelinedrnich modeld, jako je model
magnetické levitace a model vrtulniku, které predstavuje velmi rychlé systémy fizeni. Tyto
modely jsou velmi uzitené pro ovéfeni navrh systému fizeni, protoze jejich popis a
matematické modely jsou k dispozici, napt. [Humusoft 2014a] a [Humusoft 2014b].
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Obrazek 1 — Zakladni principy ur¢eni hodnot (extrémné maly, velmi maly, maly, stfedni a
velky) jako funkce pfitazujici ke kazdému kontextu w e W specifickou fuzzy mnozinu
[Novak 2010]

2 Model vrtulniku

Model vrtulniku ptedstavuje citlivy dvourozmérny systém fizeni — fizeny jsou uhly
naklonu a azimutu a je mozné je fizena oddélené. Chcete-li ziskat matematicky model fizeni
uhlu naklonu vrtulniku, mzeme pouzit standardni metody identifikace na zdkladé¢
prechodové charakteristiky. Obrazek 2 ukazuje statickou charakteristiku resp. zavislost thlu
naklonu vrtulniku na vstupu do motoru. Vidime, ze systém je sice nelinearni, ale v okoli
pracovniho bodu miiZzeme provést linearizace. Obrdzek 3 pak ukazuje piechodovou
charakteristiku, jako odpovéd’ na vstupni hodnotu skoku u = 0,2 a odpovidajici prechodové
charakteristiky dvou matematickych modeld, ziskanych standardnimi identifika¢nimi
metodami. Pro proporcionalni systém druhého tadu:
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0,06255(¢) +0,053(¢) + 0,25v(¢) = u(t),

(1)

a proporcionalni systém tietiho tadu, ktery dava presnéjsi shodu s chovanim realného

modelu a proto bude pouzit pro dal§i zkoumani:

0,005 (¢) + 0,0600255(¢) + 0,0588 3(¢) + 0,25 y(¢) = u(t) . @)
Zavislost uhlu naklonéni vrtulniku na vstupu do motoru
0,2
0,18
*
0,16
0,14 -
*
0,12
> 01
0,08 //
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0,04 ./
0,02 -
0
0,25 0,255 0,26 0,265 0,27 0,275 0,28
& naméfené hodnoty == |inearni regrese ==h=kvadraticka regrese

Obrazek 2 — Staticka charakteristika thlu naklonéni vrtulniku
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Obrazek 3 — Pfechodova charakteristika skoku polohy tthlu naklonéni vrtulniku a
matematické modely jeho chovani
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Typickym prvnim feSenym problémem je polohové fizeni uhlu naklonéni vrtulniku.
MiuZeme velmi jednoduSe pomoci LFLC definovat strategii fizeni pro reakci na odchylku thlu
naklonéni vrtulniku, viz obrazek 4. Inferen¢ni blok LFLC propojuje LFLC regulator
definovany jako monotonni nésledujicim souborem pravidel, viz tabulka 1.

Tabulka 1: Soubor pravidel LFLC regulatoru

vstup | vystup vstup | vystup
"-exbi" | "-exbi" "exsm" | "exsm"
"-sibi" | "-sibi" "sism" | "sism
"-vebi" | "-vebi" "vesm" | "vesm"
"-mlbi" | "-mlbi" "mlsm" | "mlsm"
"-robi" | "-robi" "rosm" | "rosm"
"-qrbi" | "-qrbi" "qrsm" | "qrsm"
"-vrbi" | "-vrbi" "vrsm" | "vrsm"
"-rabi" | "-rabi" "rasm" | "rasm"
"-tyme" | "-tyme" "tyme" | "tyme"
"-rasm" | "-rasm" "rabi" | "rabi"
"-vrsm" | "-vrsm" "vrbi" | "vrbi"
"-grsm" | "-qrsm" "qrbi" | "qrbi"
"-rosm" | "-rosm" "robi" | "robi"
"-mlsm" | "-mlsm" "mlbi" | "mlbi"
-Vesm" | "-vesm" "vebi" | "vebi"
"-sism" | "-sism" "sibi" | "sibi"
"-exsm" | "-exsm" "exbi" | "exbi"
"ze" | "ze"

Je zieymé, Zze vysledky ziskané pouzitim regulatoru pracujiciho pouze s regulacni
odchylkou nejsou pouzitelné. Musime zahrnovat reakci na derivaci odchylky (prvni a
druhou). Analyzou piechodové charakteristiky zjistime, ze prvni derivace regulacni odchylky
nabyva hodnot stokrat vyssi nez odchylka a druhéd derivace hodnot stokrat vyssi nez prvni
derivace. To je zpusobeno hodnotou vzorkovaci periody 7 = 0,01 [s]. Nasledkem toho
nemuzeme pokracovat v sestavovani klasického fuzzy reguldtoru zalozen¢ho na tfech
vstupnich hodnotach — regulacni odchylce a jeji prvni a druhé derivaci. V tomto piipadé
musime vyvinout specidlni strategii, na zédklad¢ vicendsobného pouziti regulatort LFLC, viz
obrazek 4.
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Obrazek 4 — Vysledny LFLC regulator pro fizeni tthlu naklonéni vrtulniku
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Nasledné je mozné snadno zménit strategii fizeni, napiiklad nastavit velmi malou reakci
na malé hodnoty odchylky a velmi velkou reakci na velkou odchylku a tak dosahnout
pozadovanou polohu vrtulniku rychleji.

Obrazek 5 ukazuje vysledek fizeni modelu vrtulniku. Je zfejmé, Ze LFLC regulator je
pouzitelny pro polohové fizeni, ale neni pouzitelny pro programové fizeni. To samoziejmée
odpovida oc¢ekavani, protoze v uzaviené smycce se nachazi pouze jeden integrator.
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Obrazek 5 — Prubéh fizeni tthlu naklonéni vrtulniku

3 Model magnetickeé levitace

Magneticka levitace je velmi slozity nelinearni systém. Pro ziskani matematického
modelu mizeme pouzit klasické identifika¢ni metody, ale my mame k dispozici velmi dobry
matematicky model vytvoreny vyrobcem [Humusoft 2014b], viz obrazek 6. Pro porovnani
vysledkli pouZijeme jako referencni PID regulator a prib¢h zadané veliCiny, vytvoreny
vyrobcem v ukazkovém ptikladu, viz obrazek 7.

Magnetic levitation
detailed nonlinear model

wariable gap

0z l—b = |—’
| : | i [ [
Se-3s+ [= q . 9
u- Input Fovuer amplifier Motion P = > = Wy AT L ( )
valtage [MU] 0va Converter farce L -J
and coil . — W - autput
14 velosity positian AD converter  woltage
0082 Fo and
Fosition sensor
Fravity
foroe 0.0z |
Ball damping
LiMIT
Limits

Obrézek 6 — Simula¢ni model modelu magnetické levitace
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Obrazek 7 — PID tizeni modelu magnetické levitace, vytvoiené vyrobcem

Budeme pouzivat obdobné principy konstrukce LFLC regulatoru, ovéiené na modelu
vrtulniku, s kontexty popsanymi v tabulce 2.

Tabulka 2: Kontexty LFLC regulatoru magnetické levitace

Vstupni Rozsah Koeficient Rozsah
hodnota vstupnich prenosu vystupnich
hodnot hodnot
de -50 +50 1 -50 + 50
e -0,5+0,5 10 5+5
d’e -40000 + 0,03 -1200 +~ 1200
40000

Obrazky 8 a 9 porovnavaji vysledek fizeni pro pozadovany pribéh polohy levitujiciho
objektu, predstavujici posloupnost skokovych zmén polohy. Vidime, Ze objekt magnetické
levitace je velmi citlivy a fizeni procesu pomoci PID regulatoru je Gasto nestabilni. Ridici
systétm pouze jednou stabilizoval pozadovanou pozici blize k elektromagnetu. Vysledek
LFLC fizeni je mnohem lepSi. Problém se stabilitou byl kompenzovan, pfevazné diky
vlastnostem LFLC fizeni, vhodné sestavené¢ho souboru pravidel a omezeni akéni veli¢iny na
jednotlivych slozkéach regulatoru.
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4 Zavér

Prezentované piiklady LFLC fizeni byly ziskany na Ostravské univerzité v Ostrave
vramci feSeni podpory European Regional Development Fund, pii feSeni projektu
IT4Innovations Centre of Excellence (CZ.1.05/1.1.00/02.0070) a v ramci feSeni projektu
Studentské grantové soutéze (SGSI15/PiF/2014) za ucasti studentll, podporovany
Ministerstvem $kolstvi, mladeZe a t&lovychovy CR. Z dosaZenych vysledki je ziejmé, Ze
moderni matematické metody, jako je fuzzy fizeni, jsou pouzitelné pro fizeni rychlych
technologickych procestt s periodou vzorkovani 0,01 [s] nebo krat$i. Systém Linguistic
Fuzzy-Logic Control, vyvinuty na Ostravské univerzité, je velmi uziteCny nastroj pro popis
strategie fizeni. Prezentované vysledky ukazaly, jak pouzitd technologie mize pomoci snadno
popsat strategii fizeni od v€etné fizeni technologickych systémt. Tato technologie a realné
modely jsou vyuzivany jako podklad pro problémové orientovanou vyuku na Katedie
informatiky a pocitact, Ptirodovédecké fakulty pro studenty magisterskych studijnich
programu a jejich spole¢né i individudlni projekty. Studenti se nauci, jak definovat strategii
fizeni a ové€fi si ji na redlném modelu magnetické levitace. Po dokonceni téchto projektl jsou
studenti schopni definovat strategie fizeni zalozené na LFLC pro jakykoli podobny fizeny
systém. Jsou také schopni porovnat ziskané vysledky s riznymi strategiemi fuzzy fizeni, napf.
[Takosoglu aj. 2012] nebo [Godoy aj. 2013].
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Abstract: Nowadays, parallel kinematic structures such as Tricept come to the forefront in the
field of machine tools. Parallel kinematic structures offer some asset, for instance high
structural rigidity, better payload-to-weight ratio, high dynamic capacities and high
accuracy. The main task in the area of quality assurance is to identify and evaluate the
various factors that influence the final product quality. These factors are e.g. the surrounding
environment, mechanical inaccuracy of the Tricept, inaccuracy of data reading and the
uncertainty of the coordinate measuring machine Leica.

The basic performance characteristics include one-way positioning and distance accuracy
and repeatability, as well as track accuracy, track repeatability, track speed and position
drift. This paper briefly describes the methods of testing the mentioned characteristics of the

Tricept type parallel kinematic structure. The experiment is suggested according the standard
150 230-2:2006.

Keywords: Tricept, parallel kinematic structure, quality assurance, repeatable positioning
accuracy

1 Parallel kinematic structure

Kinematic structures are divided into serial, parallel and hybrid. The main objective of
the kinematic structure is a definite movement and makes the prescribed operation. They are
joined into one unit and perform movement either rotational or translational.[1]

Figure 1 — Types of parallel kinematic structure

a) tripod, b) hexapod, c) octapod

Parallel kinematic structure is mounted on the machine platform which is suspended on
remote variable-screwed and articulated arms (Fig. 1). With these arms can be platform
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rotated and oriented, as the requested operation requires. A parallel kinematic structure
comprises at least two kinematic chains being functionally arranged in parallel. Each of the
two kinematic chains has, at a moveable end thereof, at least one degree of freedom, and
comprising a passive anti-planar joint arrangement having a translational degree of freedom
and two rotational degrees of freedom. Each anti-planar joint arrangement has an input
section and an output section. At least one of the kinematic chains comprises a planar joint
arrangement having at least one of at least one translational degree of freedom and a rotational
degree of freedom, the planar joint arrangement having an output section. Further, the planar
joint arrangement is adapted for active movements in at least one of its degrees of freedom.
The input section of the anti-planar joint arrangement and the output section of the respective
planar joint arrangement are coupled. The parallel kinematic structure further comprises a
moveable end-effector section coupled with the output sections of the anti-planar joint
arrangements.[1]

The advantages of parallel kinematic structure (PKS):

parts of the machine are least stressed bending moment (frame)
High operating speed of the machine

acceleration of the driven machine is variable

low weight of moving parts

use of standard components

high measuring accuracy

repeatability of individual components within the machine

Disadvantages of parallel kinematic structure (PKS):
e measuring system for the required accuracy is costly

e effect of temperature on metal structure

e complicated management system - the high cost

e manage necessary for them six-axle linear motion
o little space for tool change

2 Tricept

For the design of parallel kinematic machines (PKM), it is important to make an
appropriate choice for the geometrical parameters in order to fulfil the customers’
requirements. Unfortunately, one cannot start with the design of new machines unless one can
cope with a number of issues that are related to the analysis of parallel machines. In
particular, this includes the determination of the size, shape, and properties of the workspace.
In the last two decades, many scientists have been working on different aspects of analysis.
Especially for spatial parallel robots, most results can only be determined numerically due to
the inherent complexity of PKMs. But mostly these results cannot be used to solve the design
problem, i.e. how one has to choose the parameters so that the resulting machines have the
desired properties. [6, 7]
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Figure 2 — hybrid PKM Tricept — difference between Tricept and Trivariant [2]

Hybrid kinematic structures are a combination of series and parallel kinematic structures
(Fig. 2). It provides new opportunities in design and allows them to improve the
characteristics of parallel kinematic structures (PKS). There are a large number of designs and
construction of machines that are used in industry for high-speed machining, welding, plasma
cutting, laser cutting, measuring, control and handling. [7]

Tricept is one of the hybrid PKS, where the positioning structure comprises from a
parallel kinematics, which is connected to an end effector, which is represented by a serial KS
and removes three degrees of freedom. Tricept is composed of a fixed part of the so-called
stable platform, on which are mounted by pivot joints three telescopic rods and one central
rod. At the opposite end of the rods is movable platform for which it is possible to place a
serial kinematics or different actuators. The central rod passes through the platforms. It is
attached with the swivel to the moveable and stable platform. Three telescopic rods are
removable using a ball screw and are driven by three autonomous own servomotors. Joints
allow rotational movement of the telescopic rod to the stable platform.

Central rod axis always passes through the central point. Tricept is positioned vertically
on a skeleton.

Figure 4 — Tricept at STU
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The actuators are controlled via frequency converter Movidrive and are stopped using the
engine, which includes an integrated brake. The system is provided by programmable MOVI-
PLC. Programming of logic of machine is provided by SEW - Eurodrive through utility
software Movitools MotionStudio. The software provides necessary diagnostics for
calibration and operation and it is used to manage and communicate. At the Faculty of
Mechanical Engineering STU in Bratislava is a machine robot type Tricept with the following
parameters:

PKS type Tricept with 3 degrees of freedom

load: 30 kg

maximum length of the telescopic rod ejection: £300 mm

angle of rotation of the central rod to the stable platform: + 45°

actuation by: synchronous servomotor SEW CMP63M

power P =400 W

rotational frequency: N =4 500 min™', 75 5™

integrated encoder resolver: RHIM

central rod

stable platform

primary joint

telescopic rod

secondary joint

moveable
platform

Figure 5 — Parts of Tricept at STU

3 Specification of the influences acting on machine tools

Machine tools, as all the other machines are differently affected by various factors that
impact on them from the environment, but also its own construction, quality of manufacture
and materials from which they are made. These factors then devalued trajectory forming the
point of the tool coordinate system while it is moving. This task depends on the specific
design of the machine and the machining conditions. This section briefly describes the most
common sources of uncertainty. [8]
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4 Positional accuracy test of telescopic rod type PKS

Before performing the test must be satisfied all the necessary balancing actions,
settlement procedures and functional testing and must be limited movements of Tricept as
required settings of measuring instruments.

Dimensioning and proposal of construction of Tricept is based on specific operating
conditions. Another task of robotic manufacturing systems is to control Tricept using the
software. Control program and electronic functionality of Tricept assembly can be simulated
on a comuter. Finding the correct position of the movable platform and the entire functionality
of the robot is subject to feedback from various types of sensors. Initial calibration is required
when putting Tricept into operation. Calibration is the process of determining the actual
values of kinematic and dynamic parameters. Kinematic parameters describe the relative
position and orientation of telescopic rods and joints of the robot in the unloaded condition.
Dynamic parameters describe the state of telescopic rods and joints including the mass and
internal friction under load. Calibrated robot has a higher absolute positioning accuracy, and
thus the actual position of the end effector corresponds better with positions computed
respectively simulated model of the software input therefore Sew- Eurodrive gives detailed
instructions for calibration and positioning of their engines and its assembled devices at start
up using utility software Movitools. Tricept operates on many influences, because all
components work with some irregularities. It is necessary to determine the estimated total
uncertainty of Tricept, but this should be on the order of microns [10” m], which is sufficient
for technical practice.

According to the type of control, the number of axes of robot and how the members and
end-effector are moving along complex trajectories, the desired control type of superiority
through information obtained from sensors or specified by operators. Inside sensors sensed
condition of Tricept and provide current location information of telescopic rods, speed and
acceleration eject, eject direction, temperature of devices. External sensors corrected preset
parameters and recover work environment, thereby significantly influence the functioning of
the resulting system.

Telescopic rod is composed of two main parts (Fig. 6). Rigid, stationary portion of the
shaft is mounted on a stable platform in the primary joint. The second part of the rod is
movable and extendable. Displacement of the two parts of the rod and the variable length of
telescopic rod allows moveable ball screw. Translational movement is in the direction of the
axis of the two parts of the telescopic rods. Ball screw in the rod is the sliding type joint. [6].

Figure 6 — Tricept telescopic rod

The difference between the final position of the end effector, or other -defined point
on a moving platform, and the desired value entered in offline programming represents the
accuracy with which the robot will work. For the final accuracy of industrial robot is
important to calibrate it. Calibration of telescopic rods is system of specified activities under
defined conditions which define the relationship between the measured value with a certain
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measurement uncertainty. Calculation of uncertainty will be determined by calculation from
the measured values obtained by comparing them with a reference standard. In this case, it is
the standard of length with the associated measurement during the extension and retraction of
telescopic rods. Results of calibration are used by software to correct the measured deviations.
Evaluation of calibration involves the evaluation of errors and uncertainties in measurements.
Sources of error arising from the improper use of measuring instruments and faulty
installation of equipment before and during calibration will follow, corrected or removed.
Random and systematic errors will be evaluated.

Test procedures for the robot type Tricept can be divided into calibration and
measurement of ejection of one telescopic rod and for positioning and evaluation of the whole
structure. The procedure was chosen to complement and should exclude the accuracy of the
telescopic rods, their drives and gears ball screws. Steering of servo motors via inverters
ensures sufficient current stability.

Test procedures according to ISO 230-2:2006 based on laser interferometric method of
measurement geometries represent one of the most accurate measurements positioning of
industrial robots. By measuring the length of ejection of one telescopic rod can be compared
the position measuring system with a set value (non-linear measurement standard prescribed
for the 2000 mm minimum 5 measurement positions).

Telescopic rods with movement of the ball screw are linear actuator. Their ejection
can be measured and compared with a reference standard in the process of calibration
procedures specified in ISO 230-2:2006. One of the parts of the calibration is to measure the
telescopic rod fully assembled kit of Tricept, where is measured and evaluated each of the
three rods alone. Measured rod should be preferably measured in a vertical position.

The first measure is designed to eject one telescopic rod from the zero position to the
maximum position and back. Each measurement is repeated 10 times at a minimum speed and
at the maximum possible speed. It is 40 measurements to achieve the minimum and
maximum. Then we select 5 random length values to eject telescopic rod and we measure the
position accuracy at a constant speed when retracting telescopic rod in one direction and also
when inserting the telescopic rod. Measurement is repeated 30 times at each point, it is a total
300 measurement positions for both directions. Additional measurements will be entered into
the random values telescopic rod telescopic and measured in both directions from various
previous positions 30 times. We have chosen 5 points what 150 measurements are. For all
three rods that means 1470 measurements.

Measured positions P; are designed according to the relationship:

Pi=(G-Dp+r (D

where:

P; — measured position

i — number of measured position,

p — measured interval,

r — shall enter a different value in each measured position. It is used to prevent

periodic errors.
Approximation to the measured point is made in both directions. The measurement is

made using the standard measurement cycle shown in Figure 7.
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Figure 7 — Measurement cycle [9]

According to the standards of measurement that can be derived some basic parameters.
The parameters are: average deviation desired position x;;, standard deviation desired position
s;, numbness B;.

Desired position deviation is the difference between the actual position value for the
output of the machine and the specified value.

xij = Pi' — P] (2)

The average unilateral deviation desired position is the average deviation of the measured
position in a series of unilateral approaches to the position.

JZJ T= %Z?ﬂx” T (3)

fj l:% ?=1 xl'j l (4)

The standard deviation of the desired position:

1 _
Sj T= \/;Z{;l(xij T —Xj T)Z (5)
1 _
Sj l= \/;Z{;l(xij T —Xj l)Z (6)
Numbness is the difference in average unilateral deviations along the selected axis

Evaluation and comparison of a standard length desired ejection telescopic rods serve as
the basis for programming the entire management structure. The measured deviations and
uncertainty serve to calculate compensation parameters.
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When designing a testing kit complete positioning Tricept can proceed similarly and
given to the selected point on a moving platform to measure the deviation from the desired
value.

Runway accuracy (AT) devices is the ability to move a defined point on the end cap n
times in the same direction along the desired path. Runway accuracy is the maximum runway
deviation obtained when positioning and orientation. Runway accuracy is determined by the
following two factors:

* positioning accuracy track - deviation between the programmed path and the barycentric
line sets obtained Railways (positioning accuracy runway AT)

* precision orientation track - deviation between the programmed angular orientation and
angular diameter reached orientation ( ie orientation accuracy of the track).

One-way positioning accuracy:

AP = \/(Jz - xc)z + (3_’ - yc)z - (Z__ Zc)z (8)
AP, = (¥ — x,) )
AP, = (3_’ _YC) (10)
AP, = (Z—2z.) (11)

with

1 _ _1gon 1

X =2 Lj=1%) Y =L 4j=1Y) Z = Lj=1%j

where X, y,Z are the barycentric coordinates of a set of points obtained after repeating the
same location n-times,
X Ve, Zc are the coordinates of the desired position,
x;, yj, zj are the coordinates of the reached position.

Precision runway orientation (47, AT, AT,) is defined as the maximum deviation from
the programmed angles along the path.

AT, = max|a, — a;| (12)
AT, = max|b, — b;| (13)
AT, = max|¢, — ¢;| (14)
i=1,....m

a ==%"a; (15)
b, ==%7; by (16)
C, Z% j=1Cij (17)

a;,b;, c; are specified angles in the given point (x; y; z;),
a;;, by, c;jare achieved angles in the given point (x; vy zjj)

Repeatability track (RT) refers to the closeness between the tracks reached the n-times
repetition of the same desired path. To set the path followed by n times in the same direction
is determined repeatability track:

* RTP maximum value which corresponds to the radius of the circle centered on the
center of gravity perpendicular to the track plane.
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* the maximum amount of scattering angles around the mean value calculated at various
points.

Calculation precision repeatability track where all parameters needed to calculate as
defined in the precision positioning track:

RTp = maxRTp; = max[l, + Sy;] (18)
i=1..,m
ll = Z j=1 ll] (19)
Yieaij=l)?
Sy = % (20)
Ly = (i — %)* + 0ij — )* + (25 — 2,)? (22)
n Lo )2
RT, = max3 ZFI(:+M (22)

X, (bij—b,)?

RT, = max3 (23)

RT. = max3 2 (24)

One way position repeatability (RP) determine the accuracy of repeated stops the
programmed end point position of the test cycle and the deviations from the specified values
in the coordinate system of the robot. Measuring devices will position sensor coordinate
system, software, PC. Measure the deviation of the position of the end point platform robot
from the desired values in the unloaded condition. Testing repeatability is adjusted so that the
end point of the robot approached the measurement positions of the two sides that will be
reflected in the joints and backlash in the gears. Positioning repeatability is measured 20
times. Evaluation of sensed deviations is converted to the PC using MS Excel spreadsheet
process. Seeking position repeatability is determined by the formula.

One Way position repeatability RP:

RP=L+35, (25)

Mean variation

L=y 1 (26)

n

Deviation of the measured position of the program L;:

Li=y (= )"+ (i = 9)* + (z: — 2)° 27)

Standard deviation S;:

Sp = |— X (L — L) (28)

n-—1
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5 Conclusion

Up to now experiments carried out on Tricept take place gradually. Since there were a lot
of unexpected events, it was necessary to repair the machine several times. By the used
software, is currently performed firstly electronic and then lastly mechanical calibration.
Experimental results will form the basis for the implementation of optimization design of
Tricept as the basis for adjusting the control system.
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Abstrakt: Clanek se zabyvd ndvrhem a realizaci algoritmii Fizeni a jejich sofiwarovou
podporou. Popisuje navrh prediktivniho 7izeni s internim modelem (MPC) pro vybrany
laboratorni model. Rizenym systémem je teplovzdusny model (TVM), ktery se svymi dvéma
vstupy a dvema vystupy reprezentuje mnohorozmeérovou soustavu (MIMO). MPC algoritmus
byl vytvoren v programu MATLAB a pro minimalizaci kvadratického kritéria a vypocet
optimalniho akcniho zdasahu vyuzZiva funkce gpOASES ze stejnojmenného open-source
softwarové balicku. MPC algoritmus bezi v MATLABu jako nadiazend vrstva systému rizeni a
PLC realizuje komunikaci s modelem. Akcni zasahy mohou byt pomoci PLC primo nastaveny
na akcni cleny nebo slouzit jako Zadané veliciny podiizenym PID regulatoriim realizovanym
v PLC. Ddle byla vytvorena vizualizace chovani modelu v SCADA/MMI  systému
Control Web 6. Pro zménu parametriic MPC regulatoru a vkladani interniho modelu byla
navrzena a realizovana aplikace vytvorenda v graphical user interface (GUI)
softwaru MATLAB.

Klicova slova: prediktivni rizeni, MPC, MATLAB, Control Web, PLC

1 Uvod

V primyslu jsou velmi rozsifeny pramyslové spalovaci elektrarny, které musi zajistit
vyrobu procesniho tepla, pary a Casto i elektrickou energii pro vyrobni proces. Vzhledem
k rychlym a neptfedvidatelnym zménam ve spotiebé, napi. rychlé zmény zatizeni zplisobené
vykyvy v oblasti produkce, se chovani elektrarny jevi jako vysoce dynamické. Casté zmény
ve spotiebé pary kladou vysoké ndroky na fizeni elektrarny. Soucasny stav fidicich systému
pro fizeni spalovani je postaven na vyuziti PID regulator, kdy zmény hodnot Zzaddanych
veli¢in regulatori jsou provadény operatory s operatorského pracovisté. Casté manualni
vstupy operatorti jsou nezbytné, aby procesni veli¢iny z technologického procesu zistaly
uvniti bezpecné definovaného pracovniho rozsahu, napfi. tlaky v parnim potrubi, teploty ¢i
toky materidlu. Vzhledem k ¢astému vzdjemnému ovliviiovani procesnich veli¢in, velkym
casovym konstantam a dopravnimu zpozdéni, parametry PID regulatori musi byt nastaveny
obezietné pro dosazeni robustnosti a vyhnuti se kmitani. V pfipad¢ nasazeni prediktivniho
fizeni pro fizeni spalovaciho procesu je elektrarna schopna rychle reagovat na zmény ve
spotiebé se splnénim vyse uvedenych podminek. Z tohoto diivodu nasazeni tidicich metod
zalozenych na internim modelu v primyslu stale roste, viz [1]. V [8] je MPC pouzito pro
fizeni procesu spalovani odpadu a v [3] v primyslovych spalovacich elektrarnach na biomasu.
Tato prace se snazi priblizit ctenaiim obé uvedené metody fizeni a nastifiuje 1 jejich mozné
spole¢né nasazeni pfi fizeni spalovaciho procesu. Ob¢ koncepce byly ovéfeny na laboratornim
modelu, ktery pfedstavuje zjednoduseny model spalovaci komory.
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2 Popis navrhované metody Fizeni

Prediktivni fizeni je jednou z modernich metod fizeni, kterd ve velké mife nachazi
uplatnéni v riznych oblastech primyslu. Pro vypocet budoucich hodnot akénich zasaht se
vyuziva znalosti diskrétniho matematického modelu fizeného systému, ktery zaroven slouzi k
ziskani budoucich odezev systému na dany budici signal. Vyhodou prediktivniho fizeni oproti
jinym piistuptim je, ze pii vypoctu akéniho zasahu (vystupu regulatoru) je uvazovan i budouci
pribéh zddané hodnoty a je zohlednéno optimalizacni kritérium, nazyvané také ucelova
funkce. Z vypoctené posloupnosti akénich zéasahii se v daném kroku aplikuje pouze prvni
hodnota a v nasledujicim kroku se cely postup vypoctu opakuje, tzv. strategie pohyblivého
horizontu. Jednou z ptednosti, kterou prediktivni fizeni disponuje, je moznost zahrnuti
omezeni na rozsah vstupnich, stavovych nebo vystupnich veli€in (teplot, tlakil, poloh ventild,
teplotnich gradientt atd.) pfimo do vypoctu akénich zasahi. I diky tomu je kvalita regulace ve
srovnani s regulaci pomoci PID regulatoru vyssi. MPC regulator je od zakladu koncipovan
jako mnohorozmérny a koordinované pracuje s vétSim poctem akcénich a regulovanych
velicin.

Hlavni vyhody:

« Rizeni vicerozmérnych systémi

* Obsahuje interni model pro robustni a rychlé fizeni

* Mnoho moznosti parametrizace regulatoru

* Schopnost vyrovnat se s dlouhymi ¢asovymi konstantami a zpozdénimi

Bohuzel, musime také pamatovat na nékolik omezeni:
* Vysoka vypocetni naro¢nost
* Pouze omezené pouziti v PLC

Dvé typické aplikace MPC regulatoru, které jsou pfedmétem tohoto c¢lanku, jsou
nasledujici:

A. MPC regulator bézi v nadrazené roviné PID regulatoriim v hierarchickém
Fidicim systému

Ve vétSin€ zafizeni slouzi vystupy MPC regulatoru jako Zzadané hodnoty PID
regulatoriim, napt. zddané hodnota pratoku vzduchu pro PID regulétor pratoku.

Planovani vyroby, fizeni a monitorovani procesu

l

Obrazek 1 Zapojeni MPC regulatoru v hierarchickém fidicim systému
B. MPC regulator piimo iidi iizeny systém

V piipadé mensich instalaci jsou vystupy MPC regulatoru piimou referenci ventilovych
pozic, ¢erpadel, ventilatort atd. Tato konfigurace klade vétsi naroky na frekvenci vzorkovani.
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Obrazek 2 Schéma regulaéniho obvodu s MPC
(r — vektor zadanych veli¢in (reference), u — akénich veli¢in a y — regulovanych veli¢in)

3 Realizace prediktivniho Fizeni s internim modelem

Algoritmus prediktivniho fizeni s penalizaci Au byl naprogramovan v prostiedi
MATLAB a vychazi z knihy [12] s jedinou modifikaci, kdy pro vypocet optimalniho fizeni se
pouzivda misto funkce quadprog z Optimization Toolboxu funkce qpOASES ze
mnohorozmeérové systémy a jeho vstupy jsou regulované veliCiny a Zadané veliCiny a vystupy
jsou akéni veliiny. Déle se mohou vyskytnout jesté neregulované poruchové veliciny, které
prozatim zanedbavame. Regulované veli¢iny jsou fizeny na zadanou hodnotu v rozmezi
definovanych limitd. Ak¢ni veliCiny mohou byt pfimo piipojeny k akénim ¢leniim nebo jako
zadané hodnoty k PID regulatorim. MPC fesi uc¢elovou funkci ve tvaru

N N
2
] = Z qyi(rsi - YI) + Z uniAuiZ (1)
i=1 i=1

s ohledem na horni a dolni limity akénich zésahli. Proménné y;, r; a u; jsou i-té
regulované veliCiny, Zadan¢ veliCiny a akéni veliCiny. gy.a qay; jsou véhy predstavujici
relativni dilezitost regulované veli¢iny y; a omezeni piirtistkii akéni veli¢iny Au;. Ugelovou
funkce miizeme ptepsat do maticové podoby

] = Qy(rs - Y)T(rs —y) + AuQ,u,Au. (2)

ry je vektor popisujici prib&h budoucich Zzadanych veli¢in na horizontu predikce N,.
Qa, je diagonalni matice a pro jeji sestaveni plati vzorec

Qau = qaulnxn, (uni > 0) 3)

kde g4, je vektor vah omazujicich ptirtistky akcnich veli¢in a N, horizont fizeni. Oba
jsou spolecn€ s diagondlni matici vah dilezitosti regulovanych veli¢in @, stavitelnymi
parametry MPC regulatoru. Sestaveni této druhé vahové matice je na stejném principu.
Vektor y predikované regulované veli¢iny mize byt nahrazena rovnici

y = Fx(k;) + ®Au 4)
kde plati
CA
CA?2
F=|cas3|; (5)
CANp
CB 0 0 .. 0
CAB CB 0 . 0 ]
® =|cAzB CAB CB . 0 ‘
CAN>"1B CANr™2B CAMr3B . cAM»NeB

x(k;) je vektor aktualnich stavovych veli¢in.
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Jak uz bylo zminéno vySe, MPC algoritmus pouzivd pro feSeni kvadratickych
optimalizacnich probléml funkci qpOASES. Tato funkce Ize pomoci mex funkce

implementovat do programu MATLAB, Simulink nebo Scilab a #€$i optimaliza¢ni problémy
ve tvaru

i 1
m;n EXTHX +xTg (6)
IbA < Ax < ubA

Ib<x<ub

kde Hessova matice H je symetrickd kladn¢ definitni a g je vektor gradientl, /b a ub jsou
vektory dolnich a hornich omezujicich podminek. Prozatim se nepracuje s omezujici matici 4
a omezujicimi vektory /bA a ubA vazanymi na horni a dolni omezujici podminky. Tuto formu
kvadratického kritéria pouziva také MATLAB ve funkci quadprog. Konstrukci matice H a
vektoru g popisuji nasledujici rovnice.

H=®"Q,® + Quy (7

g = —®7Qy(rs — Fx(k;))

4 Identifikace systému a definovani interniho modelu

Nedilnou soucasti prediktivniho fizeni je znalost co nejpfesnéjSiho matematického
modelu fizeného systému. Nejjednodussi a v primyslu nejpouzivanéjSim popisem je
prenosova funkce ziskand zptechodové charakteristiky. Jelikoz fizeny systém je
mnohorozmeérny, je popsan matici téchto pfenosovych funkci. Protoze pro prediktivni fizeni
byl zvolen diskrétni stavovy popisem systému, bylo nutné matici prenosovych funkci
transformovat do tohoto tvaru a tento prevod algoritmizovat. Jelikoz budoucim cilem prace je
implementace celého prediktivniho fizeni do PLC bez pouziti MATLABu, kde nebude mozno
pouzit funkce tohoto programu, jsou pro sestaveni interniho modelu pouzity jen zékladni
funkce, které jsou dodavany spolecné s PLC AC500 od firmy ABB. Moznost implementace
algoritmu pro sestaveni interniho modelu pro prediktivni regulator jsem ovétil prepsanim
algoritmu v programu CoDeSys ve standardu IEC 1131. Tento algoritmus pfevadi matici
prenosit. mnohorozmérového systému s maximalnim poctem Sesti vstupnich veliin na
stavovy popis, déle jej diskretizuje a ptidava diskrétni dopravni zpozdéni.

Mnohorozmérovy regulacni obvod je takovy obvod, ktery ma vice regulovanych velicin y
a je znazornén na obrazku 3.

us y1 lu] lUJ lur
—}. —
S y G” G‘f_j Gh‘ _.'
[VE] _ o - 3 Y2
— T Gy Ga Gy —P
ur w e ¥p
S Gy Gpy o G, —P

Obrazek 3 Zavislosti vstupnich a vystupnich veli¢in a pfenosova matice MIMO systému

Vztah mezi jednou vstupni veli¢inou u a jednou vystupni veli€inou y je v nasem ptipad¢
popsan pienosem jako ve vzorci 9, ktery popisuje proporciondlni systém se setrvacnosti
tietiho fadu. Treti fad systému uvazujeme jako maximalni. VSechny dané pfenosy mulzeme
zapsat do matice pienosovych funkci G.
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G11(s) - Gim(s)
G= (8)
Grl (S) Grm (S) . N N

Y(S) _ b152+b25+b3 a_s +£S+£

G (S) = —= = 2 ay (9)

- a a
U(s) ags3+ajs?+ajs+ag s3+a—1$2+a s+a—3
0 0 4o

Vztah mezi jednou vstupni a jednou vystupni veli¢inou popsany pifenosem 9 mizeme
pomoci metody postupné integrace prevést na maticovou diferencialni rovnici neboli stavovy
popis v kanonickém tvaru pozorovani.

_& 1 by
X11 | 22 [[%1(D) ;0
[le =|—£ 0 1||x, 0|+ a—z u(t) (10)
X3 l_z_s 0 OJ X3(D) by
x1(1)
y®=[1 0 0]fx(0f+ 0u(t)
x3(t)
Coz lze zapsat jako:
x(t) = Ax(t) + bu(t) (11)

y(t) = cTx(t) + du(t)
kde

A...je matice systému
b....je vektor vstupu

¢'...je vektor vystupu
d....konstanta ptevodu

Metoda postupné integrace ma vyhodu v tom, ze vystupni veli¢ina y(?) je ptimo jednou ze
stavovych veli€in, a Ze v rovnici vystupuje jen vstupni veliina u(?), ne jeji derivace. Pouzity
systém spliuje silnou podminku fyzikalni realizovatelnosti a vystup zavisi na stavovych
veli¢inach a rovnice vystupu tudiz neobsahuje vstupni veliCiny. Pro tyto systémy je d nulové
konstanta a stavovy popis miizeme piepsat do tvaru 12.

x = Ax(t) + bu(t) (12)
y = c¢"x(t)

Dalsim tikolem bylo systém diskretizovat na tvar

x[(k + 1)T] = Fx(KT) + gu(kT) (13)
y[kT] = cTx(kT)
kde plati
F = eAT (14)
k+1)T
= Atdr |b
= ([, e
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Po zavedeni substituce v = Tt — KT je diskrétni vektor vstupu sestaven podle vzorce 15.
g = ( N eAVdv) b (15)

Pro rozklad maticové exponencidly a jejiho integralu byl pouzit rozklad exponencialy na
Taylorovu fadu.

_ T Av _ A_TZ A2T3 . AiTi+1
V=[)etdv=IT+=-+—-+ + (16)
Po dosazeni plati:

F=1+AV (17)
g=Vb (18)

k tomuto rozkladu jsem v algoritmu pouzil cyklus WHILE s podminkou na zacatku, ktera
vychazi z Eukleidovské normy a konstanta 0.0001 byla zjiSténa experimentalné pfi
porovnavani vysledkl diskretizace s hodnotami vypoctenymi v MATLABu.

AiTi+1 _ P
||(i+1)! _«’ k=12fr=11ail (19)
AiTi+1
‘ G| > 00001

Po diskretizaci stavového modelu maji jeho matice a vektory nasledujici tvar.

F= f21 f22 f23 (20)

f11 iz f13]
f37 f3, f33

[81
g= gz]

83
c"=[1 0 0]

DalSim pozadavkem na mou aplikaci byla také moznost vlozeni pfenosu s dopravnim
zpozdénim 7.

b b b
1242543

G(s) = Loaoa_s e~ Tas (21)

s3438g2, 825,
ao ap ap

Toto by se dalo vyfteSit naptfiklad tim, Ze by se dopravni zpozdéni aproximovalo
prenosem x. fadu pomoci Padého rozvoje a pocitalo by se s takto upravenou soustavou.
Dal$im feSenim bylo pfimo v aplikaci, aproximovat zadané dopravni zpozdéni, kdy pfi znamé
velikosti dopravniho zpozdéni 7, a znamé period¢ vzorkovani 7, byla soustava, jelikoz
vypocet probihd v diskrétnim tvaru, zpozdéna o z-k kroki a k& by muselo byt celé Cislo. Druhé
moznost byla realizovana podle [6] a diskrétni stavovy popis se zménil na tvar

x[(k + 1)T] = Fx(KT) + gu[(k — d)T] 22)
y[kT] = c¢Tx(KkT)

kde d je vysledek po dé€leni dopravniho zpozdéni a vzorkovaci periody viz vzorec 23.
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d=1Td (23)

Pro nazornost uvadim ptiklad pro d=3, kde je vidét, jak aproximace funguje.

fi1 fiz fiz g1 0 07
for f2 f38, 0 0
F = f31 f3, fz385 0 0 (24)
0 0O 0 O 1 0
0 O 0 0 o0 1
L0 0O 0 O o0 o
0
0
g=|o
0
L1
c"=[1 0 0 0 0 O]

Timto zptsobem je pracovano s kazdym pienosem v matici G a je pieveden na diskrétni
stavovy popis. Vytvorenou diléi matici F a vektory g, ¢’ stavovych popisti archivuji v paméti
a nasledné¢ sestavuji vysledny stavovy popis systému na zacatku popsaného pfenosovou matici
G mnohorozmérného systému. Postup sestaveni vyslednych matic 4., B. a C. je patrny v
nasledujicich vzorcich.

Fi1
F
A= tm (25)
F21

| Fpm_

(811
Bc — glm

821

| Spml

€11 Cim
e - cl

c;l)‘l e cgm

Celkovy diskrétni stavovy popis fizeného mnohorozmérného systému je pak ve tvaru:

x[(k + 1)T] = Ax(KT) + B.u(kT) (26)
y[kT] = CIx(KT)

5 Popis inovované laboratorni ulohy

Pro ovéieni realizovaného fizeni byl pouzit laboratorni model vytvofeny na katedie ATR
nazyvany jako teplovzdu$ny model. Je tvofen zarovkou napdjenou z ovladatelného zdroje
napéti. Zarovka je tepelnym i svételnym zdrojem a je umisténa v krytém tunelu, kterym je
nasavan ¢i vytlaGovan vzduch pomoci hlavniho a pfipadné poruchového (vedlejsiho)
ventilatoru (ten je rovn€Z napajen pomoci fiditelného zdroje napéti). Popisovany model
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umoziuje realizovat jak jednorozmérové, tak mnohorozmérové regulacni tlohy. Model
teplovzdusného obvodu mizeme ovladat dvéma akcénimi Cleny tj. zdroj tepla — zarovka a
hlavni ventilator. Obsluha ma moznost volby vystupni (méfené) veliiny, kterou mize byt
teplota méfena snimaci umisténymi v rtznych vzdalenostech od Zarovky, nebo pritok
vzduchu v tunelu méfeny vrtulkovym prutokomérem. V tunelu je umisténo nékolik
termistorovych snimaci teploty a jeden snimac pritoéného mnozstvi vzduchu, coz je jiz vyse
zminény vrtulkovy pratokomér. Pro ovladani a fizeni modelu bylo pouzito PLC od firmy
ABB. Schéma ulohy miiZzete vidét na obrazku 1.

Hlavni Poruchovy Zarovka Termistory Vrtulkovy
ventilator ventilator prutokomér
ﬁﬁ ‘ ’l | |
B ﬁ
Elektronické obvody

Napajeci
zdroj

PID, ovladani akénich élend, MATLAB - MPC

Ucec=230V e e e e . e . .
¢teni signald ze snimacd Control Web - vizualizace

Obrazek 4 Schéma propojeni laboratorni illohy

S modelem je propojeno PLC z tfady AC500 od firmy ABB a je pfipojeno do sité v
laboratofi. Realizovanou laboratorni ulohu Ize fidit z pocitace umisténého v dané siti, na
kterém je spuSténa fidici aplikace vytvofena v programu Control Web 6. Hodnoty
proménnych si PLC a Control Web vyménuji pomoci OPC serveru. Pokud pii fizeni
laboratorni ulohy s teplovzdusnym modelem piepneme do rezimu MPC a na daném pocitaci
spustime také MATLAB a m-soubory realizujici prediktivni regulator, tak v uloze s
teplovzdusnym modelem je mozné realizovat také prediktivni fizeni mnohorozmérové
soustavy. Nejprve ale musime znat, ptipadné urcit, matematicky popis fizené soustavy a zadat
jej ptes vstupni obrazovky do tohoto regulatoru. Stejné¢ tak musime zadat parametry
prediktivniho reguléatoru.

— u: yl

systém
MPC v2
Uz (2x2)

Obrazek 5 Propojeni modelu s MPC regulatorem

Uvazovanou matice vstupl a vystupil pro nas laboratorni model popisuje tabulka 1.
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Tabulka 1 Ak¢ni (vystupni) a regulované (vystupni) veliiny pouzitého TVM
Vystupni veli¢iny Vstupni veliiny
Napéti na zarovce Teplota
Nap¢ti na hlavnim ventildtoru | Napéti na snimaci otacek

6 Softwarova podpora Fizeni a parametrizace regulatori

Vizualizace laboratorniho modelu byla vytvofena ve SCADA/MMI softwaru Control
Web 6 a je zobrazena na obrazku 6. Umoziuje ovladani modelu a zobrazuje vSechny
regulované a méiené veliciny a jejich trendy. Jeji soucasti je 1 kratkd napovéda. Ve vizualizaci
1ze zvolit typ regulatoru pro fizeni laboratorniho modelu od dvoupolohového, pies PID, MPC
a PID s MPC v nadfazené vrstvé. Pokud chceme nastavit parametry PID regulatoru nebo
dvoupolohové regulace, klikneme na dany prvek, ktery bude reprezentovat akéni zdsah a
zobrazi se okno pro vlozeni parametri. Nadfazeny MPC regulator mize byt pfipojen bez
rezim, kde lze nastavit skokovou zménu zadané veliCiny a vSechna namétend data lze ulozit
do textovych souborii. Poruchovou veli¢inu (napéti na poruchovém ventildtoru) mizeme
nastavovat manualné nebo jako trojuhelnikovy ¢i obdélnikovy signal.

TV_MODEL| ELEKTROMOTOR [GIEE TV_MODEL| ELEKTROMOTOR| KONEC

ZAROVKA

[VENTILATOR
NI

w (0-

Kr (0-

Ti (0-

Td [T (0-

h [ (0-

Max [0 (0-
Min ©- Termistor 2] 72 Smm I Termistor Vitulkomé:
o

Obrazek 6 Vizualizace vytvoiena v Control Web 6

Pro zménu parametri MPC regulatoru a vkladani interniho modelu byla navrZena a
realizovana aplikace vytvorena v graphical user interface (GUI) softwaru MATLAB, kterd je
patrna na obrazku 7. Nejprve bylo nutné model identifikovat a zjiSténé pfenosové funkce
popisuje tabulka 2. Dal§im krokem je urceni periody vzorkovani 7. Musi byt spravné zvolena
s ohledem na dynamiku systému a typ fizeni, napt. nadiazené nebo pfimé fizeni. Nasledné
ziskané prenosové funkce pomoci aplikace vlozit do MPC regulatoru. Nyni lze pfistoupit
k samotné parametrizaci regulatoru. Podle [1] hlavni parametry ladéni jsou védhové matice
Qnru @ Qy. V piipadé nezndmého systému se doporucuje volit niz§i hodnoty @, a vySsi
hodnoty @Q,,. Pokud chovani interniho identifikovaného modelu se bliZi chovani realnému, je
moZno pristoupit k agresivn€jsi volbé parametri (malé hodnoty @y, a vysoke @Q,). DalSimi
volitelnymi parametry regulatoru jsou jesté horizont predikce N, a horizont fizeni N..

Tabulka 2 Identifikovana pifenosova matice (sloupec 1 — napéti na zarovce, sloupec 2 —
nap¢ti na ventilatoru, fadek 1 — napéti na termistoru, fadek 2 — napéti na snimaci otacek)
2,1 _ -1

2s —4s

345s+1°  223s+1°¢

2.3
39s+1°

—-25
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Obrazek 7 GUI aplikace pro parametrizaci MPC reguléatoru

7 Vysledky prediktivniho Fizeni

Pro prezentaci funkénosti MPC regulatoru jsem pouzil jeho pifimé zapojeni k fizenému
modelu, kdy vypoctené vystupy MPC regulatoru jsou piimo nastaveny na akéni Cleny
laboratorniho modelu. Vektor zadanych veli¢in r byl navrzen pro 1000 vzorkii a zvolena
vzorkovaci perioda 7 byla 1 sekunda. V tomto pfipad€ to znamend, Ze 1 vzorek odpovida
kazdé 1 sekundé fizeni. Horizont predikce N, byl nastaven na 100 sekund a horizont fizeni N,
na 50 sekund. Diagonalni vdhova matice @, méla na diagondle sam¢ jednicky a vahovy
vektor q,, mél pred sestavenim vahové matice tvar [100 1000]. Obrazek 8 ukazuje priubéhy
pozadovanych a regulovanych veli¢in (vpravo) a prubehy akcnich veli¢in (vlevo).
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Obrazek 8 Pribehy akénich a zadanych velic¢in
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Z namétenych pribéht je patrné, ze odchylky prabéhti regulovanych veli¢in od zadanych
jsou minimalni a v prubézich akénich veli¢in nejsou patrné vyrazné Spicky, coz v ptipadé
fizeni spalovaciho procesu Setfi vyrazné mnozstvi paliva.

8 Zavér

Vysledkem prace je realizace pokrocilého fizeni laboratorniho modelu pomoci
programovatelného logického automatu a MPC regulatoru s penalizaci akéniho zasahu. Byla
vytvofena vizualizace v programu Control Web 6.1, ve které lze zvolit typ regulatoru pro
fizeni laboratorniho modelu od dvoupolohového, pies PID, MPC a PID s MPC v nadrazené
vrstvé. Je z ni mozno ovladdat laboratorni ulohu, sledovat métené veliCiny, archivovat
naméiend data a obsahuje i1 kratkou napovédu. Dale v programu MATLAB byla vytvoiena
GUI aplikace, ptes kterou se vkladaji data pro prediktivni fizeni. Algoritmus prediktivniho
fizeni bézi v programu MATLAB a vypoctené optimalni akéni zdsahy jsou pomoci PLC
nastavovany na akéni Cleny teplovzdusného modelu. Pro vypocet optimalnich akénich zdsaht
byla pouzita misto funkce quadprog z Optimization Toolboxu funkce qpOASES ze
bylo zjisténo, Ze tento softwarovy balicek, 1ze bez obav nasadit i v primyslu v embedded
regulatorech.

Cilem budouciho vyzkumu je prediktivni fizeni implementovat do PLC. V programu
CoDeSys jiz byla vytvofena aplikace pro PLC ve standardu IEC 1131 ur€enéd pro pievod
matice prenosi mnohorozmérného systému s maximalnim poctem Sesti vstupnich a Sesti
vystupnich veli¢in na stavovy popis s naslednou diskretizaci tohoto stavového popisu.
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Abstrakt: Tento Cclanek popisuje moznost vyuziti digitalnich signalovych procesorii k
zpracovani zvukovych signalu. V clanku je zameéreno na vyvojovy kit ADSP-21469 EZ Board
poskytujici velice uzitecné a efektivni metody pro zpracovani zvuku. Tato deska obsahuje dva
hlavni komponenty, vyuzivané ve zpracovani zvuku, procesor ADSP-21469 a sigma delta
kodek AD1939. Dva stereo vstupy a Ctyri stereo vystupy do kodeku jsou realizovany pres RCA
jack a DB25 konektory. Pocet vstupu a vystupii lze rosirit pomoci pridavné desky SHARC
Audio-Extender a to az na Sest stereo vstupu a dvandct strereo vystupiu. Diky tomuto lze
realizovat ruznd méreni v oblasti zpracovani zvuku..

Kli¢ova slova: ADSP-21469, AD 1939, DSP, zpracovani zvuku

1 Uvod

Digitalni signalové procesory lze povazovat za velice mocny inzenyrsky nastroj
dvacatého prvniho stoleti. Tato pokrokova technologie se stale rozsSifuje do mnoha oblasti a
odvétvi, kterd diive patfila standartnim mikroprocesortim nebo osobnim pocitactim. Mezi tyto
oblasti naptiklad patfi:

e komunikace,

e medicina,

e Jokalizace,

e t&zba nerostnych surovin
e hudba,

Kazda z téchto technologickych oblasti rozviji DSP technologii pomoci vlastnich
algoritmi, matematickych rovnic a specifickych pozadavkli dané oblasti. Existuje spousta
flexibilnich zafizeni vybavena digitalnim procesorem a tyto zafizeni jsou navrzeny a
konstruovany tak, aby mohly byt co nejlépe aplikovany v dané technologické oblasti.

Jak jiZ samotny néazev napovida, digitalni signdlové procesory jsou zaméfeny na
specifickou oblast dat, a tou oblasti jsou signaly. Pomoci senzori jsou ziskavany signaly
z redlného svéta, jako naptiklad seizmické vibrace, obrazové a zvukové signdly a mnohé
dalsi. Tyto signaly jsou nésledné zpracovany analogové digitdlnimi pievodniky a pomoci
algoritmi, matematickych operaci a riznych technik jsou dosazeny pozadované vysledky.
V urcitych oblastech, predevsim pak v audio technice, jsou zvukové signaly po digitalnim
zpracovani prevedeny zpét jako analogové signdly, které jsou pomoci reproduktort Sifeny
v pozadovaném smeéru nebo s pozadovanym zpozdénim. Takto vybavena jsou napftiklad
vSechna moderni kina, kter4 nabizeji 3D ozvuceni.
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Pocatky digitalnich signdlovych procesort jsou datovany v Sedesatych a sedmdesatych
letech devatenactého stoleti s prichodem digitalnich pocitact. V té dobé byly pocitace velice
drah¢ a digitalni signalové procesory byly uréeny pouze pro uzkou oblast pouziti v klicovych
oblastech, jako naptiklad bezpecnost zemé reprezentovana radary a sonary, dale pak v oblasti
hledani nerostného bohatstvi, pfedevsim pak ropy. Samostatna kapitola je potom medicina.
TaktéZ s rozvojem vesmirnych cest doslo k rozvoji digitalnich signalovych procesorti (DSP).

Revoluce v oblasti dostupnosti osobnich pocitacti, v osmdesatych letech, pomohla rozvoji
DSP v mnoha oblastech, kromé armadni oblasti se jednalo predev§im o komercni vyuZiti.

-Space photograph enhancement
—> SpaCE -Data compression
-Intelligent sensory analysis by
remote space probes

. -Diagnostic imaging (CT, MRI,

— Medical ultrasound, and others)
-Electracardiogram analysis

-Medical image storage/retricval

. -Image and sound compression
— Commerc:lal for multimedia presentation
-Movie special effects

-Vidco conference calling

D S P — -Vaice and data compression
— Telephone ~Echo reduction

-Signal multiplexing
Filterng

Mili -Radar
> 11ta -Somar

Ty ~Orrdnance guidance
-Secure communication

i -0il and mineral prospecting
—> Industrial ~Process manitaring & control
-Nondestructive testing

-CAD and design tools

i i -Earthquake recording & analysis
— SC [ent[ﬁc -Data acquisition

-Spectral analysis

~Simulation and modeling

Obrazek 1 Oblasti vyuziti DSP (www.analog.com)

2 SHARC 21469 EZ-LITE

V této praci je zaméfeno na digitalni signalovy procesor ADSP-21469 osazeny na

vyvojovém kitu SHARC 21469 EZ-LITE. Tento vyvojovy kit obsahuje toto vybaveni:

e procesor ADSP-21469 450MHz

e pamét typu flash 4M

e SDRAM pamét 16Mb
asynchronni SRAM 1M
SPI pamet’ 16Mb
analogovy audio kodec AD1939
RS-232 UART komunikaéni rozhrani
2 stereo vstupy a 4 stereo vystup
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Obrazek 2 SHARC 21469 EZ-LITE (www.analog.com)

2.1 ADSP-21469 procesor

Jedna se o vysoce vykonny 32-bit/40-bit procesor s pohyblivou fadovou carkou
(Floating-Point DSP) optimalizovany pro audio procesy. Tento procesor je vybaven 5-Mbit
Ram paméti a 4-Mbits ROM paméti umisténé piimo na chipu procesoru. Frekvence procesoru
dosahuje az 450MHz. Velice uzite¢ni se jevi akceleratory pro FIR, IIR a FFT procesy. Ke
komunikaci procesoru s okolim slouzi tzv. DPI a DAI rozhrani, 8 sériovych port, 2 SPI
porty, UART komunikce a PWM modulace.

e Internal Memory
SIMD Core Bk Bilock 1 Blook 2 Biock 3
RAMACM RAMROM AaM FAM
= ¥ —
=L~ S R
[~ 1~ e e s
\wwt nminmu.i saam [ ) e 1000 3281 [
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FERIPHERAL BUS Er
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EEE | |EREEE e
co | 18 = s =0 =
v+ 13 33 : f3ill ¢t
0PI RoutingPins | | Dl Fiouling/Fins | Exiemal Port Pin MUK Port
DR Perij : _/ DAl Peri Sy ¥ Pei ’[ i v

Obrazek 3 Funk¢ni blokovy diagram (www.analog.com)

ADSP-21469 procesor je zalozen na tzv. SHARC architekture. Anglicka zkratka SHARC
representuje slovosled Sharc Harvard Architecture, kterd je navrzena tak, aby co nejlépe
dokézala vyuzit kombinace procesoru a paméti s okolnimi I/O zatfizenimi. Tato Super Harvard
architektura rozsifuje ptivodni koncept oddélené datové a programové ¢asti paméti pomoci
pridavnych I/O sbérnic. Timto je dosazeno nejrychlejsiho mozného zpracovani dat v redlném
Case.
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2.2 ADC/DAC audio kodek AD1939

Jedna se o vysoce vykonny jedno-Cipovy kodek, ktery poskytuje 4 analogové-digitalni
prevodniky s oddélenymi vstupy a 8 digitalné-analogové prevodniky s oddélenymi vystupy.
Podporuje 24-bitové a od 8kHZ do 192kHz vzorkovaci frekvence. Pro komunikaci mezi
kodekem a procesorem je kodek vybaven SPI rozhranim. Toto rozhrani se pouziva pro
inicializaci kodeku a jeho nastaveni. Je moZné nastavit spoustu moznosti, jako napiiklad
hlasitost vystupt nebo délku namétenych vzorkt. Kodek je napajen 3.3V.

FUNCTIONAL BELOCK DIAGRAM
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NFUTIGLTFUT
'
AD1939 L
SERIAL DATA PORT| ey
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| anc] | NG ManscEmERT | | [CONTROL [pac]
,.‘ |CLOCH, AND PLL) -

[RREEREERERE
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| DA | ]
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WOLTAGE
REFERENCE ]
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CONTROL DATA
IKPUTICAUTRPUT

=

Obrazek 4 Funk¢ni diagram AD 1939 (www.analog.com)

2.3 Audio EZ-Extender

Jedna se o tzv. ,,Daughter board®, coz lze interpretovat jako vyvojovou desku, kterou lze
aplikovat na vyvojovy kit SHARC 21469 EZ-LITE a rozsifit tim pocet audio vstupi a
vystupi. Tato deska je primarné urCend pro audio aplikace a je osazena tfemi audio kodeky
AD1939. pomoci téchto kodeki je ziskano 24 vystupt a 12 vstup.

3 Vyuziti SHARC 21469 v audio procesech

Tento vyvojovy kit nabizi Sirokou Skalu aplikaci, které 1ze vytvoftit za ucelem zpracovani
zvukovych signalii v realném case. V tomto ¢lanku je zaméfeno na testovani jednotlivych
kanalid, jejich nastaveni a porovnani.

Vyvojova deska SHARC 21469 je rozSitena a Audio EZ-Extender, ktery dovoluje
pracovat s 12 analogovymi vstupy a 24 digitdlnimi vystupy. Typicka aplikace je zapojeni
jednoho stereo vstupu a nékolika vystupti. V tomto piipadé je preveden jeden sterco
analogovy signdl do vyvojového kitu, tento signdl je nejprve zpracovan analogové-digitalnim
prevodnikem AD1939. Takto digitalizovany signal ptichazi do procesoru ADSP 21469, ktery
ho zpracuje a déle posle do digitdlné-analogového prevodniku, ktery signal zpracuje a pomoci
ptipojenych reproduktort je digitalni signal pieveden na zvukovy signal. Takto lze ovéfit
vSechny vstupy a vystupy na vyvojové desce. Dalsi zajimavou moznosti je digitalizovany
signal upravovat ptimo v procesoru ADSP 21469 a pomoci digitalné-analogového prevodniku
takto upraveny signal poustét v reproduktorech. Lze tak vyzkousSet rizné digitalni filtry anebo
zpozd'ovaci linky.
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Obrazek 5 Typicka testovaci uloha vstupt a vystupii (www.analog.com)

3.2 Testovani analogovych vstupii a AD prevodniku

Je velice dilezit¢ popsat vlastnosti jednotlivych vstupt, pii stejnych pocatecnich
podminkach, a porovnat tyto vlastnosti mezi nimi. Vysledkem tohoto méteni odchylky, které
popisuji jednotlivé vstupy z hlediska jejich kvality a pfesnosti méteni.

V nasledujicim méfeni byla pouzita nejvys$i mozna nastavitelna vzorkovaci frekvence
vstupniho signdlu pro vsechny vstupy. Kazdy jednotlivy stereo vstup se skladd z2
analogovych vstuptli, oznacenych jako levy a pravy kanal. Tyto dva kanaly lze nazvat jako
stereo vstupem. Kazdy ze tfi AD pfevodniku obsahuje dva stereo vstupy.

V osobnim PC je generovany analogovy signal o frekvenci 1000Hz, ktery je pro vSechny
jednotlivé vstupy stejny. Spojeni mezi PC a DSP je realizovan pomoci CINCH kabeld. Takto
jsou zajistény stejné pocatecni podminky pro vSechny testované analogové vstupy.

Pouzité zarizeni: SHARC 21460 EZ-KIT + Audio Extender
Pocet testovanych vstupii: 6 stereo vstupt na Audio Extender desce
Signal Sinus generovany

Frekvence signalu: 1kHz

Vzorkovaci frekvence: 192kHz

Pocet namérenych vzorkii: 256

0,15

Namérené hodnoty pro levy a pravy kanal

01

=)
=)
@

o

Amplituda ¢

90 100
Naméfeny vzorek

=)
=)
@

01

—&—Levy kanal

—fi—pravy kanal

0,15

Obrazek 6 Namétfené hodnoty prvniho stereo vstupu na prvnim AD 1939 pfevodniku

0,001200

Odchylky méfeni mezi levym a pravym kanalem
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0,000200 vY v &

Odchylka

0,000000 -

-0,000200

-0,000400

Obrazek 7 Odchylky mezi dvéma naméfenymi kanaly prvniho AD 1939 ptevodniku
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Obrazek 6 prezentuje naméiena data pro dva vstupni kanaly AD pievodniku, tzv. stereo
vstup. Pro pfesnost méteni zvukovych signalu jsou ocekdvany hodnoty s minimalni
vzajemnou odchylkou. Jak je patrné z obrazku 7 odchylky mezi levym a pravym kanalem jsou
v fadech 10, vyjadieno v procentech se jedna o maximalni odchylku 1%.

0,15

Namérené hodnoty pro levy a pravy kanal

T 1
90 100

Naméfeny vzorek

—4—Levy kanal

—fi—pravy kanal

0,2

Obrazek 8 Namétené hodnoty prvniho stereo vstupu na druhém AD 1939 pievodniku
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Obrazek 9 Odchylky mezi dvéma naméfenymi kandly druhého AD 1939 pievodniku

Postupné byly zkontrolovany vSechny kanaly vSech AD 1939 pievodnikii osazenych na
na Audio Extender desce. Namétfend data na obrazku ¢islo 8 vykazuji odchylky mezi dvéma
kanaly. Tyto odchylky jsou az 10% . Pfi Givaze, ze by vSechny vstupni kanaly byly vyuzity pro
kontinudlni méteni dat, bude potieba pocitat s touto nepiesnosti a bud’ ji kompenzovat a nebo
rovnou neptesny kanal vytadit s méfici soustavy.

3.3 Vyuziti FFT akceleratoru pro analyzu signalu ve frekvenc¢ni oblasti

Jak jiz bylo zminéno v kapitole 2.1 samotny procesor SHARC 21469 obsahuje
akcelerator pro FFT vypocet. Zde je n€kolik moznosti jak a kde vyuzit tohoto dopliku.
PfedevS$im se nabizi moznost rychlé transformace signdlu naméteného v Casové oblasti do
frekvencni a jeho nasledné analyzy. Pro dalsi test byl generovany jednoduchy signal sinus.

Pouzité zarizeni: SHARC 21460 EZ-KIT
Signal: Sinus

Frekvence signalu: 500Hz

Vzorkovaci frekvence: 48kHz

Pocet namérenych vzorkii: 256

55



15

Sinus 500Hz

e
5

Amplituda
o

Naméfeny vzorek

\

C
C

—4—Sin

15

Obrazek 10 Generovany signal pro naslednou analyzu s vyuzitim FFT akceleratoru
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Sinus 500Hz ve frekvencni oblasti
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Obrazek 11 Frekvencni oblast sinusového signalu vypocétena pomoci FFT akceleratoru

Generovany sinusovy signal o frekvenci 500Hz je vyobrazen na obrazku 10. Jeho
transformace do frekvencni oblasti byla provedena za pomoci FFT akceleratoru, ktery je
soucasti procesoru SHARC 21469. Vysledek po vypoctu je vyjadien redlnou a imaginarni
slozkou. Z téchto slozek je pak jednoduché vypocitat amplitudu a fazi.

3.3 Vyuziti FIR akceleratoru

Samotny FIR filtr Ize pouzit naptiklad pii zjiSténi hodnot, které se nachazeji mezi dvéma
naméienymi vzorky. Pokud je napiiklad potieba zpozdit naméfeny signal o celé vzorky, neni
to problém. Pokud je vSak zadouci zpozdit signal o hodnotu odpovidajici zlomku celého
vzorkovaného signalu, je FIR filtr idedlnim néstrojem.

Pouzité zarizeni: SHARC 21460 EZ-KIT
Signal: M¢éteny mikrofonem
Vzorkovaci frekvence: 48kHz

Pocet namérenych vzorkii: 256
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Obrazek 12 Naméfeny signal
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Obrazek 13 Naméreny signal — zpozdény uzitim FIR akceleratoru funkce o 0,0005
sekund

0,8
Detailni porovnani dvou signall a jejich vzajemné zpoZdéni 0,71 vzorku
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4 Zavér

Tento ¢lanek je velice struéné zaméfen na popis a vyuziti vyvojového kitu SHARC 21469
EZ-LIT. Jedna se o vyvojovy kit firmy Analog Devices, ktery je uréen pro praci se signaly.
Rozsiteni toho zakladniho kitu o ptidavnou desku, obsahujici 6 analogovych stereo vstupt a
12 analogovych stereo vystupil, dostaneme komplexni métici néstroj, kterym lze zpracovavat
audio signaly. M¢éfené lohy jsou kratce popsany a namétené vysledky prezentovany ve forme
grafii. Samotné hardwarové a softwarové feSeni pro jednotlivé tlohy v tomto ¢lanku neni,
z davodu velkého rozsahu, mozné rozebrat.

5 Pouzita literatura
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Ovéreni nové technologie vozby vlakii simula¢nim modelem

LORENZ, Filip
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Abstrakt: Clanek se zabyvd tvorbou simulacniho modelu, ktery slouzi k ovéreni nové
navrhované vozby vlakii na vybraném useku. V casti prvni je charakterizovana reSena
problematika zabyvajici se obéhy lokomotiv podilejicich se na prepravach v ramci celostdtni
zZeleznicni sité. V nasledujici kapitole je uveden simulacni software, ktery byl pro reSeni dané
problematiky vybran a nutné vstupni udaje, které jsou nezbytné pro tvorbu simulacniho
modelu. Nasleduje kapitola zabyvajici se vlastni tvorbou modelu pro konkrétni pripad
z praxe. Zaveérecna kapitola shrnuje vysledky dosazené simulacnimi experimenty.

Klicova slova: simulacni software, simulacni experiment, model, hnaci kolejové vozidlo,
obéhy vozidel.

1 Uvod

Zelezniéni doprava je uréena zejména k piepravé vétsich objemd zbozi na delsi
technicka zakladna, kterd je vyuzivana. Této skutecnosti odpovida i vyssi pofizovaci cena této
techniky. Proto je nutno, aby tato technika byla vyuZivdna maximalné efektivné, byla co
nejvice v provozu a méla co nejméné prostoj.
poctem vozidel, kterd jsou schopna predpokladany objem vykonl v pozadované kvalité
zabezpecit. To se tykd zejména lokomotiv, které predstavuji nejnakladnéjsi ¢ast zeleznicni
dopravy, a proto je u nich kladen nejvétsi diraz na jejich efektivni vyuziti.

Jednim zmozZnych a v soucasnosti stile cCastéji vyuZivanym zplsobem ovéfovani
navrzenych fesSeni je vyuziti simulacniho softwaru. Simula¢ni software umoziuje ovéfit, zda
navrzeny zpusob organizace a fizeni systému je za danych vstupnich podminek schopen
naplnit pozadavky od néj ocekdvané. Muzeme zminit nékteré Clanky zaméfené na uziti
simulace v dopravé — viz. ¢lanky [1] az [4]. Pro Zelezni¢ni dopravu je typickym piipadem
ovéieni, zda uvazovany pocet lokomotiv je schopen zabezpelit odvoz pozadovaného
mnozstvi vlakda.

Moderni zpiisob ovérovani navrzenych feSeni pomoci simula¢nich technologii vyuziva i
spolecnost Advanced World Transport (dale jen AWT). Jeden zieSenych piipadd bude
predstaven v tomto ¢lanku.

2 Popis FeSené problematiky

V ramci Zelezni¢nich pfeprav na siti celostatni drahy SZDC, které realizuje spoleénost
Advanced World Transport a.s., bylo u jedné z relaci, na které se realizuje vétSi objem
pfeprav, navrzena moznost zmény v technologii vozby. V soucasnosti totiz kazdy vlak z této
relace ma pridélenu lokomotivu, ktera odveze vlak na této relaci, a dale mohou nésledovat
vykony na jinych tratich. Nové je navrzena technologie odvozu zatéze, v niZ je zasadni
zménou alokace lokomotivy na vykony na konkrétni zelezni¢ni trati nebo jejim useku.
Lokomotiva zde mlize realizovat pfepravu vlaki riiznych ptepravnich relaci.
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Cilem je tedy stav, kdy vlaky nebudou muset c¢ekat na ptid€leni lokomotivy pro
pfepravu, ale budou pouzity lokomotivy specialné vyhrazené pro piepravy na této trati,
které budou neustale operovat vyhradné na této trati. Vzhledem k proménlivému poctu
vlaki, které jsou na této trati ptepravovany, jsou v tomto piipadé obavy, zda bude pro
ur¢ené lokomotivy dostatek prace.

Ulohou simulaéniho software je provéient, jaky pocet lokomotiv je vhodné pro tyto
obéhy wvyclenit, aby byl kdispozici dostatecny pocet lokomotiv pro odvoz
pfedpokladaného objemu pieprav a pocet lokomotiv nebyl naddimenzovany a aby
nedochazelo ke zbyte¢nym prostojam.

Simula¢ni model byl sestaven v software Witness spole¢nosti Lanner Group. Tento
software piivodné potidila spole¢nost AWT pro ovéfovani kapacitnich moznosti vlecek,
ale diky jeho univerzalnosti je mozno jej vyuzit pro Siroké spektrum aplikaci nejen
z Zelezni¢ni dopravy.

K sestavé simula¢niho modelu je potfeba mit k dispozici nékolik vstupnich tdajh.
Mezi n¢€ patii zejména:

e Pocty vlakl piepravovanych na dané relaci za zvolené casové obdobi,

e jizdni doby,

e doby trvani technologickych operaci (zkouSka brzdy, technickéd/piepravni
prohlidka),

e pocet lokomotiv, které maji byt na danou relaci nasazeny,

e dalsi ¢asové tdaje v zavislosti na pozadovanych rozsitenych variantaich modelu.

Jako vstupni data byly pouzity skutecné¢ udaje zjisténé v redlném zeleznicnim
provozu. Pocty vlakl byly zjiStény analyzou realizovanych zakazek za obdobi jednoho
meésice bezprostiedné predchéazejiciho pred datem sestaveni modelu tak, aby byly
k dispozici nejaktualngj$i tidaje. V ramci pocti vlakii byly sestaveny dvé varianty
modelu, pficemz v prvni varianté bylo uvazovano pouze s pocty vlakid pravidelnych a
ve druhé varianté se uvazovalo kromé¢ vlakl pravidelnych i s vlaky spotovymi (vlaky,
které jezdi dle potfeby, bez pravidelného harmonogramu).

Jizdni doby byly v prvni fazi pro zjednoduSeni uvazovany konstantni, stejné jako
doby technologickych operaci. Co se tyCe poctu lokomotiv, zatim bylo uvazovano
pouze sjednou lokomotivou a az na zékladé trovné vyuziti této lokomotivy bude
rozhodnuto o navyseni tohoto poctu.

Na zakladni simulaéni model poté navazuji rozSifené varianty, jejichz cilem je
priblizit se vice realité. Tyto ,néastavby“ zadkladniho modelu jsou popsany podrobnéji
v nésledujici kapitole, kterd bude popisovat feSeni konkrétniho ptipadu a jeho postupné
roz$ifovani.

Validace a verifikace simulaéniho modelu vychazi ze splnéni podminek jizdnich
dob a technologickych operaci, které jsou pro zelezni¢ni dopravu nutné. Vzhledem
k tomu, ze simulacni model je vytvofen pro modelovani nové navrzené technologie
vozby vlaki nelze jej dal§im zplisobem validovat a verifikovat.

3 ReSeni prikladu z praxe

Vramci prvi faze bylo rozhodnuto o sestavé zdkladniho modelu, ktery bude
obsahovat pouze zékladni ¢innosti tykajici se Zelezni¢ni dopravy. V ramci modelované
relace je uvazovano s poCty vlakd, uvedenych v tabulce 1 — tyto pocty vychdzeji
z evidence za zvoleny kalendaini mésic.
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Tabulka 1: Pocty piepravovanych vlaki

. Pocet vlakii
Smér . > " . .
Pravidelné Pravidelné + Spotové
Stanice 1 > Stanice 2 62 71
Stanice 2 > Stanice 1 56 63

Vramci procesu bylo uvazovano s variantou, kdy pfed odjezdem se provedou
technologické operace, jejichz celkové trvani bylo vzdy stanoveno na 120 minut. Poté
nasleduje jizda vlaku, jejiz doba byla pro feSeny usek stanovena na 240 minut (v praxi je
obvykle dosahovano hodnot nizsich, ale z hlediska moznych nepravidelnosti v dopravé je
koncové stanice nastavaji pouze tfi moznosti:

1) Lokomotiva je pfitazena k technologickym operacim pied odjezdem vlaku s naslednou

realizaci jizdy (v této koncové stanici je vlak, ktery je mozno odvést),

2) lokomotiva se vraci strojn¢ do vychozi stanice (v koncové stanici neni k dispozici vlak, ktery
by bylo mozno odvést, ale vlak je k dispozici opét ve stanici, ze které byl dovezen piedchozi
vlak),

3) lokomotiva ma prostoj (v relaci neni k dispozici zadny vlak, ktery by bylo mozno odvést).

Model sestaveny za vySe uvedenych moznosti je zékladnim modelem, na ktery budou
nasledovat rozsifené varianty. Jiz po sestaveni a provedenych experimentech s timto modelem
je vsak mozno vyhodnotit ziskané vyuziti lokomotivy.

Jednou z moznosti, jak déle rozvijet jiz pfedstaveny model je sestaveni varianty, ve které
bude zvysen pocet lokomotiv. Byl vS§ak upfednostnén rozvoj stavajiciho modelu do podoby,
ktera bude jesté 1épe odrazet skutecné fungovani zeleznicni dopravy. Pozornost v dal§im
rozvoji simulacniho modelu byla zamétena na zdokonaleni modelu do podoby Iépe odrazejici
realny provoz. Pozornost byla postupné zaméfena na dvé problematiky:

a) Zohlednéni ¢ekani lokomotiv na nasledujici vlak (eliminace strojnich jizd),
b) zohlednéni dodrzovani FPD (fondu pracovni doby) strojvidct.

ad a)

Jak jiz bylo uvedeno v ptedchozi kapitole, pfi dojezdu do koncové stanice mohly nastat 3
zakladni stavy oznacené 1) — 3). Obecné platilo, Ze lokomotiva nikdy necekala na potencialni
vlak, ktery se mohl objevit ve stanici, v niz se lokomotiva aktualné nachazi. Namisto ¢ekani
okamzité, kdyz byl k dispozici pozadavek (i ve druhé koncové stanici), byl k vlaku ptifazen.
Toto neni vhodny stav, pokud byl pozadavek v druhé koncové stanici, protoze u tohoto
pozadavku vznikaji neefektivni strojni jizdy. Cilem prvni Upravy bylo doplnéni modelu o
moznost vyckani lokomotivy ve stanici, i kdyz je v opacné koncové stanici pozadavek, za
ptedpokladu, Ze je znamo, Ze ve stanici, ve které se aktudlné lokomotiva nachazi, bude ve
zvoleném casovém obdobi k dispozici vlak, ktery bude mozno odvést. Diky této upravé je
mozno dosdhnout snizeni poctu strojnich jizd. Lokomotiva totiZ nejprve vycka (v ramci
stanoveného intervalu) na novy pozadavek ve stanici, ve které se nachazi, a splnéni
pozadavku v druhé koncové stanici nebude tedy predchézet strojni jizda, ale jizda s vlakem.
Ptestoze narostou u lokomotivy ¢ekaci doby, budou eliminovany strojni jizdy, coz je daleko
kdeZto pfi strojni jizd¢ se jedna o spotiebu energii a platbu za dopravni cestu.

ad b)

Nasledujici varianta se zamétuje na fizeni ob¢hti lokomotiv s pfihlédnutim ke sméndm
strojvedoucich. Predchozi varianty totiz piihlizely pouze k obéhiim lokomotiv ve vztahu
k pozadavkliim na ptepravy. Dilezitym faktorem ovliviiujicim ob&hy lokomotiv je vSak i
pracovni doba strojvedoucich.
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V této modifikaci tlohy byl simulaéni model doplnén i o sledovani priabéhu smény
strojvedouciho. Cilem bylo zajistit ob&éh lokomotiv tak, aby strojvedouci vykonavali co

velmi ¢asto dochdzelo k situaci, Ze FPD byl vyc€erpan v pribchu jizdy na trati. Zde vSak
obvykle nemtize dojit ke stfidani strojvedoucich. Stfidani je zajiSténo az v koncové stanici,
takZe do doby dojezdu se strojvedoucimu nacitaji pres€asova prace.

Nyni je situace vyfeSena tak, Zze pokud pied odjezdem vlaku ze stanice je ziistatek FPD nizsi,
nez je stanoveny limit (nejlépe jizdni doba mezi stanicemi), jizda lokomotivy se nerealizuje a
vyc¢ka se na dobéhnuti FPD soucasného strojvedouciho. Stfidani se tedy realizuje ve stanici,
aniz by strojvedoucim plynul piescas.

Zde je samoziejmé otdzkou, zda je vyhodnéjsi, aby vlak nevyjel a ¢ekal ve stanici na
sttidani strojvedoucich, nebo je ekonomicky vyhodnégjsi, aby vlak vyjel ze stanice neprodlené
po odbaveni, strojvedouci pracoval piescas (pokud jiz neni vyCerpan zadkonny limit objemu
ptescasll) a vlak byl odvezen co nejrychleji. Tim eliminujeme prostoje lokomotiv.

Po sestaveni simula¢niho modelu a provedenych simulacnich experimentech byly ziskany
vysledky uvedené v tabulce 2.

Varianty modelu:

1x: Simulaéni modely, u kterych se uvazuje pouze s pravidelnymi vlaky,

2x: simula¢ni modely, u kterych se uvazuje s pravidelnymi + spotovymi vlaky,

xa: zdkladni simula¢ni modely, bez zohlednéni c¢ekéani lokomotiv na nasledujici vlak,
xb: simula¢ni modely zohlediujici moznost ¢ekani lokomotiv na nasledujici vlak ve
stejné stanici,

xc¢: simulaéni modely zohlednujici dodrzovani FPD strojviidct.

Tabulka 2: Piehled ziskanych vysledki

Piehled ziskanych vystupii simula¢nich modela
Model | Model | Model | Model | Model | Model
1a 1b 1c 2a 2b 2¢
Vyuziti lokomotivy %] 96,9 95,3 98 100 99,7 99.9
Prostoj lokomotivy % 3,1 4,7 2 0 0,3 0,1
Podil éinnosti - %l 292 | 202 | 289 | 323 32 32
technologické operace
Podil ginnosti %l 583 | 583 | 573 | 646 | 641 | 635
vozba vlaku
Podil €innosti - %| 94 7.8 8.9 3.1 3.6 3.1
strojni jizdy
Podil &innosti = =1, 1 0 2.9 0 0 13
¢ekani na stiidani
Pocet strojnich jizd - 18 15 17 6 7 6
Max1ma1rv11 pocet ‘Vlaku ve | 3 3 4 7 7 7
fronté — Stanice 1
Maximalni pocet vlakl ve
fronté — Stanice 2 ) 1 3 2 4 4 4
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Z dosazenych vysledkil je mozno vidét, ze i pro zékladni variantu, kterda uvazovala pouze
s pravidelnymi vlaky, dosahuje vyuZiti lokomotivy vice nez 96%, coZ lze povazovat za velmi
pretizeny systém, nebot’ za optimalni vyuziti prostiedkii se v Zelezni¢ni dopravé uvazuje
s hodnotou cca 70%. Pro variantu modelu, ve kterém jsou krom¢ pravidelnych vlaki zahrnuty
1 spotové prepravy, je vyuziti lokomotivy 100%, coz jiz zcela jednozna¢né znamena, Ze jedna
lokomotiva je pro planovany objem pieprav nedostacujici. Diky tomu, Ze se jednd o pietizeny
systém, nelze ani vysledky 2. varianty modelu povazovat za relevantni a pozornost je mozno
zamétit pouze na vysledky modeld 1a — 1c.

Je mozno vidét, ze diky sestaveni varianty modelu 1b se podatilo oproti zakladni varianté
snizit pocet strojnich jizd a tim 1 nepatrné snizit vyuZiti lokomotivy (ovSem za cenu vysSich
pocta vlakti hromadicich se v koncovych stanicich). Varianta modelu lc zase ukazuje, ze
upravou modelu je mozno vyfiesit také piekracovani FPD. Ziskané hodnoty u modelii 1b a 1c
jsou vsak variabilni a zavisi na vysi tolerance, kterd se u simula¢niho modelu stanovi jako
rozhodna hodnota (Cas po ktery se ¢eka na dalsi vlak ve stejné stanici/ ¢as na dobéhnuti FPD a
vystiidani strojvedouciho ve stanici).

4 Zavér

Problematika ptedstavena v tomto ¢lanku miize byt povazovéna za ukéazkovy ptiklad
efektivniho vyuziti simulacnich metod. Simula¢ni model sestaveny na zaklad¢ skute¢nych
udajii z provozu dokézal dopiedu ovéfit redlnost navrhu nové technologie vozby vlak
spole¢nosti AWT. Ukazalo se, Ze navrhovany zptsob organizace vlakové dopravy je realny.
Diky simulaénimu modelu bylo navic ovéfeno, Ze navrhovany pocet lokomotiv nebude pro
dany objem dopravy dostate¢ny a bude potieba navysit pocet lokomotiv. Diky ovéteni pomoci
situacniho modelu byl problém nedostatku lokomotiv odhalen jesté pfed ostrym provozem,
takze je mozno na situaci reagovat s predstihem a nikoliv az v okamziku, kdy se nedostatek
lokomotiv projevi az v redlném provozu.

Diky univerzalnosti pouzitého simula¢niho software bylo mozno navic vyuzit nastroj,
ktery byl piivodné spole¢nosti AWT potizen ke zcela jinym ucelim a ktery je schopen fesit
Siroké spektrum problémi nejen v oblasti Zelezni¢ni dopravy.

S podporou provedenych simulacnich experimentli byl navrzeny zplsob technologie
odvozu vlakd zaveden do bézné praxe. Vzdy je tfeba kalkulovat s jistou dobou, nez se vyhody
nové technologie naplno projevi, protoze fizeni provozu (alokace kapacitnich zdroji:
lokomotiv, vozli a personalu) je provadéna lidskym cCinitelem, ktery si musi novy zpusob
prace a uvazovani nejprve osvojit. Pfesto bylo ihned po zahdjeni realizace dosaZzeno navyseni
pramérného denniho kilometrického probéhu lokomotiv o 20-30%, pfi¢emz potencial je jeste
VySSi.
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Abstract: This article presents an approach to multi agent distributed control and heating
system coordination. This heating system is composed of heterogeneous heating plant
subsystems. The demand on the whole system is to provide the total heat output. The multi
agent distributed control system is designed to optimize the plant configuration and operative
strategies and to minimize chosen operating costs. The automated control using multi agent
approach increases the speed of global optimization and system reconfiguration time. It helps
to make the system less dependent on human factor and more resilient for human errors. The
group of heating plants is fully automated and coordinated on the basis of total heat output
requirement and local plant criteria. In advance, the presented solution provides the
intelligent reconfiguration of the heating system in the case of exclusion, inclusion or failure
of a subsystem.

Keywords: multi agent systems, coordination of PLC, plant control

1 Introduction

Heating a place we live in has always been and still is a basic human necessity for living.
This requirement enables us to live and work in locations with low temperature. In the past
the heating solutions were simple. An open fire on the floor of a tent or a simple shelter, made
it possible to survive in a hostile environment. However, as civilisation developed there was
migration from the countryside to the towns and cities and into bigger and bigger houses,
creating a requirement for more elaborate heating systems.

The purpose of a good heating system is to create the best environment as possible. The
construction of the building with a well designed heating system, associated with good
automatic controls, minimises the heating requirements and emissions radically. This article
aims on optimising the larger heterogenic heating systems where collaboration between
subsystems gives the appropriate advantage.

The idea of autonomous agents collaboration in proposed problems solving is a strong
analogy for the engineering of distributed and interoperable software systems. This multi
agent approach presents an innovative level of abstraction of knowledge level cooperation
between autonomous systems that improves distributed systems scalability, interoperability
and enhance configuration options. However, the promise of the agent approach has been
largely unrealised in the distributed software engineering community. This is primarily due to
the inherent complexity of constructing collaborative agent systems. Moreover, next factor is
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the current lack of standards for agent technology. More information about multi agent
systems is in Brooks, Durfee, 2003 or Wooldridge, 2009.

One of possible approaches for coordination in agent based system is negotiation which is
used in this paper. With negotiation, the agents engage in dialogue, exchange proposals with
each other, evaluate other agents’ proposals and then modify their own proposals until a state
is reached and all agents are satisfied with the set of proposals. Typical negotiation
mechanisms are based on game theory, some form of planning or human-inspired negotiations
Further information are in Nwana, Lee, Jennings, 1996.

2 System Description

The controlled system is composed of heterogeneous heating plants. Individual heating
plant is considered as a subsystem that can be controlled separately by the programmable
logic controller (PLC). PLC can be handled manually by operator or automatically by
Ethernet packets. All subsystems are connected to the same private local area network
infrastructure in order to enable the internal communication in the system.

The system consists of different types of heating plants which can originate from
different manufacturers, can be fuelled by various substances and can produce various heat
power. However, some restrictions can also exist in particular cases. For example, the output
heat power of several particular subsystems has to be equal. This is the typical case of gas-
fired heating plants which are connected to the same source of gas supply. Thenceforward, we
will refer to all these restrictions or requirements as local criteria of subsystem.

The main demand on the whole system is to provide the desired total heat output. Thus,
the control system divides the power optimally into chosen subsystems in order to minimize
the operating costs of the entire system. The system configurations still comply with all local
criteria. The change of total heat output or system capabilities is also possible, but this change
induces an automatic reconfiguration of the system with a view to find new optimal solution.
Events generated by PLC are also considered as a reason for new optimisation start up. The
automatic reconfiguration is typical in cases of inclusion, exclusion or failure of subsystem.

The main motivation of this approach is to eliminate the manual control due to the
complexity of problem. The more number of heating subsystems and local criteria, the more
complex problem and the faster reconfiguration is required. Moreover, a small change can
lead to extensive reconfiguration.

3 System infrastructure and Solution

We present the multi agent approach as one of possible solutions for defined problem.
The multi agent control system (MACS) runs on computers and it is based on java platform.
The multi agent part of system is implemented in JADE framework and its communication
with PLC is realised directly with using the socket connection. Agents use standardised agent
communication language (ACL) and in our approach, the FIPA ACL implementation is used,
more in FIPA Specification, 1998. Therefore, the further multi agent system can be easily
connected and integrated to this MACS. Extensibility, standardisation and distribution of
agents are the main advantages of this solution.

MACS is designed in such way that each of subsystems has its own agent (the
representative agent). This agent is the representative of its subsystem’s local criteria and it
presents the main communication point between its subsystem and the other agents of MACS
subsystems and its specific PLC. Therefore, the implementation of this agent contains extra
communication protocol and interface to communicate with the appropriate PLC.

MACS also contains an agent to coordinate and optimize the entire system (the
coordination agent). The coordination agent communicates with the human operator by using
the graphical user interface (GUI) on the PC or tablet. The agent takes over new requirements
from the operator or responds to changes in the system. The changes are typically registered
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by the representative agents and they alert other agents in the MACS. When a claim to the
system configuration change appears, the coordination agent will require current local
information from all available subsystems and subsequently carries out multi-criteria
optimization to find the optimal configuration for the desired output.

The simple ad-hoc integration of the new subsystem, change configuration of existing
subsystem, temporary or complete shutdown of the subsystem are the benefits of the MACS
solution. The system does not need to be shut down or restarted in the case of subsystem
changes. The only necessity is to configure the appropriate agent for changed subsystem.
Everything can be done dynamically while the system is running. Moreover, the indisputable
advantage is that the multi agent approach is implicitly a distributed system. This
characteristic can be utilised for increasing system reliability and robustness. For example, we
can add an agent backup strategy which makes a copy of each agent on various computers in
case that a computer node is unexpectedly shut down or has an unexpected failure. The
backup agents cyclically control their accessibility to their originals and they replace the
original agent’s functionality in case of the original one is unreachable.

4 Conclusion

This article is focused on multi agent distributed control system. This multi agent control
system consists of heterogeneous group of heating subsystems. The proposed control system
is able to coordinate all subsystems and achieve optimal total operating costs with regard to
local criteria of subsystems. Furthermore, the system is designed for ad-hoc reconfiguration of
subsystems and their dynamic changes. Each change can start the optimisation process. The
system can also dynamically add or remove a heating subsystem or it can effectively react on
its failure.

The first part of the article describes the controlled system and the architecture of multi
agent control system is characterized in the second part of the contribution.
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Porovnanie vysledkov experimentu na zaklade pouzitia
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Abstrakt: Prispevok porovnava predikcné modely hrubky vytvoreného zinkového
povlaku, ktoré boli zostavené pomocou klasickych statistickych metod a pomocou principov
neuronovych sieti. Pri predikénom modeli, ktory bol zostaveny s vyuzitim principov umelej
inteligencie, bola pouZita neuronova jednotka vyuzivajuca adaptivny optimalizacny
algoritmus Levenberg-Marquardt. Hrubka zinkového povlaku, ktora sa vytvori na povrchu
vzorky zliatiny S355 EN 1025, bola sledovand pre povrchovii pridovii hustotu 3 A-dm™. Pre
predikcny model zostaveny pomocou neuronovej jednotky sa navyse sledoval aj vplyv poctu
trénovacich dat na vyslednu presnost zostaveného predikcného modelu.

KPucova slova: neuronove siete, povlaky, vysledky experimentu, zinkovanie

1 Uvod

Galvanické zinkovanie je znaCne rozSirena protikordzna ochrana ocele, nezeleznych
kovovych zliatin ako aj nekovovych vodivych materidlov, pre svoju jednoduchost’ a cenova
dostupnost’ [Vita a kol. 2011], [Ballesteros a kol. 2007], Jedna sa o elektrolyticky proces
vylucovania zinkového povlaku na povrchu katédy. Takyto povlak, katodicky a bariérovo
[Yadav a kol. 2007], chrani povrch stciastky pred neziaducim vplyvom, prostredia[Jong-Min
a kol. 2006], [Zhang a kol. 1993]. Povrchové textira, ako aj morfolégia povlaku je silne
zavisla na prevadzkovych podmienkach [Xia a kol. 2009], medzi ktoré patri povrchova
pradova hustota [Mackinnon a kol. 1986], pH [Alfantzai a kol. 2001], a teplota elektrolytu
[Gombar a kol. 2014], chemické zlozenie elektrolytu [Badida a kol. 2013], aditiva [Michal
a kol. 2013] a necistoty [Vagaska a kol. 2013]. Aby sa dosiahla pozadovana kvalita povlaku,
je potrebné tieto faktory udrziavat’ na optimalnej urovni [Gombar a kol. 2013]. Uréit
optimalne prevadzkové parametre je pomocou matematicko—Statistickych procesov narocné
[Hrehova a kol. 2012], [Evin a kol. 2013], pretoze uz aj uvazovanie niekol’kych parametrov
vedie k zlozitému analytickému rieSeniu. Na druhej strane, pouzitie umelej inteligencie
k vyhodnoteniu experimentalne ziskanych dat predstavuje svoje vyhody, hlavne pre ich
schopnost’ zostavit’ presnejsi predikény model za kratsi cas [Bukovsky a kol. 2010], [Gupta
a kol. 2012].

2 Realizacia experimentu

Pre ucely experimentu boli pouzité vzorky materidlu S355 EN 10025 s rozmermi
100,00x70,00x0,50 mm. Pred nanesenim zinkového povlaku bola kazda vzorka oSetrena
nasledovnym sposobom:
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1. Odmastenie vo vodnom roztoku 0,6 % uhli¢itan sodny; 0,06 % amin c 18-primarny
etoxylovany; 0,15% mastny aminethoxylat; 0,6 % metakremiCitan sodny
pentahydrat; 0,6 % hydroxid sodny 7=50 °C, =3 min.
Opléachnutie v destilovanej vode.
Morenie vodnom roztoku HCI 18 %, 7=18 °C, =1min.
Opléachnutie v destilovanej vode.
5. Vysusenie stla¢enym vzduchom.

Po vysuSeni bola vzorka okamzite ponorend do pripravené¢ho elektrolytu a nasledne bol
spusteny proces kyslého galvanického zinkovania.

K identifik4cii vztahu medzi hribkou vyluceného zinkového povlaku a faktormi, ktoré
ovplyviuju proces galvanického zinkovania bol realizovany planovany experiment. Jadro
planovaného experimentu tvoril centralny kompozitny plan pre Sest’ faktorov, ktoré
ovplyviiuji proces galvanického zinkovania. Podl'a tohto planu experimentu bolo riadené
chemické zlozenie pouzitych elektrolytov a prevadzkové podmienky technologického procesu
galvanického zinkovania. Okrem hlavnych zloziek boli do elektrolytu pridané aj aditiva,
ktorych mnoZzstvo bolo vzdy konStantné a preto sa s nimi neuvazovalo ako so samostatnymi
faktormi. Po naneseni zinkového povlaku na jednotlivé vzorky bola merand jeho hribka
v oblasti s povrchovou pradovou hustotou 3 A-dm™. Tabulka 1 zobrazuje prevody medzi
prirodzenou a kédovanou mierkou. Kédovand mierka bola pouzitd za ucelom odstranenia
vplyvu absolutnych hodndét na presnost’ zostaveného predikéného modelu.

nal el N

Tabul’ka 1: Prevod medzi prirodzenou a kodovanou mierkou
Faktor Faktorova aroven
Koédovana mierka | Prirodzena mierka | -2,37 -1,00 0,00 +1,00 | +2,37
X; Zn[mol.I"] 0,06 0,34 0,54 0,73 1,01
X Cl mol.I'"] 0,70 2,26 3,39 4,51 6,07
X3 H3B03[m01.l'1] 0,10 0,32 0,49 0,65 0,87
X4 U[V] 1,62 3,00 4,00 5,00 6,38
X5 T[°C] -3,78 10,00 | 20,00 | 30,00 | 43,78
X T[min] 3,11 10,00 15,00 | 20,00 | 26,89

4 Vysledky a diskusia

Na zidklade nameranych hribok zinkového povlaku apodmienok galvanického
zinkovania, ur¢enych planovanym experimentom, boli zostavené predikéné modely popisujice
vyslednu hrubku naneseného zinkového povlaku. Predikéné modely boli zostavené na zaklade
matematicko-Statistickych procesov a na zéklade principov umelej inteligencie, konkrétne bola
pouzita kubickd neurénova jednotka vyuZzivajuca adaptivny optimalizaény algoritmus
Levenberg-Marquardt [Bukovsky a kol. 2010], [HoSovsky a kol. 2012], [Hrehova a kol. 2013]
[Pitel a kol. 2013]. Okrem zostavenia predikéného modelu, bolo cielom vyskumu urcit
a vplyv mnozstva trénovacich dat na presnost’ zostaveného modelu. Konkrétne sa po zostaveni
modelu, z celého stiboru trénovacich dat, odobrala jedna vzorka (hriibka vyli¢eného povlaku
a prevadzkové parametre zinkovania pre danti vzorku) a bol zostaveny novy predikény model.
Na obrazku 1 a2 je zobrazeny vysledok po zostaveni predikénych modelov pomocou
Statistickych metdd (obrazok 1) a pomocou neurdénovej jednotky (obrazok 2) pri pouziti
vSetkych 46 dostupnych vzoriek hrubok vylucenej zinkovej vrstvy. Oba obrazky porovnavaja
rozdiely medzi nameranou a vypocitanou hrubkou zinkového povlaku. V pripade predikéného
modelu, ktory bol zostaveny pomocou matematicko-statistickych vyhodnocovacich metod
(obrazok 1), je vidiet' znacné odchylky vypocitanych hodnot od priamky ideéalnej predikcie.
Tieto rozdiely medzi nameranou a vypocitanou hribkou zinkového povlaku do zna¢nej miery
znizuju spolahlivost’ zostaveného modelu. Na druhej strane predikény model zostaveny
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pomocou neurénovej jednotky (obrazok 2) vykazuje podstatne mensie rozdiely medzi
nameranou a vypocitanou hodnotou vylic¢eného zinkového povlaku. Je potrebné brat’ na
vedomie, ze spol'ahlivost’ zostaveného modelu je do urcitej miery znizena zapornymi rozdielmi
medzi nameranou a vypocitanou hodnotou hrabky vyluceného zinkového povlaku. Zaporné
rozdiely v hrabke povlaku mézu spdsobit’ znizenie kordznej odolnosti povrchu v pripade
optimalizécie technologického procesu na zdklade tohto predikéného modelu.
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Obrazok 2: “Neuronovy* predikény model
pre subor 46 trénovacich dat

Obrazok 1: “Statisticky* predikény model
pre subor 46 trénovacich dat

V tabul’ke 2 st uvedené vypocitané hodnoty spolahlivosti (Adj.) pre matematicko-
Statistické predikéné modely (S.P.M) a predikéné modely zostavené pomocou neurénovej
jednotky (N.P.M) pre rozne velké subory trénovacich dat. Spolahlivost’ Statistického
predikéného modelu sa pohybuje vrozmedzi od 30% do 60 %, pricom najvysSiu
spolahlivost’ 58,75 % dosahuje tento model len pri pouziti celého suboru trénovacich dat, t.j.
46 nameranych hrubok zinkového povlaku. Postupnym znizovanim mnozstva hodndt v stibore
trénovacich dat dochadza k rychlemu poklesu spolahlivosti zostaveného modelu. V pripade
pouzitia trénovacieho suboru, ktory obsahoval menej ako 38 nameranych hodndt hribok
zinkového povlaku, klesa spol'ahlivost’ zostaveného predikéného modelu pod uroven 25 %, ¢o
neumozinuje pouZitie v technickej praxi. Oproti tomu predikény model, ktory bol zostaveny
pomocou neurénovej jednotky vykazuje spol'ahlivost’ predikcie hrubky vyluceného zinkového
povlaku v rozmedzi od 90 do 100 % ato aj v pripade, kedy bol na zostavenie predikéného
modelu pouzity trénovaci subor dat obsahujuci 30 hodndt nameranych hribok vyliceného
zinkového povlaku. Takato vysokd schopnost predikcie umoziiuje pouzitie zostaveného
predikéného modelu k optimalizacii technologického procesu galvanického zinkovania
z hladiska casovych a finanénych aspektov, vratane mnozstva spotrebovanych zloziek
pouzivanych elektrolytov.

Tabulka 2: Spol'ahlivost’ zostavenych predikénych modelov

Pocet trénovacich dat | 46 45 44 43 42 41 40 39 38
Adj. SP.M 58,75 | 53,8 | 45,58 | 46,26 | 45,6 | 44,64 38,73 | 32,88 | 32,86
[%0] N.P.M 94,61 | 94,34 ] 99,82 ] 99,82 | 98,41 | 97,88 | 96,48 | 952 | 95
Pocet trénovacich dat | 37 36 35 34 33 32 31 30
Adj. S.P.M 24,98 - - - - - - -
[“o] N.P.M 95,53 195,78 | 96,14 ] 95,66 | 94,06 | 94,31 | 94,5 | 93,6
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Obrazok 3: Overenie predikéného modelu Obrazok 4: Overenie predikéného modelu
pre subor 46 trénovacich a 46 overovacich pre subor 30 trénovacich a 46 overovacich
dat dat

Obrazok 3 a4 zobrazuju vysledok overovania zostavenych predikénych modelov, ktoré
boli zostavené pomocou neurdnovej jednotky. Predikény model na obrazku 3 bol zostaveny
na zaklade trénovaciecho suboru obsahujiceho 46 hodndt, na obrazku 4 na zéklade
trénovacieho suboru obsahujuceho 30 hodndt. Oba predikéné modely boli overené pomocou
suboru 46 overovacich dat. Ako je mozné vidiet' z obrazku 3 chyba predikcie sa pohybuje
v rozmedzi od -1-do 2,5 m'10°. Je mozné konstatovat’, e takato predikéna chyba je velmi
maléd a pouzitie takéhoto predikéného modelu by bolo vhodné k optimalizacii sledovaného
technologického procesu. Vzhl'adom na fakt, Ze sibor hodndt ureny na zostavenie a overenie
modelu je totozny, nie je mozné presne urcit’ vSeobecnu spol'ahlivost’ predikcie. Oproti tomu
pri pouziti menSiecho mnozstva hodnét v subore dat urCenom na zostavenie predikéného
modelu sa chyba predikcie pohybuje v rozmedzi od -4 do 1 m-10°. Av3ak rozdiel v mnozstve
hodnét, ktoré boli urcené na zostavenie a na overenie modelu umoziuje povazovat’ hodnotu
95,2 % za vSeobecnu spol'ahlivost’ predikcie.

5 Zaver

Ako bolo prezentované v prispevku, pouzitie principov neurénovych sieti ma pri
vyhodnocovani vysledkov experiment velky potencidl. Pouzitie neurénovej jednotky
vyuzivajucej adaptivny algoritmus Levenberg-Marquardt umoznilo zostavit viacero
predikénych modelov hrubky vyli€¢eného zinkového povlaku, pre povrchovl pradovi hustotu
3 A-dm™, srozne velkou spolahlivostou pre rézne mnoZstvo pouzitych trénovacich dat.
Konkrétne boli zostavené predikéné modeli so spol'ahlivostou 93,6 % az 96,14 % v pripade
pouzitia suborov trénovacich dat, ktoré obsahovali 30 az 35 hodnét. V pripade predikénych
modelov s tak vysokou spol'ahlivostou predikcie, je mozné ich pouzitie v technickej praxi
v oblasti  optimalizacie = procesu galvanického zinkovania zhladiska casovych
a ekonomickych aspektov. Na druhej strane je ale potrebny d’al$i vyskum v danej oblasti
z dovodu spresnenia spol’ahlivosti predikénych modelov, ako aj zaclenenia ich pouzitia pre
SirSiu S$kéalu povrchovych pridovych hodnot.
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Abstract:Vibration control is a challenging problem from both the theoretical and
implementation points of view. In this article we present both the concept and the
implementation of the laboratory set-up for testing various vibration suppression algorithms.
The set-up has been designed as a positioned series of several single degree of freedom
mechanical systems (formed by series of carts connected by springs), which are equipped by
either position or acceleration sensors. Starting with the mathematical model description, two
specific vibration suppression algorithms are targeted in the paper. The first one utilizes the
concept of resonator absorber with delayed acceleration feedback, whereas the second
algorithm utilizes time delay based input shaping for pre-compensating the oscillatory modes of
the system. Thanks to the time delays which are contained in the vibration suppression
algorithms, the dynamics of the closed loop system become infinite dimensional. This fact needs
to be taken into consideration in the design of the master controller for positioning the overall
mechanical system. Next to the theoretical developments, the design issues of the laboratory set-
up and its measurement and control systems are addressed too.

Keywords: Vibration control, delayed resonator, signal shapers, experimental design

1 Introduction

As the main contribution, we present a laboratory set-up that has been designed to test
various algorithms for the active vibration suppressions. Particularly, we focus on two types of
algorithms that utilize time delays in the algorithm structure. The first algorithm is the delayed
resonator and the second is the input shaper. Next, we consider a communication time delay in
the control loop.

The basic design framework for the laboratory set-up is multi-degree of freedom structure
with multiple resonators. The resonators in our case are tuned by the delayed acceleration
feedback, see [Olgac, Hosek]. The set-up structure under consideration is shown in Fig 1. There
are two periodical external harmonic forcesf;; (t), f42(t), characterized by the frequenciesw,, w,,
that excite vibrations of the masses (m,,my). The masses are together joined by the ky, k,
springs and cp, ¢, dampers. The absorbent masses (m,, m;) are also connected with the main
structure by the springs kg, kpand the dampers c,, c,. The resonators are controlled by the
delayed feedback from the accelerating sensors. In an ideal case, the absorbers acts such that the
deflections x,,x, of the masses(m, ,my)areequal to zero despite the excitation forces. The
masses My, my, are positioned through the input u(t — 7), where the time 7delay is caused by
communication between remote controller and local control devices.

72




The equations for our case are derived from standard force equilibrium equations combined
with accelerated delayed feedback(3) as follows.

MaXa(t) + g (t) + kaxo(t) — ga¥o(t — 1) = Caxp + kaxp ®)
myX, (t) + cpXp (t) + kpx, () — gp¥p (t — T2) = cpXp + kpx, (1)
my%, (1) + (cp + cn + €4)%p (O + (ky + Ky + ko )x, (8) =
={caXa(t) + koxaq(t) — gaXa(t — T} cpXn(t) + kpxy + fo, () (D
mpXp(t) + (cp + cp)Xp (t) + (kp + kp)xp(t) =
{epdy () + kpx,y (8) — gpky (t — )} +cp Xy () + kpxp + fo, (t)
Mpin+CpXn + kpXp = CpXy + kpxp +u(t —7) — f,

Xy

B m,
Ct#jkb% é fo = gp¥p (t —14)
Xn H mh T
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kpy
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Iﬂlj % é fa = Ga¥a(t — 1p)
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Fig. 1 Model of laboratory setup for vibration testing and positioning

2 Design Requirements

All the mechanical components need to be designed with respect to functionality in the
achievable frequency ranges of the primary actuators - the absorbers that are to be implemented
using voice coils(magnetic shakers). Springs are designed to allow deflections within the voice
coil ranges and the maximal force. Dampers are not explicitly included but they are included in
springs themselves and in rolling carts on the rails.

The range of considered frequencies also depends on the available control units and their
sampling. Laboratory setup includes lots of electronic parts such as a servo drive,
accelerometers, position sensors etc., which are discussed in the chapter 4.

Balancing all the constraints, the design parameters for the set-up have been selected as
given in Tables 1. and 2.Parameters are based on simulation of the models described in the
introduction and a complete stability analysis done in [Vyhlidal].

Table 1. Parameters of the proposed setup

Parameter value Units
Range of frequencies 5-15 Hz
Deflection of absorbers +20 mm
Moving mass weight, m,, m; >1 kg
Amplitude of the excitation Force +5 N
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Table 2. Parameters of the absorbers

Parameter Value Units
Resonator weight, m,, m,, 0.2 kg
Spring k. k,, 280 Nm™!
Dampers c,cp, 1.4 Nsm™!

Laboratory setup has also been designed in order to allow large scale of modularity, which
allows a simple scaling of system parameters and assembling various device configurations.

3 Design and integration of mechanical parts

The set-up, see Fig. 2-3, is designed to allow both the single and multi-degree of freedom
architecture. For linear motion steel rail are used as the base component providing the movement
in one direction with as low friction as possible. Bearing houses with connection threads are used
to move masses on the rails, composing the particular carts of the set-up. Houses are assembled
with other part of system such as electronics, springs and resonators. Used resonators are voice
coils providing linear motion that dump vibration caused by external force. External forces come
from another voice coil (see Fig. 2) or from servo drive connected through actuating belt which
can be also used as a positioning system (see Fig. 3).

Fig. 2 Detail on two carts of the set-up. The larger cart is equipped with the delayed
resonator absorber implemented by a voice-coil. The other voice-coil is used to excite the
cart via connection with the smaller cart.

Fig. 3 Mechanical model of the laboratory setup (left) and its real design of the unit with one
attached resonator (right).
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With respect to the scheme in Fig. 1, the set-up is implementation as follows. The cart for the
set-up positioning denoted by m, is connected to the servo drive via actuating belt, see Fig. 3.
The second cart denoted as m, is connected to the first one with two parallel springs. The second
and third carts are designed in the same way. On both the carts, small linear ball slides are
mounted to carry the coils of the magnetic shakers, whereas the magnetic cores are fixed to the
carts. These components together form the absorber of the resonator, as shown in Figs. 2-3.

4 Control electronics and sensors

Local PC control system is equipped with data acquisition card AD 622. The DAQ card
contains 8 channel fast 14 bit A/D converter with simultaneous sample/hold circuit and 8
independent 14 bit D/A converters, which are used for system control. Sensor outputs and
control boards of actuators are connected to the card using TB620 1/O terminal.

The main positioning movement of the movable mass elements on a linear sliding guide
provides a servomotor actuator with toothed belt. Servo drive ProNet-04A is controlled by
analog voltage signal 0 — 10 V in torque or speed control mode.

Secondary movements between mass elements are realized by voice coils, which are
controlled by voice coil control unit board. The control unit works on the principle of current
feedback. The voice coil winding (i.e. coil) provides the motive force to the ferromagnetic coil
core by the reaction of a magnetic field to the current passing through it. The control unit brings
appropriate accurate excitation current to winding of the coils and so the desired force of the
linear actuator is exerted. The control unit is equipped with processor ST 32F100 which is 32 bit
ARM processor. Sampling frequency of the current measurement is 20 kHz with 12-bit
resolution. Power supply voltage range is between 9 and 48 VDC and current range is from
50mA to 10 A. Supported communication protocols are RS-232, RS-485, Profibus, CAN and
Ethernet. In our case, the control unit is directly controlled by analogue output of AD 622 DAQ
card.

Conditioning amplifier Briiel&Kjer NEXUS 2692 with accelerometer type 4375 was used
for initial experiments. The accelerometer is a single-axis precise piezoelectric accelerometer
with full scale range of 5000 g. But simple use and precise calibration of output with signal
conditioning (bandwidth control, gain control etc.) are of course also expensive and therefore
cheaper alternative was chosen. Polysilicon surface micromachined sensor ADXL.325/ADXL326
is a small, low power and low cost, complete 3-axis accelerometer with signal conditioned
voltage analog outputs - full-scale range of £5 g or £16 g. Bandwidths of the sensor can be
selected to suit the application with a range of 0.5 Hz to 1600 Hz for X and Y axes and a range
of 0.5 Hz to 550 Hz for the Z axis, which are sufficient parameters for basic measurement with
the device. Small SMD package of the sensor (4mm % 4mm x 1.45mm) and few necessary PCB
components in practical circuit allow to make a small plate with all the components that can be
easily stick anywhere on the small flat surface on the device.

5 Delays in the system

In this section, we provide theoretical background on the algorithms that are to be primary
tested on the set-up.

A) Delayed resonator

The setup structure under consideration is shown in Fig 1.and described in chapter 1.This
structure is used to analyze and design delayed resonators.

As can be seen, in Fig. 1, we have two delayed resonators in the structure with the isolated
dynamics determined by the following two characteristic equations

Ry(s) =mgs? +cgs + kg — ggste s =0

)

Ry(s) = myus? + cps + ky — gps?e™™S = 0.
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The transcendental terms are the transform of the delayed acceleration feedback given by

fa(t) = gaXa(t —14)
fo () = gp¥p(t — Tp) A3)

As given in [Olgac, Hosek], the gain and the time delay can be calculated from next two
equations

2 2
gu,b = \/(ca,ba)c) + (ka,b - ma,ba)c )2

2 .
B atan(c, ,@,.,m, ,0; —k, ;) +2(j. —Dr 123
Ta,b - 5]0 T R R

@

where w, is the frequency of the forced oscillations to be suppressed and j. is an optional delay
branch (usually j. = 1 is considered). More details can be found in [Vyhlidal].

“4)

B) Signal shaper

Signal shapers are mostly used in applications as reference command filters for positioning
of the system with flexible or oscillatory modes. The reference command w(t) of the system
G (s) is shaped by the shaper S(s) in order to target the oscillatory mode of the flexible part of
the system F(s) so that it is not excited. As the basic concept of signal shaping, O.J. Smith
Posicast[Smith] published in 1950’s can be considered. Nowadays, these types of shaper are
known from the work of Singer and Seering [Singhose, Singer], in the 1990’s. They developed
idea of zero vibration shaper (ZV) and alternatives that lead to more robust suppression over the
target mode, such as zero-vibration-derivative (ZVD) and extra insensitive (EI) shapers.

d
2ol Sis) P Gs) —x—éi F(s) -2

Shaper  System 1 System 2

Fig 4. Signal shaper basic concept

For the compensation of F(s) oscillatory mode given by the complex conjugate poles
S12 = a + 5], we can use the ZV shaper in a form of equation as follows,

u(t) =Aw(t) + (1 — Aw(t — 1), (5)

where w and u are the shapers input and output. The parameters of the shaper are the gain A and
the time delay T € R*. The zeros of the shaper, given as the roots of the equation

Spw=A+(1—A)e 5" =0, (6)
are given as follows
1 A ,
Toktioksz =N+ ]g(zk +1),k=0,1,...,00, (7

Placing the dominant zeros 7y , of the shaper (5) at the position of modes s, , of the flexible
system with the objective to compensate it, provide

®)
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Next to the above described classical ZV shaper, the new concept of signal shaper with a
distributed delay [Vyhlidal2, Vyhlidal3] will be tested on the laboratory set-up. Also the new
concepts of the inverse shaper in the feedback loop [Vyhlidal4] will be tested.

C) Positioning with communication delay

Next to considering time delays in the control algorithms, communication delay will be
considered in the feedback loops. The delay will arise by placing the controller at a computer of
the project partner in Boston and connecting it with the set-up using the internet. Positioning of
primary masses m,, and m, will be done accurately but indirectly by applying control input in
the form of a force to the base mass m,. The input u(t) considers input and output delays
between controller and the system’s sensors, communication lines and actuators. The overall
communication delay t 1is variable and depends on routing a signal through TCP/IP
communication connection. For the positioning, the proposed measurement is position Xx,, and x,
and velocity x,, and x;, of the primary masses. The control law for the input u(t — 7) must be
designed with respect to the communication delay with desired positioning accuracy and
performance.
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Fig 5 Simulation results of the vibration suppression by two delayed resonators

6 Simulation experiment

To demonstrate the functionality of the set-up, we provide the following simulation
example. Consider the primary structure coupled with the delayed resonators as described in
Figure 1. with m, = 10kg,c, = 20kgs™',k, = 500Nm~',and m;, = 10kg,c, =
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20kgs~1,k, = 500Nm™1, connected together by. The m, mass in this example is fixed as
stationary part of the system.

The objective is to suppress the external periodical force with frequency at w; = 7 rad.s™
and w, = 6rad.s™! exciting the structure at m,, and my. Let us consider the absorber masses
are given as m, = 2kg and m;, = 2kg. Consider j. = 1, we obtain the feedback parameters
7, = 0.4007s, g, = 0.0432kg for frequency w; =7rad.s”! and 7, =0.5200s,g, =
0.778kg for frequency w; = 7 rad.s™ 1.

Results in Fig 4 show two delayed resonator operation. The first resonator attached to
primary mass m,, starts operating at t = 50s and the resonator attached to the mass m,, starts
operating at the time t = 100s. The first excited frequency is removed after the first
resonatorstarts operating and the second is removed when the second resonator starts working, as
shown in Fig 5.

1

6 Conclusions

The paper focuses on design of a laboratory setup for testing various active vibration control
laws with time delays. Next, we discussed problems of delayed resonator, signal shapers and
positioning of the multi degree of freedom structure that will be tested on this setup. Simulation
results in chapter 5 show vibration suppression by two resonators attached on main structure
which is excited by external periodical forces.

Some parts of the system have already been tested and recorded on video available on the
project web page'. On the video record, we can see one cart excited with external force provided
through smaller magnetic shaker. Larger magnetic shaker then represents delayed resonator
which suppresses the vibration, see also Fig. 2. Next, functioning of the signal shaper is also seen
on the video record.
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Abstrakt: Tento prispévek se zabyva problematikou nelinearity triangulacnich 2D skenerii
zaloZenych na principu naklapéného zrcatka. Tyto skenery byly pouzity pri méreni primeéru a
ovality trubek valcovanych za tepla. Béhem nasazeni v provozu se projevovaly nepresnosti
patrné zejména pri méreni kruhového priirezu, zpusobeného konstrukci skenerii tohoto typu.
Prispévek popisuje pocatecni stadium vyvoje kalibracni metodiky a jeji softwarové podpory,
Jjejimz cilem bude kalibrace skenerii v provoznich podminkdach za ucelem potlaceni nelinearity
skenerii a tedy zvySeni presnosti méreni celé soustavy.

Klicova slova: triangulacni skener, nelinearity, kalibrace

1 Uvod

Jednou z zddanych uloh v primyslu, je méfeni tvaru povrchu objekti s kruhovym
prifezem pro ucely stanoveni priméru, ovalitu nebo objem objektu. V ramci projektu
PreSeed a ve spolupraci se spole¢nosti RMT s.r.o0., byl vyvinut systém pro méfeni vnéjSich
pramérii a ovality bezesvych valcovanych ocelovych trubek.

Chlazeni vodni Soustava valcu
mlhou /

Valcovana | / . .
I ‘ ¥ Smér vyroby

trubka !

| I s
A AN AN A A S A S A OO N O O I

)

Mé&¥ici rovina — ™ Valcovaci stolice Pec

Obr. 1 Nakres valcovaci stolice

Tento systém je zaloZen na skupin€ synchronizovanych 2D triangulacnich skeneri
umisténych v roviné kolem spolecného stiedu. Ziskané hodnoty jsou pouzity jako soucast
kontroly kvality a systému detekce poruch véalcovaci stolice, v tomto piipadé zejména
opotiebeni valci. Méfeni se provadi na vystupu z valcovaci stolice pfi teploté trubek v
rozmezi od 800 do 1000 ° C.

Skenery pouzité pro toto méfeni musely splnit nasledujici pozadavky:

e presnost vySsi nez 0,2 mm,
dosah az do 0,75 metrq,
rozsah nejméné 0,4 m,
zorné pole thlu az 30 °,
méfeni s frekvenci neyméné 30 Hz,
synchronizace mezi skenery.
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Obr. 2 Nakres ramu se skenery pro méteni priméru trubky

Frekvence méfeni je diilezitd, nebot’ méfené trubky nejsou v ustdlené poloze. Je také
dilezité zajistit synchronizaci mezi skenery, aby body ze vSech skenert byly snimany v jeden
okamzik, a také se zabranilo situaci, kdy jeden snimac promita laserovy bod do zorného pole
jiného skeneru. Skenery musi byt schopny pracovat na povrchu s nepravidelnou strukturou,
odrazivosti a vysokou teplotou. Splnéni téchto parametrti neni jednoduchy ukol. Zejména
provozni dosah a rozsah s vysokym rozliSenim a linearitou je t¢zké dosdhnout. Na trhu je
nabidka skenerl, které splituji tyto pozadavky, velmi omezena. Zvolili jsme jednobodovy
triangulacni skener s oscilujicim zrcadlem, protoze tento typ skeneri nabizi dobrou
rovnovahu mezi pozadavky. Jednobodové skenery funguji obecné 1épe na povrchu s
nepravidelnou odrazivosti a maji vétsi pracovni thel, nez liniové skenery s pevnou difrakéni
miizky. Skener s rotujicim hranolem, ktery by spliioval pozadavky, jsme na trhu neobjevili.

Zvolili jsme skener O2DS 500 (obr. 2) od firmy DSE. Jedna se o jednobodovy laserovy
triangulacni 2D skener s oscilujicim zrcadlem, pracujici v ¢erveném spektru a vybaveny
ucinnym filtrem IR spektra pro méfeni povrchi s teplotou do teplot do 1300°C. Zrcadlo je
naklanéno elektrickym krokovym motorem s vackou a setrvac¢niku. Vacka je navrzena tak,
aby rovnomeérné rozprostirala body v rovin€ rovnobézné s osou x. Pro navrat zrcadla, je silna
pruzina tlagi ji v opaéném sméru, nez kameru. IRC ¢&idlo mé&i jeden impuls za rotace. Uhel
zrcadla je odvozen z doby od posledniho pulzu. Dilezitou vlastnosti téchto skenert je
synchronizace faze a rychlosti méfeni pomoci fidiciho signdlu vysilaného jednim zvolenym
skenerem ve skuping.

Obr. 3 Skener DSE O2DS s pfipevnénym tepelnym senzorem

Zakladni udaje udédvané vyrobcem:

e Pro méfeni za teplot do 1300 °C s ochrannym obalem
Rozliseni 0,2 mm v ose x a y, opakovatelnost £0,2 mm
Pracovni rozsah 250 - 750 mm
Frekvence 6000 bodt/s
200 bodt na pracovni uhel 30°
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Vystupem ze skeneru jsou body v kartézské soustavé. Skener ale fyzicky méfi
v polarnich soufadnicich, kde zméteny bod je dan thlem odpovidajicim Ghlu naklonu zrcatka
a vzdalenosti od podatku zméfenou triangulaénim principem. Uhel néklonu zrcatka je
definovan v kalibra¢ni knihovné kazdého skeneru. Knihovna obsahuje vektor piedepisujici
uhel kazdého méfeného bodu v dany okamzik, za piedpokladu ze je frekvence méteni
konstantni. Vektor tedy predstavuje zavislost uhlu na ¢ase (obr. 4).
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-0.50
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Obr. 4 Zavislost tthlu naklonu zrcadla na ¢ase dle kalibra¢ni knihovny

2 Nelinearity méreni skenerem

Béhem nasazeni do primyslu, jsme zjistili, ze méfeni jsou vazné ovlivnéna nelinearitami.
Ty se projevuji predevsim na objektech s kruhovym profilem. Na plochych pfedmétech a
tento problém neni tak patrny. U kulatych profilh méa i maly rozdil v informaci o uhlu
meéteného bodu velky vliv na vysledny vypocteny prumér, protoZze mald zména soutfadnice x
vede k velké odchylce vy a to zejména v okrajovych oblastech kde je tihel odrazu tupy. V
nasem piipad¢, je vysledny obraz tvofen kombinaci obrazi nékolika skenert, takze deformace
obrazu je soucet téchto nelinearit. Pfi méfeni potrubi o priméru 160 - 400 mm jsme ziskali
odchylky v méfeni priméru do 2 mm, avSak véetné neptesnosti kalibra¢nich pfistroja.

Nelinearity maji tfi hlavni zdroje:

e nepfesnost v optické ¢asti triangulacniho dalkoméru,
e hystereze v mechanizmu naklapéni,

e chybna kalibrace softwaru.

Pomineme-li Spatnou kalibraci, tak hlavnim vliv mé nelinearita typu hystereze,
vyskytujici se v nakldpécim mechanizmu. Tato skutecCnost byla potvrzena konzultaci s
vyrobcem. Naklapéci mechanismus je ovlivnén nékolika faktory:

e pruznou deformaci materidlu zptsobenou napiiklad tlakem pruziny, jenz tla¢i na

vacku na rameno naklapéci htidele, a kdyz vacka tla¢i na rameno,

e hysterezi zptisobenou mezerou vznikajici mezi vackou a ramenem htidele, kdyz se

vacka vzdaluje od ramene,

e pracovni pozici jinou nez pozice, ve které byl skener kalibrovan.

Opakovana méfeni ukdzala, Ze se deformace obrazu jsou stabilni a v dlouhodobém
horizontu se nezméni, pokud neni se skenery fyzicky manipulovdno. Z toho diivodu je zde
ptedpoklad, Ze by mélo byt mozné vyvinout metodu pro kalibraci skeneru v provoznich
podminkach, zaloZenou na opakovaném méfeni kalibra¢nich modelt v rznych polohach od
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skeneru a poté upravit kalibraéni vektor. Obrazek 5 zobrazuje nelinearitu skeneru. Tento
ptiklad obsahuje zavazné deformace a byl vybran jako ptiklad, jelikoZ je na ném jasné vidét
charakter nelinearit. Deformace ve standardnich situacich, nejsou tak zavazné.
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Obr. 5 Nelinearita pfi méfeni kalibru s rovnou plochou

3 ZkuSebni méreni

Testovani a kalibrace snimacti byla provedena na kalibra¢nich objektech znazornénych
na obr. 6. Tato zafizeni se uchyti ve stiedové casti méfici soustavy. Jsou vyrobeny z oceli
soustruzenim a frézovanim. K dispozici jsou tii priméry potrubi 166, 272 a 401 mm a jeden
oto¢na deska. Deska ma jednu stranu plochou a na druhé strané¢ blokem s drazkou tvaru
V s tupym vrcholem tak, Ze jeho virtudlni vrchol lezi na rovin€ protéjsi strany. Osa otaceni
lezi vtomto virtudlnim vrcholu, takze tato rovina muze otacet kolem jednoho bodu na
povrchu ploché strany.

Obr. 6 Kalibracni piipravky
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V tomto bod¢ byla testovana pouze moznost kompenzovat nelinearitu v uhlu naklonu
zrcatka zménou kalibra¢niho vektoru a nelinearita métfeni délky triangulaénim dalkomérem se
povazovala za nevyznamnou. Dalsi verze kalibrace bude zaloZena na obou soutadnicich.

V prvni fazi, se korekce provadéla na zakladé kalibra¢ni tabulky dodavané vyrobcem
skeneru. Tato tabulka spojuje vektor méfenych vzdalenosti s vektorem uhli, ktery je
definovany v kalibracni knihovné. Tabulka umoziiuje korekci posunem fize méfeni o
konstantni hodnotu. Tato kalibrace se ukazala jako nedostatecnd, protoze miize byt pouzita
pouze v ptipad€, malych odchylek a zdvojenych obrazil zptisobenych nespravnym ¢asovanim.
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Obr. 7 Nelinearita pfi méfeni kalibru s rovnou plochou s blokem s V drazkou

V tomto okamziku se zdalo, Ze deformace je zplsobena pouze nespravn¢ definovanym
pracovnim thlem, protoze obraz byl symetricky od stiedu. V té dob¢ jsme si také nebyli
védomi problému s hysterezi vackového mechanismu. Obrdzek 8 znazoriiuje hodnoty z
obrazku 7 po korekci. Zménou amplitudy kalibra¢ni ktivky (obr. 4) byl snizen uhlu zabéru
skeneru tak, aby obraz roviny lezel v okoli pfimky.

Tato kalibrace se ukazala nedostatena, protoze lze pouzit jen v ptipadé malych odchylek
a rozdvojeni obrazu. V tomto okamziku se zdalo, Ze deformace je zplisobena pouze Spatnou
interpretaci pracovniho uhlu a rozlozeni je symetrické od stiedu. Proto byla aplikovana
korekce souctem vektoru s pomocnou kiivkou ve tvaru sinusoidy a experimentalné testovana
rizna nastaveni faze a amplitudy této kiivky. Timto zptisobem bylo mozné u nckterych
skeneri mozno dosahnout odpovidajiciho tvaru, avSak pouze pro konkrétni data z jednoho
meéteni. Aplikaci ziskaného vektoru na data z jinych méfeni ukazala problém s neznalosti
spravnych rozmérd. V té dobé ndm také nebyl znam problém s hysterezi vackového
mechanismu. Korek¢éni metoda byla opakované testovana na sadach 4 az 10 méteni. U
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skenerti, kde se projevovaly atypické odchylky na kratkych usecich, byl vektor whla
korigovan ru¢né, coz bylo velmi pracné a vysledek kalibrace byl vétSinou neuspokojivy.
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Obr. 8 Nelinearita pii méfeni kalibru s rovnou plochou s blokem s V drazkou po korekci

4 Automatizace kalibrace

Idea byla takova, ze pokud provedeme korekci na vétsi skupiné dat z méfeni
pokryvajicich stejny pracovni uhel, méli bychom pak vézenym primérem =ziskanych
korekénich vektori ziskat spravny vektor natoCeni pro piepocet soutfadnic méfenych bodu.
Cilem pii kalibraci bude Gprava vektort natoceni tak, aby obraz odpovidal tvarem méfenému
kalibra¢nimu ptipravku ve tvaru rovné nebo valcové plochy. Byla proto vytvorena aplikace
(obr. 9) v prosttedi MS Excel, kterd obsahuje makra pro vypocet pruseciku kruznice s
kalibra¢ni pfimkou a kalibra¢ni kruznici. Parametry kalibrace jsou zadavana ru¢n¢, z ¢ehoz
Neplatné body jsou vynechany. Ziskany vektor thli je pak opét aplikovan na naméiend data a
v grafu zobrazen rozdil mezi plivodni a novou verzi. Vysledny vektor thll je vaZzeny primér
z vektorti ziskanych kalibraci na jednotlivych obrazech.
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Obr. 9 Nahled kalibracni aplikace v rezimu kalibrace na kruznici

Postup je nasledujici:

Prvnim krokem je odstranéni bodu, bodi, jejichz soutadnice se pfrili§ 1i$i od pivodnich
soufadnic. Je to s nejvetsi pravdépodobnosti zpiisobeno chybnym méfenim. Tyto chyby se
projevi zejména u bodi, jejichz privodice sviraji s rovinou odrazu thel blizici se 90°. Mala
odchylka zmétené vzdalenosti vyvola velkou zménu uhlu pfi korekei. V dalsi verzi jiz bude
uhel dopadu soucasti vypoctu urcujici, jakou vahu budou mit vypoctené soufadnice
jednotlivych bodi.

Druhym krokem je testovani aplikace jednotlivych vektorti thli na namétfend data.
Postupné se jednotlivym tfadam pfifazuje vaha 1 a ostatnim 0. Zkouma se vliv na vysledné
obrazy a fadam s negativnim vlivem se zaneché vaha blizici se 0. V nésledujici verzi aplikace
budou oddéleny vahy pro oba sméry skenovani. Vliv jednotlivych vektort uhli na vysledné
obrazy bude vyhodnocovat algoritmus aplikace.

Ttetim krokem je Uprava vah podle pozitivniho vlivu na vysledek. Nyni se to provadi
experimentalné. V nasledujici verzi by mél tento problém fesit algoritmus testovanim vlivu
vah na odchylky obrazu od vzoru. Déle se piedpoklada opakovana aplikace celého algoritmu
na ziskany vektor uhla, kdy vysledny vektor uhla se stane vychozim vektorem nasledujici
iterace.

5 Zavér

Clanek se dale zabyva nelinearitou 2D triangula¢nich skenerti s naklapécim zrcatkem
DSE 02DS, vyuzitého v soustaveé pro mefeni primeéru a ovality trubek na vystupu z valcovaci
stolice a tedy za pohybu a teploty az 1000 °C, vytvofené ramci projektu Preseed. Béhem
provozu se ukazalo, Ze u skeneru tohoto typu se projevuji nelinearity béhem meéfeni. Pii dané
pracovni vzdalenosti, rozsahu, pracovniho uhlu a rychlosti se jiz projevi sebemensi nepfesnost
v konstrukci. Problematické se to stava pii skladani obrazu z vice skenerti a to zejména praveé
u méteni povrchu s valcovym priifezem, kde se vyuziva velkd ¢ast pracovni oblasti skeneru a
chybny udaj o sklonu paprsku skeneru ma velky vliv na nasledny vypocet tvaru objektu.

Nelinearita skenerti je zplisobena zejména konstrukci vackového naklapéni rozmitaciho
mechanismu a ¢asteCn¢ zménou pracovni polohy oproti tovarni kalibraci. Nelinearity se
projevuji deformaci obrazu a rozdvojenim fad naméfenych bodd. Tvofi dvé skupin
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predstavujici sken pii naklanéni zrcadla vackou jednim smérem a pfi jeho névratu do vychozi
polohy piisobenim pfitlaéné pruZiny. Vznikajici hystereze je zptsobena deformaci materialu,
zménou pracovni polohy a zejména nedostateCnym piitlakem pifi névratu zrcadla pomoci
pruziny. Pfitlak pruziny jiZz nebylo moZno zvysit, nebot pak dochazelo k deformaci
mechanismu, zvySenému otéru a tfeni mezi pohyblivymi dily. Pfidanim vodiciho mechanismu
se podaftilo vyrobci tento problém snizit, avSak ne odstranit.

Z opakovaného méfeni vyplynulo, zZe pokud nedochazi k fyzické manipulaci se skenerem,
neméni se ani povaha nelinearity. Pfedpokladané feSeni bylo v Upravé kalibra¢ni knihovny
urCujici polarni soufadnice bodii v zavislosti na zméfené vzdalenosti a fazi méfeni. Pokus o
feSeni se skladal nejprve z rucni upravy kalibra¢nich koeficientii knihovny tak, aby vystup
tvarem odpovidal zméfenému kalibracnimu ptipravku tvoreného frézovanou deskou a
soustruzenymi trubkami o riznych rozmérech. Poté byl vytvofen algoritmus v jazyce VBA
pro MS Excel, ktery m¢l ze zméfenych hodnot provést korekci thlovych souradnic tak, aby
obraz odpovidal télesu o zadanych rozmérech a soufadnici.

Dosazené vysledky zatim nebyly uspokojivé. Jednou z pfic¢in byly nedostatecné piesné
kalibry a nedostatecné mnoZzstvi dat a také chybna metodika pti méteni, kdy pravdépodobné
nebyly osy kalibracnich ptipravkil umistény piesné kolmo k roviné méteni, nebo dochazelo k
jejich pohybu vlivem okoli a nevhodné konstrukce. Nové kalibracni ptipravky jsou vyrobeny
s vEtsi presnosti a metodika méteni bude vylepsena.
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Abstract: Sensor fusion has been applied to robotics immensely in applications like
localization, tracking, obstacle avoidance etc. Many sensor fusion techniques have been
evolved over the time. In this paper, two sensor fusion techniques, namely statistical method
and Kalman filtering, are used to localize the robot with the help of multiple IR sensors. A
GUI is designed and developed, which shows the estimated distance and orientation to
obstacle from the robot by the sensor fusion techniques. The GUI provides a basic prototype
of mapping application which can further extended to more complicated computation and
control of the robot.

Keywords: Sensor fusion, obstacle avoidance, mapping, estimation, localization

1 Introduction

For an autonomous robot, perception of the environment is the most challenging task.
Most of the cases, robot tends to rely on dedicated sensors, whose reliability are often
questionable. Over dependency of the dedicated sensors brings huge challenge to the
capability of autonomy of robots. This challenge can be eliminated by sensor fusion. Multi
sensor fusion is a theory and technique which combines the data from multiple sensors to a
common representation. Information from multiple sensors are fused together to estimate a
more reliable data. The fusion of sensor data can be from redundant sensors or
complementary sensors. Many techniques and approaches have been evolved over past two
decades. A survey of sensor fusion techniques is presented in [SMITH, D,. SINGH, S. 2006].

Sensor fusion has been applied in many applications like robotics, wireless sensor
networks, remote sensing etc [LUO, R. C., YIH, C. C., SU, K. L. 2002]. Robot navigation
[KAM, M., ZHU, X,. KALATA, P. 1997, PANICH, S., AFZULPURKAR, N. 2011] and
Simultaneous Localization And Mapping (SLAM) [FANG, F., MA, X., DAI, X. 2005] are the
two major areas in robotics, where sensor fusion has been applied intensively. Many
techniques of sensor fusion have been studied and applied so far, for instance statistical
methods, Kalman Filter, Particle filter etc.

Obstacle avoidance is one of the most challenging tasks in mobile robotics. The first and
foremost requirement of any obstacle avoidance algorithm is to estimate precisely the position
and orientation of the obstacle. This paper focuses on a design and development of a GUI for
obstacle position and orientation tracking using simple sensor fusion techniques, namely
Kalman filtering [SHARMA, R., DANIEL, H., DUSEK, F .2014], statistical method
[SHARMA, R., DANIEL, H., DUSEK, F.2014]. The data from redundant sensors (IR range
finder) are fused together to determine the two parameters, namely depth to the wall from the
center of the robot and orientation to the wall.

The paper is organized as follows: section 2 describes mathematical modelling of the
system followed by sensor fusion techniques in section 3. The GUI design is presented in
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section 4. The results of the proposed system are stated in section 5. Section 6 presents the
conclusion.

2 Mathematical Modelling

xk and yk are the points on the line (wall), where the IR sensor beam gets reflected. The
parameters of interest are d and &, where d is the perpendicular distance from the origin of the
robot to the wall and @ is the angle between horizontal axis of robot and axis parallel to the
wall.

L T

Figure 1 - Robot configuration [SHARMA, R., DANIEL, H., DUSEK, F.2014]

S1, S2 and S3 are the three IR range finders connected to the robot. a and S are the angles at
which the IR sensors are mounted on the robot. L, is the depth to the wall from the robot
measured by sensor k. @ and b are the distances from the axes of robot to the sensors as shown
in Figure 1.The parameters can be derived from the following expressions .

Xi sina 0 a
X;j smﬁ 0 a
Yi‘ I cosa b ()
Yj 0 cosﬁ L] b
y J [x] 1] @
m and n are the slope and y intercept respectlvely. (2) can be written in the form of ,
Y=Fx+X 3)
Applying least square estimation (LSE) method to (3)
X=FTF)FTy 4)
@ = tan"1(m) %)
n
d= Vi+m?2 ©)

From (1) to (6), the two parameters (d and @) can be found out from the depth
measurement of the sensors.
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3 Sensor fusion techniques

| INPUT OUTPUT
IR Sensor #1
Position
IR Sensor #2 _ )
Orientation
IR Sensor #3

Figure 2 - Basic architecture of sensor fusion techniques

The basic prototype of sensor fusion technique is shown in the Figure 2. The raw data
from the three IR range finders are fused together by sensor fusion techniques to estimate the
parameters. Two sensor fusion techniques are presented in the paper.

3.1 Sensor fusion by Kalman Filter

Kalman filter has been extensively used in robotics [ZHANG, P., GU, J., MILIOS, E. E.,
HUYNH, P. 2005]. A survey of Kalman filter is given in [CHEN, S. Y. 2012].

The Kalman filter is a set of mathematical equations that provides an efficient
computational technique to estimate the state of a process by minimizing the mean of the
squared error. The Kalman filter achieves this by estimating past, present, and even future
states. Many variants of Kalman Filter have been evolved over time. A discrete linear model
Kalman filter is proposed in this paper for the parameter estimation. The two important steps
of Kalman Filter are prediction and update. The following are the important steps.

Prediction is governed by the following equations.

Xy = Fe Xy—q + ?k—l 7)
Py = F Pr_1F " + Qg (8)

Where F, B are the matrices which relates the previous state to current. Xy is the state
variable vector. u, , P, and Qy are control vector, covariance vector of state variable vector
and process noise covariance.

Update stage is governed by the following equations.

y =2 —HX_4 ©)
S =HPHT +R (10)
K = PHTS™1 (11)
X =X, + Ky (12)
P, = —KH)P, (13)

Where Z, H, R are measurement vector, extraction matrix and covariance vector of
measurement vector respectively .K is the Kalman gain.

The basic architecture of the technique [SHARMA, R., DANIEL, H., DUSEK, F.2014] is
shown in the Figure 3. In preprocessing stage, the raw analog signal samples from the IR
sensors are acquired. From the set of samples, the mode (most repeating value, analog voltage
in this case) of the data is calculated. The mode of the sample is then used to choose the
sample set which falls in certain acceptable variation (eg, +5%) from the mode. Those chosen
samples are averaged together and the depth is measured to get the inputs to the parameter
estimation stage.
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Figure 3 — Sensor fusion system by Kalman filter
Parameters are estimated as explained in section 2. Two Kalman filers are used to
calculate the parameters, one for position and the other for orientation.

3.2 Statistical method

Figure 4 shows the basic design of sensor fusion system adopted [SHARMA, R.,
DANIEL, H., DUSEK, F.2014] in the paper. The first step is preprocessing of the signal
acquired from the sensor. In this stage, a series of sample are averaged to get an initial rough
data. Using this data (p;), the parameters (p; ;) are calculated using eq. (1) — (8). These set of
parameter have to be validated, for knowing the reliability of the sensors. At the data
validation stage, the data is validated and a weighing factor v;; is calculated. The following
sections will explain the stages in detail.

Pi

Piji

al
calculation

L-—-3 Parameter [iJ
calculation .. b--- Data
" validation

validation

Figure 4 — Sensor fusion system by Statistical method
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3.2.1 Data Validation
Data from the sensors has to be validated before proceeding to sensor fusion. The data
from the sensor is only allowed to fuse, if it confirms certain criteria. The criteria are
correlation coefficient and closeness coefficient. Correlation coefficient is given by the
expression,
NI PijkPikj- 20 Pijk 20 Pikj

Cor(j, k) = T

[NEN Piji®— (BN Pijk 0212 [NZN Pirj?— (EN Pij )2

(14)

1
2

Cor(j, k) is the correlation of parameter P; , calculated from sensor j and sensor k& and N
is the number of samples. Closeness coefficient is given by the expression,
_ | Pij= Pji
V= 1 Closeness (15)
Where Closeness is the parameter which allows choosing the data which are closer.

When the new data (parameters) falls in a range, say magnitude of correlation coefficient
is above 0.75 and closeness coefficient is less than 0.8, the data is selected. Otherwise the data
is rejected and not chosen for data fusion. This allows the system to choose only reliable
sensor data by comparing with all the other sources. A weighing factor, v gives the
weightage of each parameter, so that the corresponding parameter can either selected or
rejected. This factor is calculated by the following expression

_ (0, if any of the criteria fails
Vijie = {1, if both the criteria are satisfied
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V;jk, Will help to choose the most reliable parameters for fusion, calculated from different
Sensors.

3.2.2 Sensor Fusion
The parameters which confirms the criteria of data validation are selected and fused

together by the following expression

i=3,j=n,k=n
2
= T 16
fi = 2 5 DPijk * Vijk (16)
. - G'k + O-k'
i=0,j=0,k=0 J 1

Where is the final parameter, a,fj is the variance and p;jy is the parameter i, calculated

from sensor j and k.

Read sensor
inputs

Calculate pyj,

No
Fuse the data

Calculate Corfj k)
¥ and vy

| Fuse the data | |NEgI{‘(tth€data |

Figure 5 — Flow chart of sensor fusion system
Figure 5 illustrates the process, step by step. For making the system faster, a variable N
(period), is introduced to validate data on regular intervals, thereby avoiding the sensor
validation process in each iteration.

4 GUI development

The GUI is developed using a java based tool called Processing.org, which is a
programming language as well as development environment. Figure 6 shows the sketch book

screen shot of the program.
The data from the robot can be acquired through the serial port and the parameters can be

plotted in the graph.

P

T
00 BEEM

GUI_cbstacle_tracking -1

ort processing.serial.x;

4p_controls.*;
mport controlPs.+;

ContralPs cps;
GTextField txfl, txf2,txf3,txfd, oxfs;
GTextArea txal, txal;

PImaze img;
serial myPorc;
int inByte = -1;

€p5.addButton
setvalue(s) -

Figure 6 — Processing.org sketch book screen shot

92



The graph can be plotted with the help of the following equation.

X1 1 0 [d 0 ]

}ﬁ‘ _ Itan@ 0 X1]+ /cos(Z) a7
X2 0 1 X5 0

Y2 0 tan @ d/cos (ZJ

X; and X, are the points in x-axis, where the graph is to be plotted. (x4, y;) and (x5, y,)
are the points in the line.

5 Results

Three SHARP GP2Y0AO02, IR range finders were interfaced to Arduino Due Board. The
IR range finders were fixed on front side of the robot with a=5, b=5, a=10"and p=10. The IR
sensors were sampled at a rate of 1ms and the raw analog sensor data were first processed and
the parameters were estimated. The three sets of parameters were then fused together by the
sensor fusion techniques.

GUI FOR OBSTACLE POSITION AND ORIENTATION Statistical method
d 275  om
phi 352  degrees
Kalman Filtering
~ d 217 om
™
< ‘\'\‘:\ phi 35.0 degrees
™~ L sampling period
~ ~
™ Y
N N ms
s

Stastistical Method Kalman Filter Method

Figure 7 — Screen shot of GUI

This data is send to the PC serially. The GUI will acquire this data from the serial port
and the position and orientation are plotted in the graph and displayed in the text boxes. A text
box is also provided for sending commands to the robot about the sampling time. Figure 7
shows the screen shot of GUI.

6 Conclusion

The sensor fusion techniques have been designed and implemented in the robot and the
parameters are calculated. A GUI is also developed which will track the position and
orientation of the robot. This GUI can be further extended to more complicated control or
computation for an optimal obstacle avoidance strategy.
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The Brief Summary of Drive Development for Prosthesis and
Rehabilitation Devices of Human Hand Based on Fluidic
Actuators
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Abstract: The paper maps the development of prosthetic of upper limbs from the first
solutions to myolelectric (so-called bionic prosthesis) with a primary focus on the
development of drives with muscle function. The human hand is the main tool for handling -
from food across hygiene through various working tools. Loss of mobility in the limbs means
the loss of man ego. Health restrictions cause a variety of problems, personal, but also in job
placement and therefore it is understandable that a number of designers tried and trying to
eliminate these problems. The paper provides an overview of the development of the
individual cross-sectional design approaches for prosthetic and rehabilitation devices.
Especially the development of control technology has accelerated the development of new
drives with prospective application in prosthetics and rehabilitation facilities - fluid artificial
muscles. Fluid artificial muscles present thanks of their properties, partly comparable with
human skeletal muscles, interesting type of actuating device for using in biorobotics,
prosthetics or else in industry.

Keywords: prosthesis, rehabilitation, artificial muscle

1 Introduction

In recent years, largely part of the service robotics is dedicated to designing equipment
for rehabilitation processes [1, 2]. In the world there are more and more projects aimed at
developing advanced robotic rehabilitation devices that have as model bionic devices. As the
rehabilitation must be done with each patient individually and according to diagnosis should
be tailored to each patient individual rehabilitation program, therefore physiotherapist has to
give to each patient time to separately. As the rehabilitation training is repeated with high
frequency, as an appropriate solution shows the use of robotic rehabilitation devices.

Manipulation capability of the human hand, the flexibility and power to weight ratio are
for machines till unreachable. Human hand is therefore a constant source of inspiration for
designers of manipulation devices. One of the hand elements that designers try to copy, and
which has a substantial effect on the human hand, is hand muscles. The most usable copies of
biological muscles the pneumatic artificial muscles are including mainly, that represent
progressive electro-pneumatic servo system. This type of muscle has properties similar to
biological muscles.

2 A brief overview of development

Idea to use automation technology to assist in the movement of paralyzed limbs is not
new and so equipment firstly appeared in the early 60s of the last century. An example may
be a computer-controlled orthosis developed on the Case Institute of Technology, USA [3].
This device with 4 degrees of freedom (Fig. 1) was able to move the affected patient's hand
according to the recorded program. Externally powered exoskeleton thus made possible the
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movement of paralyzed limbs by combining various handling sequences. This project became
a model for many other more sophisticated projects realized in later years.

Figure 1 — CASE manipulator [3]

As an example of further development of the above mentioned concept is project of
"Rancho Los Amigos Manipulator" (Figure 2) hand orthosis with seven degrees of freedom.
The designers have tried to solve control arm problem directly by patient. Technically control
has been realized by field of a microswitches activated by patients.

Figure 2 — Orthosis realised at Rancho Los Amigos. This orthosis is considered first
external control orthesis [4]

Large clinical testing of these devices has demonstrated both the technical limitations of
the so drives and problem of their management and control directly by human. The efforts of
developers led to more or less successful solutions, which culminated in the creation of
artificial hands I-LIMB (from Touch Bionics, UK), which was one of the first commercially
available solutions (Figure 3). To control the fingers electrical signals generated by muscle
were used. Although to wider application prevents high price (at the time of launch to the
market $ 60,000 - $ 150,000), more and more advance technical solutions appear in the last
decade known as bionic technology.
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Figure 3 — Substitution of the hand I-LIMB fy Touch Bionics, UK [5]

3 Fluidic drives — perspective direction of drive development

One of the fundamental problems that must be solved in the structure of prostheses and
rehabilitation devices is actuating of its individual elements. As actuator in the first structures
of prostheses linear pneumatic actuators or DC servos were used. The idea to use artificial
muscle in prosthetics is not new. Late 50s of last century pneumatic artificial muscle were
used in the design of artificial limbs (prostheses) due to its similarity to the skeletal muscle by
American physicist Joseph Laws McKibben. To this idea led him disability of his daughter
Karen caused by polio and family efforts to allow her studies at secondary school. [6]

.o~

In the '50s Joseph L. McKibben pneumatic muscle was developed, which was in the 50s
and 60s used for research for prosthetic applications. McKibben muscle is composed of an
elastic tube. Principle of the invention is in a method of braiding elastic tube. For
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McKibbenovho muscle is made double-stranded braid crossed winding (Figure 5). Braid as a
network of basic pantograph units that transform pneumatic energy into mechanical. The
inner elastic tube has a cylindrical shape, its shell inlet air pressure is applied to the tube
expands in width. Using a pantograph braid is expanding radial force tube transformed into
axial contraction force. Muscle thus increasing the internal pressure increases in diameter and
shorter in length. Exerted force of muscle contraction is then used for movement.

Pneumatic artificial muscles are technical representative of bioactuator called artificial
muscle. Its properties are used wherever electrical servo loses its advantage because of the
excessive weight, stiffness and volume at low power. The actuators are designed as linear
fluid motors (mostly used pneumatics), where a powerful element of the elastic actuator
varying input pressure energy into mechanical energy output represented tensile strength and
mechanical rectilinear movement.

Pohon zatvérania ruky opletenia

pomocou umelého svalu

2asobnik stlateného plynu (CO,)

Figure 5 — Prosthesis driven by artificial muscles as proposed by McKibben [6]

McKibben was inspired by an earlier report from German scientists who had designed
ingenious pneumatic devices on similar principle. Although McKibben was not the first to use
this technical solution, fluidic muscle based on the principle of the elastic braid tube is now
generally referred to as McKibben muscle. It was McKibben's use that coined the term
"Artificial Muscle".

The first known attempt to construct a pneumatic artificial muscle was performed by
Russian inventor P. Garasiev early 30s of the last century. This simple artificial muscle was
made from rubber tube circumscribed by rings in several places, which were linked together
by nontensible fibbers. However, this artificial muscle had very limited use, since at that time
were not suitable materials for its implementation. The oldest example of the so called braided
pneumatic actuator similar to artificial muscles used at present time (Braided Pneumatic
Muscle) was Patent received by Pierce, R.C. in 1936, which proposed to use it as alternative
of coal mining explosives. Air pumped into the actuator widened its diameter, the resulting
force in the radial direction disrupted coal. Although Pierce observed the phenomenon of
longitudinal contraction of artificial muscle, practical application of it occurred in 1949
(patent received by De Haven, H., who proposed the use of artificial muscle tension for pilot
safety belt in a crash). The actuator was powered by pressure of gas from explosion of black
powder inside the device [7].

The need for a source of compressed gas, as well as improved electrical characteristics of
electric drive led the robotics designers for use of electric drives. To develop control
techniques and the easy availability of sufficient computing power activated again the
development of pneumatic actuators and application of their advantageous properties where
electric drives do not conform to their great weight, robustness and proportions.
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It was developed several modifications McKibbenovho artificial muscle, for example
Rubbertuator (Bridgestone in the mid-80s) [8], where in cooperation with Hitachi actuators
for industrial robots to replace humans in production processes were developed.

shoulder
3 possible
movements

e
3 elbow jont
1possible movement

lower arm 1

( #rist jont
¢ ot 3 possible movements rubber actuator
8, \ <

U (Y
rd \
" hand wire rope
N

Figure 6 — The concept of a robotic arm with antagonistic arranged muscles (Bridgestone
"Rubbertuator") [8]

Another modern solutions (Shadow Robot Company since 1988) [9], (Festo in 2002) [10]
were targeted to the bionics.

| -
Figure 7 — Based on pneumatic artificial muscles (fluidic) Festo has launched a joint
venture project by EvoLogics GmbH and the Faculty of bionics and evolution of technology
of Technical University of Berlin.

4 Conclusions

Pneumatic artificial muscles are powerful progressive element of pneumatic and electro-
pneumatic servo systems in rehabilitation robotics. These devices are a mechanism
structurally and functionally linked to the rehabilitation arm [11-12]. All these artificial
pneumatic muscles are characterized by a high power to weight ratio and flexibility sufficient
stability. But there are problems still with position control muscles due to their nonlinear
characteristics and problems associated with the compressibility of the medium [13-14].

Pneumatic artificial muscles represent thanks of their properties partly comparable with
human skeletal muscles interesting type of actuating device for use in biorobotics, but also
prosthetics industry. Due to the specificity of these characteristics represent a qualitatively
new dimension in these areas and allow the dissemination in application sphere.

Technology of their design, however, brings some problems in control, which are related
to the elasticity of the materials used as well as the operating principle of pneumatic elements
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having naturally non-linear character and whole system thereof is characterized by a relatively
significant time delay.
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Modelovani a simulace aktivné tlumené struktury
Modelling and simulation of an active damped structure
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Abstrakt: Referdt se zabyva tvorbou matematického modelu aktivné tlumené mechanické
struktury. Tento model se sklida z diferencidalnich rovnic popisujicich dynamické chovani
struktury a diferencialni rovnice regulacni smycky. Tento simulacni model je vytvoren za
ucelem navrhu a ovérovani regulacniho algoritmu pred jeho aplikovinim na realny
laboratorni testovaci stav.

Klicova slova: aktivni tlumeni vibraci; vetknuty nosnik;, modelovani; simulace

1 Uvod

Modelovani a simulace skutecnych objektli je v dnesni dobé velice dulezité pro navrhy
regulatori. Umoznuje studii vétsStho mnozstvi moznych fidicich algoritmi v ramci
simulacniho modelu, aniz by je bylo nutné aplikovat na skutecné zatizeni. To pomaha
vyhnout se nebezpeCnym situacim, které mohou nastat na skutecnych strojich, v pifipadé
pouziti nevhodného regulatoru.

Autofi vyvinuli testovaci zafizeni pro experimenty s aktivnim tlumenim vibraci [1].
Tento laboratorni model se vyznacuje pouzitim ,kominového* piezoaktudtoru a
nekolokovanym uspotfadanim, kde snimac a akéni ¢len jsou umistény v navzajem vzdalenych
bodech vetknutého nosniku. Védci obvykle pro své experimenty pouzivaji kolokované
usporadani [2] a také ohybové piezoaktuatory [3]. Tento referat popisuje tvorbu
matematického modelu jednostranné vetknutého nosniku a jeho simulaci.

TS | |

Obrazek 1 — Laboratorni model s vetknutym nosnikem
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2 Matematicky model
Pro diskretizaci spojitého nosniku je pouzita piima fyzikdlni metoda diskretizace [4].
Nosnik je rozd€len na N ¢asti a ty jsou spojeny torznimi pruzinami, dle nasledujiciho obrazku.

n  n+l n+2 N-1 N +7
e s S R
i VY- 6N
6n 6n+1 Yn

Obrazek 2 — Diskretizovany model nosniku

Rozméry nosniku jsou: délka L =0,5m; sitka »=0,04 m and tloustka %z = 0,005 m.
Vlastnosti materidlu jsou ureny Youngovym modulem E = 2,1-10'' Pa a hustotou
p=7850 kg'm™.

Dynamické chovani diskretizovaného nosniku je poté popséano diferencialni rovnici:

My)+Dy()+Ky@) = f(1), )
yO=[yi(?) ... yM(©)]" je Casové zavisly vektor piiénych vychylek, AO)=[fi(?) ... (D] je

casove zavisly vektor sil.
M je matice tuhosti:

B A
4 B 4
My =| o
A B 4 2)
] A4 B/2]
Am  J, Am 2J,
=" _ L g _Am
4 AL 2 AL

Am = pLbh/N je hmotnost elementu, AL je délka elementu a J, je moment setrvacnosti
kvadru:

2 2
J = amAE 3)
12
D je matice tlumenti, ktera je proporcionalni k matici hmotnosti:
Do =M, 4

o je uréeno porovnanim méfenych a simulovanych dat: o =20 s™.
K je matice tuhosti:
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6 -4 1
4 6 -4 1

P 1 -4 6 -4 1
K(NXN)ZE(Z . . . . . ( )
1 -4 6 -4 1

1 -4 5 =2

1 -2 1

K je tuhost torzni pruziny myslen¢ho modelu:

EI
Ky =E (©)

I je moment setrvacnosti plochy priifezu a pro dany nosnik je:

bh’
I =—. 7
T (7
Tyto vztahy byly odvozeny Euler-Lagrangeovy rovnice:
dfoL) oL _ (8)
dt ayl‘l a)}}’l

Lagrangeova funkce L je definovéana lako rozdil kinetické energie T a potencialni energie

L=T-V. €

Diagram na obrazku 3 znédzornuje simula¢ni schéma diferencialni rovnice (1). Struktura
je vybuzena bilym Sumem, ktery ptisobi jako sila v bodu piezoaktuatoru. Pfenos nosniku je
poté zpracovan ze zaznamu vychylky koncového bodu nosniku a bodu uchyceni
piezoaktuatoru. Pfenos je definovéan jako pomér vykonové spektralni hustoty vystupu (volny
konec) S),(f) a vzajemné vykonové spektralni hustoty mezi vstupem a vystupem S,,(f):

. 10
5.0/) 1o

H(f)=

Jestlize jsou méfené signaly x(¢) a y(f) ptevedeny pomoci Fourierovy transformace do
frekvencni oblasti X(f) a Y(f), pak je vlastni vykonova spektralni hustota rovna souc¢inu X(f) a
komplexné sdruzeného X (f). Vzajemna spektralni vykonova hustota je soucin X(f) a Y (f).

>
I
=
>
><*
>

O . (11)
Sy (N)=X(F )" (£)
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Obrazek 3 — Diagram v Simulinku pro simulaci diferencialni rovnice nosniku

Porovnani pienosu skutecného nosniku a pienosu ziskaného zpracovanim simulac¢nich dat
je patrné z nasledujiciho obrazku.
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Obrazek 4 — Pienos vetknutého nosniku

Lze pozorovat, ze systém je velice malo tlumeny: rezonancni vrcholy jsou velice izké a
ostré. Vlivem uspofaddni snimace a akcniho c¢lenu (nekolokované uspofadani) kazda
rezonanéni frekvence otaci fazi o 180°. To znamena, ze fazovy posun u lichych rezonanc¢nich
frekvenci je -90° a u sudych -270°. Tento fakt pfinasi komplikace v ndvrhu vhodného fidiciho

systému pro aktivni tltumeni vibraci.
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Obrazek 5 — Fazova charakteristika pfenosu vetknutého nosniku

3 Modelovani regulatoru

Obrazek 6 znazoriiuje nosnik vybaveny aktivnim tlumenim vibraci. Ptredpoklada se
snimani rychlosti a zpracovani jejiho signdlu nékolika pasmovymi filtry. Filtr typu pasmova
propust mé v roviné komplexni proménné s ptenos:

M -
HFi(S):Z K27 - Mgy s ) (12)
P 2m N gps +An [}

K; je zesileni filtru, Afzp; je Sitka propusténého pasma a f; je frekvence stiedu

propustén¢ho pasma. Zesileni je zaporné pro liché vlastni tvary kmith a kladné pro sudé
vlastni tvary kmitli. Parametry filtru jsou shrnuty v nasledujici tabulce:

Tabulka 1: Parametry filtru

i K; |-] fi |Hz] Afi |Hz]
1 -200 17 20

2 250 105 40

3 -200 293 80

4 100 575 120

5 -150 950 120
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Obrazek 6 — Nosnik s regulatorem

Constant1

Ptenos filtru demonstruje, ze akéni veliCina je znatelna pouze v tzkych pasmech, které
jsou nastaveny tak, aby odpovidaly rezonan¢nim frekvencim nosniku.
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Obrazek 7 — Pienos filtru

4 Vysledky aktivniho Fizeni vibraci

Pouzitim pasmovych filtri bylo dosazeno utlumeni rezonan¢nich vrcholti o nejméné
40 dB. To znamend minimalné€ stonasobny ttlum.
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Obrazek 8 — Uginnost aktivniho tlumeni

5 Zavér

Z Euler-Lagrangeovy rovnice byly odvozeny matice hmotnosti a tuhosti. Simulace

v porovnani s naméfenou charakteristikou umoznila ur¢it matici tlumeni, ktera byla zjisténa
jako proporcionalni k matici hmotnosti. K modelu byl pfidan regulator skladajici se
z pasmovych filtrii a bylo dosazeno sniZzeni amplitud vibraci.

9 Pouzita literatura

[1]

P. Surének and J. Tama, Experiments with the Active Vibration Control of s Cantilever
Beam, in Z. Dimitrovova, J.R. de Almeida, R. Gongalves (eds.) “Proceedings of the
11th International Conference on Vibration Problems (ICOVP-2013)”, Lisbon,
Portugal, 9-12 September, 2013, AMPTAC, ISBN 978-989-96264-4-7, abstract p. 391,
article 7 pages.

D. Hickey, S. Sewell, B. Mortel and 1. Esat, A Study to Demonstrate the Potential
Benefits of Active Vibration Control in the Engineering Community, in Z. Dimitrovova,
J.R. de Almeida, R. Gongalves (eds.) “Proceedings of the 11th International Conference
on Vibration Problems (ICOVP-2013)”, Lisbon, Portugal, 9-12 September, 2013,
AMPTAC, ISBN 978-989-96264-4-7, abstract p. 369, article 9 pages.

S.-B. Choi, M.S. Han, Vibration control of a rotating cantilevered beam using
piezoactuators: experimental work, Journal of Sound and Vibration, Volume 277, Issues
1-2, 6 October 2004, Pages 436-442, ISSN 0022-460X.

J. Tama, P. Suranek and Miroslav Mahdal, Stability of the Active Vibration Control of
Cantilever Beams, in Z. Dimitrovova, J.R. de Almeida, R. Gongalves (eds.)
“Proceedings of the 11th International Conference on Vibration Problems (ICOVP-
2013)”, Lisbon, Portugal, 9-12 September, 2013, AMPTAC, ISBN 978-989-96264-4-7,
abstract p. 195, article 11 pages.

107



XXXVIII. Se!ninar ASR '2014 “Instruments and Control”
© 2014, VSB-TUO, Ostrava, ISBN 978-80-248-3398-9

Simulacia dynamiky pneumatického aktuatora vyuzitim réznych
modelov svalov
Simulation of Pneumatic Actuator Dynamics Using Different
Muscle Models
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Abstrakt: Pri implementacii pneumatickych umelych svalov ako pohonov manipulacnych
zariadeni je potrebné brat do uvahy nelinedarny charakter tohto pohonu, ktory ma zdsadny
vplyv na riadenie celej sustavy. Na zdklade teoretického rozboru cinnosti pneumatického
aktuatora s umelymi svalmi v antagonistickom zapojeni a experimentdlnych merani bola
navrhnutd blokova schéma pneumatického aktuatora na badze troch roznych modeloch
umelych svalov (jednoduchy geometricky model svalu, pokrocily geometricky model svalu,
modifikovany Hill-ov model svalu) a v prostredi Matlab/Simulink bol nasledne vytvoreny
simulacny model tohto aktudtora. V prispevku su prezentované a porovnané vybrané
dynamické charakteristiky antagonistického aktuatora ziskané simulaciou tychto troch
modelov svalov s nameranymi charakteristikami na experimentalnom aktuatore.

KPucové slova: pneumaticky aktuator, umelé svaly, model

1 Uvod

Pneumatické umelé svaly patria k nekonvenénému typu pohonov so Specifickymi
vlastnostami, medzi ktoré patri mimoriadne vysoky pomer vykonu asily k hmotnosti
a objemu, pruznost’, flexibilita, bezpecnost’, jednoducha instaldcia a minimalna udrzba. Uz pri
prvotnej analyze tohto prvku zo sémantického hl'adiska vyplyva najprirodzenejsia oblast’ jeho
pouzitia, ktorym je biorobotika a protetika. Uvedené oblasti vSak neostavaju jedinymi
a uplatnenie mozno rovnako predpokladat’ aj v priemyselnej sfére, v ktorej hra pneumatika
v istych pripadoch nenahraditenu tlohu. Napriek konstrukénej jednoduchosti je aj samotny
pneumaticky sval predmetom vyvoja ztechnologického hladiska, ¢im sa stdva vhodnou
alternativou pre bezne pouzivané pneumatické valce.

2 Pneumaticky aktuator s umelymi svalmi

V ramci doterajSicho vyskumu bol na pracovisku autorky vytvoreny polohovy
servosystém, kde riadenou sustavou bol aktuator na baze antagonisticky zapojenych
pneumatickych umelych svalov (obrazok 1).

Takto zostrojeny antagonisticky aktudtor s pneumatickymi umelymi svalmi je
kinematickou Struktarou, ktord pozostava z dvoch proti sebe posobiacich svalov typu FESTO
MAS-20-250 vzajomne spojenych taznou retazou undsajucou ozubené koleso, ktoré je
nasadené a upevnené na vystupny oto¢ny hriadel’. K hriadel'u je nasledne pripojené rameno so
zatazou. Pootocenie (poloha) hriadel’a je proporcionalne, rovné rozdielu tlakov v jednotlivych
svalov, tuhost’ polohy hriadel'a v prisluSnom smere je dand velkostou tlaku v prisluSnom
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pneumatickom svale, ktory je namahany v tahu. Akény ¢len je tvoreny dvoma parmi priamo
ovladdanych dvojcestnych elektromagnetickych ventilov [HoSovsky, 2012].

Rameno so zatazou )

Pneumatické umelé svaly

retazovy
mechanizmus

Inkrementalny
snimac

3 Pouzité modely svalov

Pneumaticky aktuator s umelymi svalmi tvori nelinearnu sustavu, ktorej koncova poloha
je nelinearnou stredovo symetrickou funkciou plniaceho tlaku vzduchu v umelych svaloch.
Vzhl'adom na znacne nelinedrny charakter takejto sustavy je potrebné mat’ k dispozicii
modely tychto pohonov, ktoré st dolezité pre simulaciu dynamiky pohybu a tiez pre riadenie
tychto pohonov [Pitel’, 2007].

Stcasné navrhy riadenia vo vSeobecnosti predpokladajii vytvorenie matematickych
modelov riadenych systémov, ziskanych bud’ na zéklade teoretického rozboru fyzikalnych
javov prebiehajucich v systéme alebo identifikaciou jeho vlastnosti na zaklade experimentalne
zistenych charakteristik (vel'mi Casto kombinaciou oboch pristupov). Modelovanie systémov
na baze pneumatickych umelych svalov je obzvlast narocné kvoli ich prirodzene velmi
komplexnému matematickému popisu stvisiacemu s ich elastickym charakterom ako aj
Specifikami vyplyvajicimi z pouzitého média (stla¢eny vzduch). Dokonaly matematicky
model nie je mozné vytvorit kvoli nie Uplnej znalosti vSetkych fyzikalnych javov
prebiehajucich v sustave (stochasticky charakter vplyvov azmien). Z tohto dovodu je
potrebné navrhovat matematicky model ako malo citlivy na neurcitosti, teda schopny
zabezpecCit nomindlne odozvy aj pri zmenach parametrov a portch.

V ramci vyskumu boli vytvorené tri modely pneumatickych umelych svalov:

e Na ziklade zjednoduseného matematického popisu geometrie svalu bol vytvoreny
Jjednoduchy geometricky model, ktory popisuje sval ako valec s nulovou hrubkou steny.
Experimentadlnym meranim bola zistena staticka charakteristika zavislosti uhla natocenia
ramena aktuatora a nasledne bola zahrnutd do modelu aktuatora [Borzikova, 2011].

e Jednoduchy geometricky model svalu sa stal zakladom pre pokrocily geometricky model,
ktory predpoklada, Ze sval je elipticky valec. Rovnako berie do tvahy, Ze pri zmene tlaku
vo svale sa mdze menit priemer svalu, ktory je funkciou dizky svalu. Cely model vznikol
na zéklade matematického popisu, experimentidlne merania neboli potrebné [Téthova,
2013].

e Vroku 1938 fyzioldog a biofyzik A.V.Hill vytvoril trojprvkovy elasticky model svalu,
ktory presne a jednoducho popisuje jeho fyzikdlne vlastnosti. Je priamo uplatnitelny pre
modelovanie kontrakcie svalov, v ktorych vonkajsie skratenie nastava pri konStantnom
vonkajSom zatazeni. Tento model sa stal zdkladom pre tvorbu modifikovaného Hill-ovho
modelu svalu, v ktorom niektoré charakteristiky boli experimentalne merané [Pitel’, 2013].
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4 Simulované dynamické charakteristiky aktuatora

Simulacny model aktuatora za pouzitia troch réznych modelov svalov popisujici
dynamiku svalov bol navrhnuty a simulovany v prostredi Matlab/Simulink. Modely
vychédzaji z doterajSich poznatkov nadobudnutych v priebehu vyskumu so Specifikami
predpokladanej aplikécie a pouzitych komponentov, dostupne;j tedrie o fyzikalnych procesoch
prebiehajucich v skimanom systéme a dostupnych informacii z experimentalneho vyskumu.

Na zaciatku simulécii boli svaly plne natlakované na tlak 600 kPa, rameno aktuétora bolo
v nulovej pociatoénej polohe. Casovy krok numerického rieSenia modelu bol nastaveny na
konstantnych 0,003 s a doba simulacie bola nastavena na hodnotu 14 s.

Na obrazku 2 st znazornené priebehy ovladacich signalov ventilov pre simulaciu
aktuatora. Os x je Casova os, na osi y je logicky stav signalu (log. ,,0 alebo log. ,,1*). Ako je
zrejmé z obrazka 2, najprv bol otvoreny vypustaci ventil druhého svalu v ¢ase 1 s na dobu
2 s anasledne v Case 3,5 s bol otvoreny jeho napustaci ventil rovnako na dobu 2 s. Vypustaci
ventil prvého svalu bol otvoreny v cCase 6,5 sna dobu 1,5sajeho napustaci ventil bol
otvoreny v Case 8,5 sna rovnaku dobu otvorenia. Na zdver simuldcie sa znova otvoril
vypustaci ventil druhého svalu v ¢ase 11 s, ale iba na dobu 1s. Jeho napustaci ventil sa
otvoril v ¢ase 12,5 s na rovnaku dobu otvorenia.
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Obrazok 2 — Priebehy ovladacich signalov ventilov pre simuldciu aktuatora

Vysledky simulécii priebehu tlaku v umelych svaloch st zobrazené na obrazku 3, 4, a 5,
ktoré boli ziskané pri rdoznej dobe otvorenia ventilov podla obrazka2. V case 1s sa
s dopravnym oneskorenim druhy sval Gplne vypustil z dovodu dostato¢ne dlhého otvorenia
jeho vypustacieho ventilu atlak vtomto svale klesol na hodnotu atmosférického tlaku
vzduchu (priblizne 100 kPa). Nasledne otvorenim napustacieho ventilu tohto svalu sa sval
znova naplnil atlak sa zvysil na pociatoénii hodnotu 600 kPa. Daldim otvorenim
vypustacieho ventilu ¢i uz prvého, alebo druhého svalu sa ani jeden zo svalov Uplne
nevypustil z dovodu kratkej doby otvorenia ventilu.

Ako je zrejmé z obrazkov 3, 4, a5 rozdiely medzi jednotlivymi pouzitymi modelmi
svalov su v priebehoch tlakov v pasivnych svaloch (ktorych prislusné ventily su zatvorené),
nakol’ko v prezentovanych simulaciach je ovladany vzdy iba jeden, tzv. aktivny sval.
Obrazok 3 predstavuje priebehy ziskané simuldciou modelu za pouzitia jednoduchého
geometrického modelu svalu, pricom v dosledku zjednoduseného popisu svalu je priebeh
tlaku v pasivnom svale takmer konStantny. Priebehy na obrazku 4 st ziskané simuldciou
pouzitim pokrocilého geometrického modelu svalu a na obrazku 5 pomocou modifikovaného
Hill-ovho modelu svalu, u ktorych je zrejmy vyraznejsi pokles tlaku v désledku presnejSieho
modelovania svalu.
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Obrazok 3 — Simulované priebehy tlaku vo svaloch na baze jednoduchého geometrického

modelu svalu
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Obrazok 6 znazoriiuje simulovanu Casovu zavislost' uhla natocenia ramena aktudtora
pouzitim troch r6znych modelov svalov. V €ase 1 s bol otvoreny vypustaci ventil druhého
svalu, rameno aktuatora sa s dopravnym oneskorenim vychylilo z nulovej polohy do kladnych
hodnot. Nakol'ko bol ventil dostato¢ne dlho otvoreny, poloha ramena aktuatora dosiahla pri
vsetkych modelov svalov maximalnu hodnotu priblizne +42°. Otvorenim prislusného
napustacieho ventilu sa rameno aktuatora vratilo spiat’ do nulovej polohy. Do zapornych
hodnét sa rameno vychylilo otvorenim vypustacieho ventilu prvého svalu a nakolko bol
ventil otvoreny iba na dobu 1,5 s rameno dosiahlo zéporna hodnotu pre vSetky modely svalov
priblizne -38°. V ¢ase 11 s bol otvoreny znova vypustaci ventil druhého svalu, ale iba na
dobu 1 s arameno aktuatora dosiahlo kladni hodnotu priblizne 25°. Na zdver simulécie sa
rameno vratilo do nulovej polohy otvorenim napustacieho ventilu druhého svalu.

50
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Obrazok 6 — Simulované priebehy uhla nato¢enia ramena aktuatora

5 Porovnanie simulovanych priebehov s nameranym priebehom

Simulované priebehy boli nasledne porovnané s priebehom uhla nato¢enia ramena
nameranom na experimentalnom aktuatore.

Rovnako ako pri predchadzajucich simuldcidch dynamickych charakteristik aktudtora
boli svaly na zaCiatku natlakované na tlak 600 kPa a uhol natocenia ramena aktuatora bol
nulovy. Doba simulacii a merania bola nastavena na hodnotu 13 s.Ventily oboch svalov boli
otvorené¢ ako je zndzornené na obrazku 7. V ¢ase 0 s bol otvoreny vypustaci ventil druhého
svalu na dobu 1 s a nésledne v Case 2 s bol otvoreny jeho naptstaci ventil na rovnaki dobu
jeho otvorenia. V ¢ase 6 s bol otvoreny vypustaci ventil druhého svalu, ale uz na dobu 2 s
a nésledne v ¢ase 10 s bol jeho napustaci ventil otvoreny na rovnaku dobu otvorenia.

Obrazok 8 porovnava simulovani Casovu zavislost uhla natoCenia ramena aktudtora
pouzitim troch roéznych modelov svalov snameranym priebehom na experimentilnom
aktuatore. Priemerna absolitna chyba simulovanej polohy ramena aktudtora pri pouziti
jednotlivych modelov svalov v porovnani s nameranymi hodnotami je PACH,., =2,52°

PACH 5 =128°,  PACH,,,s=158 amaximilny rozdiel je max,q,(Ag])=491°,
maxPGMSQA(pD: 3,95°, maxMHMSQA¢|)= 4,46°. Prislusné relativne chyby su potom:
5PACH(JGMS) =15,78%, 5PACH(PGMS) = 8,04%, 5PACH(MHMS) =9,93%, 5max(JGMS) =11,56%,
o ax(PGMS) = 9,30%, O ax(MEMS) = 10,50%, .

m m
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— Namerané vysledky na experimentalnom aktuatore

Obrazok 8 — Namerané a simulované priebehy uhla nato¢enia ramena aktudtora

6 Zaver

V prispevku boli prezentované¢ aporovnané vybrané dynamické charakteristiky
antagonistického aktudtora ziskané simulaciou jeho dynamického modelu v prostredi
Matlab/Simulink vyuZzitim troch ré6znych modelov svalov s nameranymi charakteristikami na
experimentalnom aktuatore. Prezentované charakteristiky st znacne nelinearne, Co kladie
vysoké naroky na algoritmy riadenia takéhoto aktudtora. Z porovnania tiez vyplyva, Ze pristup
k tvorbe jednotlivych modelov svalu bol spravny. Vzniknuté rozdiely mohli byt sposobené
réznou zlozitostou modelovania svalov ako aj neuvazovanymi niektorymi vlastnostami
umelych svalov (napr. trenie, hysteréza), ktorych modelovanie moze byt predmetom d’alSieho
vyskumu. Vzhladom ale na prioritné pouzitie odsimulovanych modelov v adaptivnych
Struktarach riadenia s referenénym modelom vyuzivajucich pokrocilé algoritmy nie je nutné
ziskanie presného dynamického modelu simulovaného aktuatora az tak dolezité, nakol’ko tieto
algoritmy su robustné voci ur¢itym chybam modelovania.
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Abstrakt: Prdca pojedndva o sprave alarmov na operdtorskych pracoviskdch riadiacich systemov.
Zameriava sa na objektovo orientovane technologie a spracovanie zberu dat, konfiguraciu
sledovanych velicin a definovanie ich parametrov. Prindsa moznosti vyuzivania systemovych
funkcii na konkrétnych prikladoch aplikacii v prostredi InTouch/Wondervare a 800xA/ABB
s dorazom na uzivatel’ské prostredie operatorov.

Kli¢ova slova: ABB, Wonderware, InTouch, SCADA, HMI

1 Technologie COM
COM (Component Object Model) je technoldgia zalozend na principe objektovo

orientovaného modelovania, ktord umoziuje dvom alebo viacerym aplikaciam tzv. komponentom,
lahko spolupracovat medzi sebou aj ked’ su vytvorené v réznych programovacich jazykoch
a operacnych systémoch.

Technoldgia je zalozend na komunikacii server — klient a pouziva uz spomenuti objektovo
orientovanu architektiru, ktorej jednej z vyhod je ,zaobalit* funkcie programov do znovu
pouzitelnych programovych komponent, ¢o umoziiuje skryt’ data a funkcie objektu.

Objekt je inStancia tried, ktord je nejaka sada ¢lenskych funkcii a dat. Komponenta je cast’
programu v binarnej forme a ako taka musi vyhovovat’ uréitym binarnym Standardom. Tento objekt
je mozné pripojovat’ k réznym aplikdciam alebo inym programovym komponentom. Vzhladom
k zabalenym datam a funkcidm objektu, klienta nezaujima ich vnutornd implementicia ale
vonkajsie chovanie objektu (napr: poskytovane funkcie apod.)

To definuje pre aplikacie COM [Bajgar, 2000].

2 OPC

Predstavuje Standardny sposob komunikacie v priemysle, umoznujuci sa integrovat do
existujucich obchodnych planov a systémov. Vyrobcovia musia byt schopny vyuzivat’ systémy ako
SCADA alebo DCS na realizdciu svojich planov. K splneniu tejto podmienky je otvorena

a efektivna komunika¢na architektira zamerand na pristup k datam a nie k typu dat.
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OPC je Standardom pre poskytovatelov — hardwaru a vyvojarmi softwaru. Zabezpecuje
mechanizmus pre Standardny transfer dat z hardwarovych zariadeni do l'ubovolnej klientskej
aplikécie. Vyrobcovia mézu vd’aka tomu vyvinut' opakovane pouzitelny, vysoko optimalizovany
server pre komunikdciu svojho softwaru so zdrojom dat (hardwarom riadiacim technologicky
proces) a definovat’ mechanizmus na efektivnu vymenu dat medzi softwarom a hardwarom.

Poskytnutim serveru s OPC rozhranim umoznia Il'ubovolnému klientovi pristup kich
zariadeniu. Prave preto Microsoft a vyvinul OLE / COM (Object Linking and Embedding /
Component Object Model) model, aby dovolil vyvojarom vyuzit softwarové komponenty vo
svojich programoch napisanych v inom jazyku. Vyvojari podnikovych aplikacii tak mézu napisat’
kod napriklad vo Visual Basicu, ktory pouziva data priamo z priemyselné¢ho hardwaru. Ciel'om
vsetkych Specifikacii je ulah¢it’ vyvoj serverov pre OPC v C/C++ a dat’ tym vyvojarom aplikacii

vol'nost’ pri vybere programovacieho jazyka.

2.1 Hierarchia priemyselného riadenia
Riadenie sa sklad4 podla obrazku 1 z nasledujucich troch Grovni [Bajgar,2000] :

e Uroven priameho riadenia kde st poskytované informacie z ,,smart* inteligentnych
snimacov alebo zariadeni. Tieto informacie poskytuju data o zariadeniach, jeho
konfiguraénych parametroch atd, su prezentované uzivatel'ovi a vyuzivajucim
aplikaciam.

e Procesna droven, tato Uroven su inStalacie distribuovanych riadiacich systémov DSC
a SCADA systémov. Systémy slizia k monitorovaniu, riadeniu vyhodnocovaniu
procesov z ktorych su ziskavané a mozu byt’ pouzité na informac¢nej urovni.

o Informacna uroven ziskava informacie z riadiacich systémov do informac¢nych alebo
ekonomickych aplikécii. Uzivatelia musia byt schopny vyuzit’ programové SCADA,

databaze textové a tabulkové procesory v spojeni s vyrobnym systémom.
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Obrazok 1 Hierarchia komunikacie v priemyslovom riadeni[Bajgar, 2000].

2.2 OPC Alarm and Event Server

Server oznamuje klientom vyskyt udalosti alebo alarmovej podmienky . Umoziuje urcit
klientom OPC ur¢it’ udalosti a podmienky podporovane OPC serverom.

Podmienka je stav OPC Event serveru alebo jedného jej objektu, ktory je ur€enym spdsobom
zaujimavy pre jeho OPC klienta. Alarm je Specidlnym pripadom podmienky, jeho aktivacia bude

splnena prekrocenim definovanych medznych podmienok.

3 Riadiaci systém v ABB

Je postaveny na vyssie postavenych principoch a jeho sluzbe. Sluzba sa inak nazyva , AfW
Service* navrhnuta tak, aby bola schopna pracovat’ nepretrzite. Je rozdelend do niekol'kych skupin
sluzieb majuci Specificky rozsah sluzieb. Kazda sluzba z moznosti redundancie mdze obsahovat’
niekol’ko poskytovatel'ov beziacich na réznych serveroch.

Sluzba poskytuje rozhranie Aspect Directory poskytujuce jednoduchu obsluhu s datami
anenutia klienta sa zaoberat’ otazkami tykajicimi sa ako je sluzba rozdelena. Podporuje pod
jednym serverom razne spustené servery, ktoré zjednocuju pristup k datam z r6znych zdrojov.
Tieto servery poskytuju jedno kompatibilné rozhranie OPC, ¢im klientske aplikacie nemusia riesit’,

ktory OPC prave bezi alebo z ktorého Cerpaju data.
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3.1 Alarmy v 800xA/ABB

Systém 800xA je riadiaci systém navrhnuty v funkcnej Struktire rozdelenej pre jednotlivé
¢innosti, podla procesnych cCasti ( motory, nadrze). To vytvara jednoduchy alarmovy list, ktoré sa
pridavaji na zaciatku funkénych blokov. 800xA automaticky pridd alarm z procesného objektu do

Specifickej sekcie v Specifickom alarmovom liste.
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Obrazok 2 Zoznam alarmov s nepotvrdenim alarmom a komentarom, facepletou, Zivou
hodnotou[zdroj:ABB.com]

Je to vel'mi efektivny arychly spdsob z hl'adiska nakladov, takisto aj jednoduchs$ie pre
operatorov, ktory maju moznost monitorovat’ svoje ,,vlastné* alarmy, nie dlhy netriedeny zoznam
alarmov. Ak je novy alarm, pridd sa k objektu funkénej Struktary automaticky. Operatori mozu
sledovat’ nepotvrdené alarmy zaznamenané v zozname udalosti.

Viditelnad ¢ast’ systému 800xA zoznamov alarmov obsahuje tiez ,,Nahl'ad zivych hodnot*
funkcie, kde su zobrazené aktualne hodnoty a parametre, ktoré spustili poplach, prikladom kde
moze klesnut’ hladina v nadrzi pod urcitt minimdlnu hodnotu. V zozname je mozné vidiet aj
aktudlnu hodnotu trovne, ktord vykonala alarm.

Racionalizaciu obsluhy zataze pomaha operatorom zvladat’ stresové situacie dve funkcie

systému 800xA: Skrytie alarmu(A4larm Hiding), Odlozit na policu(4larm Shelving).
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Pri Alarm Shelvingu umozni operatorom rozhodnut’ na jak dlho alarm odlozi na ,,policu®.
To znamena odstranenie z hlavného zoznamu do zvlastneho zoznamu. Operator sa moze venovat’
aktualnym alarmom. OdloZené alarmy nie su ovplyvneny. Tie budi neskor vyzadovat rieSenie
operatora.

Alarm Hiding je hlavnym cielom potlacit’ alarmy, ktoré su v o¢akavani alebo nie st v danej

situacii relevantné.
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Obrazok 3 Zobrazenie alarmov v liste s vyvolanym alarmom a aktualnou hodnotou
[Zdroj: ABB.com]

Zoskupenie alarmov na rozdiel od ukrytu alarmov a odloZenia, vytvorenie zoznamov
s kIiCovymi vlastnostami, a tym vytvoreniu prehladnejSich zoznamov. Vysledkom alarmov je

jeden alarm za celu skupinu alarmového zoznamu.
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Obrazok 4 Zobrazenie alarmoyv v liste s vyvolanym alarmom a aktualnou hodnotou spolu
so zgrupenym listom [Zdroj: ABB.com]
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Toto zoskupenie pomaha operatorom lepsie pochopit’ dosledky urc¢itého poplachu a jeho dopad

na proces. V systémoch bez tejto funkcie zavisi rozhodnutie a rieSenie na znalostiach operatora. Pri

niekol’kych procesoch naraz je nutné vyhodnocovat’ casové naroky a rizika.

Tabulka 1
Problém U¢inky problému na Priklad vyskytu
pracovisku problému

PretaZenie Vysoky pocet alarmov. Jeden za | ZhorSené rozhodovanie Texaco Milford Heave

operatora mindtu je neprijatefné. Max 40 | ZvySeny stres operatorov Aljaska North Slope

alarmami alarmov za mindtu Esso expldziu
Jednorazovo | Vysoky pocet alarmov. Casto viac | Nerie$. alarmov v zozname | Three Mile Island
zvy$eny ako 100. Obcas viac ako 500. ZvySeny pocet chyb
pocet
alarmov
Obt'aiujljce Systémové alarmy. Opakované | Ignorovany alarm. Systém BP prudhoe Bay
systémové alarmy. Zavada na konc. zariadeni. | Vysoky stres operatorov. Maryland rail Accident
alarm Spatné podmien. v riad.

y miest

Zle Vysoky pocet alarmov svysokou | Operatory reaguju  na | BP Texax city explosion
navrhnuté prioritou. Nerozlis. bezp. alarmy nevhodné alarmy Helios
alarmy
§patna’ Nevhodné zakazané alarmy. | Odstranenie ochr. Vrstvy BP Texax city explosion
sprava Ignorované alarmy. NerieSené | Bezpecne Ekologicky Maryland Rail Accident
alarmov chybné alarmy Ekonomicky

4 Operatorské prostredie InTouch

Pre kazdi premennt je mozné definovat’ jeden alebo viac alarmov réznych tried a typov.
Nastaveny alarm ma priradenu urcit prioritu. Ta vyjadruje zdvaznost’ alarmu a ma rozsah 1 — 999
(Kriticky — informativny). Pomocou rozsahu je mozné filtrovat" vytvorené alarmy, pracovat
v skriptoch a animaciach. Takisto ako v ABB 800xA je mozné vytvorit skupiny alarmov
a alarmové listy.

Je mozné konfigurovat’ alarmy pre nasledujice premenné:

e Logicky :
Moznost' vol'by umoZiiuje zvolit, ¢i alarm bude splneny pri hodnote TRUE alebo FALSE

a nastaveniu priority.

.?;I:_‘KHBH Alwm Comment <] Alam Stae Py &laim Inbabaton
" Evenit Diierded = 0n C O8N C Hema | 1 i
" Exparded Summany g

Obrazok 5 Nastavenie alarmu pre Logicku premennu[InTouch]

e Analégovy
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Je ho mozné definovat’ ako celoCiselny typu INT alebo s desatinou Ciarkou typu (REAL).
Pre analogovy typ alarmu existuje niekol’ko tried:
o Hodnotovy
Aktudlna prijatd hodnota sa porovna s nastavenymi limitami, pri prekroceni nastaveného
limitu je vyhlaseny alarmovy stav.
o Odchylkovy
Hodnota sa od¢ita od nastavenej hodnoty a absolutna hodnota vypocitaného rozdielu sa
porovna s jednym alebo dvoma limitnymi hodnotami vyjadrenymi ako percentom rozsahu hodnoty
premenne;j.
Pri nich je mozné nastavit’ priority k limitu:
»Minor Devation“ — Menej zdvazna odchylka.
,Major Devation* — Zavazna odchylka.
,,Deviaton Deadband® — Pasmo necitlivosti
o Rychlost’ zmeny
Vypocet zapocitava aktudlnu hodnotu a predchiddzajiicu hodnotu v aktudlnom case a Case

predchadzajucej aktualizacie.

ACK Model ¢ Condiion © Event Oriented (" Expanded Summuy‘.i\lam Comment; |

Alam Yalue Prionty  Alarm Inbibitor Alarm Yalue Pronty Alarm Inhibitor YWalue Deadband
I Lelo [0 ] | v High a0 ) oo
™ Low [ ) LT [ I
% Deviation Target Priority  Alarm Inhibitor Deviation Deadband %
[~ Minar Deviation |J_-|_IE7 [T | ] -
I Maior Deviation [ J [ R
I Rate of Change| [ |«'<net:f‘ SE5 8 i HT |P|icritg,t|‘|_¢damlrhbla o

Obrazok 7 Analégovy alarm[InTouch]

Alarm je vyhlaseny pokial’ absolutna hodnota rychlosti zmeny prekroci stanoveny limit.

Limity a priority je moZné nastavit’.

4.1 Riadenie vzniku a viditel’nosti alarmu

Pri aktivovanom alarme je ob¢as vhodné a neodkladné niektoré alarmy vypnut. V programe
InTouch sa da alarm:
e Deaktivovat’, zmenou atribitu premennej a v databazy uz nie je potrebné prevadzat’

ziadne zmeny. Splnena podmienka neprevedie premennu do alarmové stavu
e Potlacit’ vznik alarmu, premennej ktord vykonala alarm je mozné vyhradit
vyhradeni premennt, ktorej hodnota moéze potlacit’ vznik alarmu ajej nazov je

inhibitor. Dej prebieha v dvoch fazach:
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» Priradenie inhibitoru alarmovatel'nej premenne;j
» Zmena stavu inhibitoru FALSE na TRUE
e Potlacit’ zobrazenie alarmu, ide aplikovat ujedného alebo viac alarmov
Specifickych vyluCovacich kritérii. Pri ich splneni nebude alarm pre spotrebitel’a
viditel'ny.

InTouch umoziuje deaktivovat’ a aktivovat vSetky alarmy apremenné naraz. Pri
jednotlivych alarmovych substavoch sa da jednotlivy substav deaktivovat’ jednotlivo. Analogové
hodnoty mézu mat napr. Hi — Level aktivny a HiHi — Level deaktivovany.

To isté plati aj pri deaktivaci a inhibitor mdze byt pouZzity pre jednotlivé substavy. Pri
akomkol'vek prechodu zo stavu aktivne potlaceny do stavu nepotlaceny je okamzite vyvolana

alarmova logika pre vyhodnotenie alarmového stavu.

5 Zaver

Spracovava porovnanie vyhodnocovania alarmov v riadiacom systéme od ABB a operatorskom
systéme InTouch/Wondervare. V nich sa zobrazujui signaly inak nazvané tagy nestce pod jednym
nazvom niekol’ko réznych déatovych signdlov. Pod tagom moéze byt ukryta aktudlna hodnota
veli¢iny, ovladacie veli¢iny a nastavovanie stavov pre manudlne a automatické rezimy. Alarmy st
zobrazované, podla toho ¢i dojde k prekroceniu nastavenych medzi a limitov. Kde je vyhodou
sprava alarmov pri ABB v podobne Alarm Hiddingu a Alarm Shelvingu.

Aktualnym veli¢inam st priradené medze a limity pri ktorych ked’ dojde k prekroceniu tak je
vyvolany alarm, pri ktorych dochadza k vytvéaraniu zataZze pre operatorov vid. Tabulka 1, pre ktoré

mdzeme od ABB pouzit napr. 2 metoddy spracovania.
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Priama a inverzna uloha kinematiky na riadenie PKS
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Abstrakt: V kinematike priestorovych robotov alebo manipuldtorov sa riesia dva zdkladné
problémy. Prvym problémom je tzv. priama uloha kinematiky, to znamend, Ze pozname
zovSeobecnené suradnice a hladame polohu a orientdaciu koncového bodu efektoru. Tento
problém sa pomerne lahko riesi, pokial' pouzijeme trigonometrické vztahy pre dany typ
robotu. V pripade opacného problému je tato uloha zlozZitejsia. Vtedy pozndame polohu
a orientaciu koncového bodu a hl'addame zovseobecnené suradnice koncového bodu efektoru.

V siicasnej dobe pozndame viacero druhov KS. Sii to sériovad kinematickd Struktira, paralelnd
kinematicka struktura a hybridna kinematicka Struktura. U sériovej kinematickej Struktury sa
priama kinematicka uloha vytvara vyslednym pohybom, kdeze je tu moznost rotacie na
vSetkych suradnicovych osiach. Naproti tomu pri paralelnej kinematickej Strukture je to
zlozitejSie, kdeze tu nie je rotdacia u vsetkych suradnicovych osiach, ale len u dvoch a posun
v smere osi Z. Predkladany clanok opisuje moznosti riadenia robotov prostrednictvom
priamej a inverznej ulohy kinematiky.

KPucové slova: Tricept, paralelna kinematicka Struktura, priama uloha kinematiky, inverzna
uloha kinematiky

1 Uvod

Stucasné obrabacie stroje si pomerne konzervativhe k moznostiam vyuZitia strojov
s paralelnou kinematickou Struktirou. No nové konstruk¢né usporiadanie strojov uz opustaji
koncepciu sériového usporiadania prvkov. Motivaciou je vytvorenie pohybovej kinematiky,
ktora by bola Tl'ahSia a vykazovala by asponl porovnatelné statické tuhosti ako sériova
kinematika a mala by vysSie dynamické tuhosti. Tato cesta poukazuje na efektivnejSie
vyuzitie materialu, ktord je u paralelnej kinematiky.
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2 Kinematické Struktury

Kinematické Struktary sa delia na sériové, paralelné ahybridné. Maji za ulohu
vykonavat' urcity predpisany pohyb resp. predpisant operaciu. Su spojené do jedného
vel'kého celku a mozu vykonavat’ pohyb bud’ transla¢ny alebo rotacny.

NajcCastejsie pouzivana Struktira je sériova kinematicka Struktura (pozri obr. 1), ktora je
pouzivand u priemyselnych strojov resp. manipulatorov. Jej hlavnou vyhodou je, ze vyuziva
kinematické dvojice vzdy len v jednom stupni vol'nosti. Ide o otvorenu kinematicku Struktiru
¢o znamena, ze jednotlivé prvky su za sebou postupne spojené. Vysledny pohyb je pohybom
vSetkych predoslych kinematickych dvojic. Pri tychto Struktirach sa pouzivaja tri posuvné
osi, ktoré st na seba kolmé (X, Y, Z). Pri pohybe takéhoto stroja nesmie byt ovplyviiovana
pracovna a geometricka presnost’.

a) b)

Obrazok 1 — Kinematicka Struktara sériovych mechanizmov [11]

a) sériovy mechanizmus b) kinematické prvky

Vyhody sériovych kinematickych Struktur:
e mnozstvo skisenosti v oblasti navrhu a vyroby strojov
e jednoduché riadenie
e sériovo vyrabané

¢ nizka nakupna cena

Nevyhody sériovych kinematickych Struktur:
e nizka tuhost’ (statické aj dynamické kmitanie)
e ohybové¢ zat'azenie stroja
e velké pohybujuce sa Casti

e obmedzena dynamika osi
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e scitavanie chyb v jednotlivych osiach, obmedzena dynamika

e vysoké poziadavky na presnost’ vyrabanych dielcov

e chyba sa prejavi na koncovom c¢lene po séitani vSetkych chyb
Presnost’ polohovania radovo v desatinach milimetra.

V poslednom obdobi sa zafala uplatiovat’ konStrukcia, ktord uplatiovala povodnu
myslienku uloZit’ stroj na platformu, ktora je zavesena na dial’kovo premenlivych a kibovo
uchytenych teleskopickych tyc¢iach (ramien). Pomocou tychto teleskopickych ty¢i (ramien) je
mozné orientovat’ platformu k pozadovanej operacii. Tieto retazce podporuju koncovy
efektor. Pocet pohonov je rovnaky ako pocet stupiiov volnosti. Paralelnd kinematicka
Struktara (pozri obr. 2) je uzavrety kinematicky retazec. [2]

TCP

a) _ b) )
Obrazok 2 — Typy paralelnych kinematickych Struktar 3D [2]
a) Tripod, b) Hexapod, c) Oktapod
Vyhody paralelnych kinematickych Struktur:
e mal4 hmotnost’ pohybujuicich sa ¢asti
e vysoka tuhost’ konstrukcie
e tahové a tlakové zataZenie ty¢i a stojanov
e vysoké pracovné rychlosti
e vysoka presnost’
e opakovatel'nost’ jednotlivych Casti v ramci stroja

¢ mala hmotnost’ pohybujicich sa ¢asti

Nevyhody paralelnych kinematickych struktur:
e zlozité riadenie linearnych pohonov
e maly pracovny priestor pre vymenu nastroja

e naro¢ny meraci systém
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e obmedzend orientana pohyblivost’ pri vymene néstroja
e velké dizky teleskopickych ty¢i st naméahané tepelne

e zIy pomer medzi zastavanou plochou stroja a pracovnym priestorom

Hybridné kinematické Struktary (pozri obr. 3) st kombinaciou sériovych a paralelnych
kinematickych Struktar. PrindSaji nové moznosti pri konStrukcii a umoziuji zlepSovat
charakteristiky paralelnych kinematickych Struktur. Existuje velké mnozstvo koncepcii
a konstrukcii strojov, ktoré st pouzivané v priemysle na vysoko rychlostné obrabanie,
zvaranie, plazmové rezanie, meranie, kontrolu a manipulaciu. [2]

Obrazok 3 — Hybridna kinematicka Strukttra Tricept 805 [2]

3 PKS typu Tricept na STU

Najznamej$ia PKS je Tricept. Z kinematického hladiska je Tricept pevna platforma
(pozri obr. 4), spojend s pohyblivou platformou pomocou troch teleskopickych ty¢i (ramien)
a jednou centralnou tyc€ou, ktora umozni translacny pohyb bez moznosti pootoc¢enia. Spojenie
teleskopicky ty¢i je zabezpetené na pevnej platforme primarnym kibom ana pohyblivej
platforme sekundarnym kibom. Na konci centralnej ty¢e je pripevneny efektor o moze byt
nastroj alebo technologicka hlavica. Motor, ktory je umiestneni na kazdej teleskopickej tyci
(ramena) umoziuje zmenu dizky pomocou gul'6¢kovej skrutky a matice. Tricept je navrhnuty
tak, aby jeho primarne kiby umiestnené na nepohyblivej platforme dovolili natodenie
teleskopickych ty¢i minimalne o 45°. Nosnd konstrukcia sa napaja na nepohybliva platformu
v miestach s predpokladanym najva¢$im naméhanim. Nosna konStrukcia a pevna platforma
vytvaraju jeden kinematicky retazec.
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Obrazok 4 — Tricept na STU: 1-pevna platforma, 2-centralna ty¢, 3-primarny kib,
4-teleskopicka ty¢, 5-sekundarny klb, 6-pohybliva platforma [9]

4 Matice oto¢enia PKS

Prva uloha, ktora sa riesi je priama uloha kinematiky. Jej zdkladnou podmienkou je
urcenie vzajomnej polohy (pozri obr. 5) a pohybov v stiradnicovych systémoch.

Z

X

Obrazok 5 — Stradnicovy systtm X, ¥,Za U, V,W [11]

Stradnicovy systém X, Y, Z je zafixovany v priestore. Siradnicovy systém X, Y,Z je
spojeny s telesom a otdca sa s nim okolo osi X, Y,Z. Bod Q mdzeme definovat’ v 'ubovolnom
suradnicovom systéme.

0un=0,.0,,0,), ()
0,,=0..0,.0,), @
kde je O(xyz) — karteziansky suradnicovy systém,

O(urw) — stradnicovy systém bodu Q.
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Zakladna uloha je otoCenie systému U,V,W okolo osi zékladného systému X,Y,Z, kde
vznikaji matice elementarnych otoceni Ry,, Rys Rz;..

Otocenie o uhol o okolo osi X reprezentuje matica Ry,

1 0 0
R _=|0 —cosa —sincosa |, 3)

0 sincosa sincosa

Otocenie o uhol S okolo osi Y reprezentuje matica Ryg

cosf 0 sinpf
R,= 0 1 0 |, 4)
—-sinff 0 cosa

V nasom pripade nie je otoCenie v osi Z len posun, preto vyslednd matica bude vyzerat’
nasledovne.

R, =g+e,, (%)
ZlozitejSie otacanie nastava vtedy, ked’ sa vyndsobia dve prislusné matice. Pricom je nutné
dodrZanie postupnosti ndsobenia matic. Stradnicovy systém U, V, W sa mdze otacat’ aj okolo
vlastnych osi, pricom tu platia urcité pravidla: [11, 12]

e na zaciatku st rovnaké oba systémy,

e ak sasystém U, V, W otoci okolo niektorej osi X, Y, Z nasobi sa vysledna matica
predchadzajuceho pohybu zl'ava danou odpovedajiucou maticou pohybu,

e ak sa vykona pohyb okolo stiradnicovej osi U, V, W, tak sa bude néasobit’ sprava
zodpovedajucou prislusnou maticou.

5 Rovnice Triceptu

Pohyb KPS Triceptu sa bude povazovat ako pohyb referenéného bodu (efektora) po
naprogramovanej drahe. Tychto bodov bude dostatocny pocet, aby lezali dostatocne blizko
vedl'a seba a dali sa aproximovat’ priamkou (pozri obr. 6). Zvoli sa novy bod (referen¢ny),
ktory oznac¢ime ako bod ¢ atento bod bude spojeny s pohyblivou platformou. pri pohybe
tohto bodu sa budu poéitat’ jednotlivé predizenia jednotlivych teleskopickych tyéi.
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Obrazok 6 — Umiestnenie jednotlivych teleskopickych ty¢i na pevnej a pohyblivej platforme
[10]

Qs

Obrazok 7 — Pracovny priestor triceptu [10]

Zaciatok pohybu referencného bodu ¢ surenymi stradnicami [g. ¢, g¢:], priCom
natoCenie po vsetkych sturadnicovych osiach X a Y st nulové (pozri obr. 7) a sicasne je
nulovy aj posun po suradnicovej osi Z. Stanovy sa koncovy bod Q do ktorého sa mame dostat’
po naplanovanej trajektorii. Tento novy bod mé svoje suradnice [Q,, O, O:]. VSetky
natocenia su popisané jednotlivymi prvkami oto¢enia pomocou transforméacie zavislej od uhla
natoCenia. OtocCenie okolo osi X o uhol a je dané maticou O.(a) a natoCenie okolo osi Y je
dané maticou Oy(f), pricom posun suradnicovej osi Z je dané ako vektor posunu ((j + ze, )

Maticovy zapis pre nas pripad:

0=0,(8)0,(a)G +z¢,), (6)
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Rozpisany tvar v maticovom tvare:

0. cosf 0 sing)\(l1 0 0 q.

O, |1=l 0 1 0 |0 cosa sinxl| ¢, |, (7

0. —sinff 0 cosf)\0 —sina cosa/\q.+z

6 Kinematika

Kinematika je ¢ast mechaniky, ktora skima pohyb telies a bodov. V kinematickych
ulohach sa zvy€ajne pracuje s nehmotnymi bodmi, alebo nehmotnymi telesami, ktoré maju
geometrickl vlastnost. V kinematike sa neprihliada na pri¢iny pohybu, neskima sa v nej
silové pdsobenie. Predmet skimania kinematiky je:

e poloha

draha

e charakteristiky drah (stred krivosti)

e rychlost’

e zrychlenie (kladné, zaporné)

e uhlova rychlost’

e uhlové zrychlenie
Kinematika sa zaoberd analyzou a syntézou (ndvrhom) pohybujucich sa mechanizmov.

Rozlozenie ¢lenov a zmeny konfiguracie systému v priestore jeho pohybu vyzaduju riesit
geometrické, kinematické (pozri obr. 8) a dynamické charakteristiky. NajcastejSie sa pouziva

na opis uloh maticové vyjadrenie. Nazornost’ vyplyva z geometrickej interpretacie matice ako
transformacie vektorov opisujucich polohu bodu v priestore. [11]

q (1) Poloha a orientacia hlavice
I Priama kinematicka tloha I
i
1
? 1
1
1
i
Parametre ¢lenov !
1
1
q () i ;
1
I Inverzna kinematicka uloha I i

Obrazok 8 — Priama a inverzna kinematicka taloha [11]

g (t) - vektor kibovych premennych
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Ulohou kinematiky je popisovanie ako sa teleso, alebo stistava telies sprava bez ohladu
na sily a vznikajice momenty, ktoré mézu vyvolat’ pohyb. Pre mechanizmy, ktoré vyuzivaja
paralelnu kinematiku je tento proces zlozity. Problémom hladania je ako vplyvaji vsSetky
kinematické ret'azce na polohu koncového bodu (efektora).

Predmetom kinematickej analyzy je odvodenie relativneho pohybu medzi roznymi ¢lenmi
mechanizmu. Existuje priama a nepriama (inverznd) uloha kinematiky.

Priama uloha kinematiky

Priamou kinematickou metddou sa rozumie (pozri obr. 9), Ze pozndme zakladné znalosti
o klbovych suradniciach (natocenie, posuv). Hl'add sa poloha koncového bodu efektora.
Priama tuloha kinematiky sa mdze zapisat’ akox = f(6). Paralelnd kinematika je zlozitejSia

vzhl'adom na nelinedrne rieSenie problému. [12, 13]

Kibové stradnice Kartézke suradnice
bodu - efektora
6 =1[6..6,.6:]" X =[xy

Obrazok 9 — Priama tlloha kinematiky

Inverzna uloha kinematiky

Inverznou kinematickou metédou sa rozumie (pozri obr. 10), Ze poznadme polohu
koncového bodu efektora. Néslednymi vypoctami dostaneme potrebné posunutia resp.
natoéenia. Inverzna tiloha kinematiky sa moZe zapisat’ ako &= f'(x). Pre mechanizmy
vyuzivajuce paralelni kinematiku sa stanovi vypocet pomocou transforma¢nych matic, alebo
geometrickymi metédami. Uloha je zloZitej$ia neZ priama uloha kinematiky a moze mat’ viac
rieSeni. [12, 13]

Kartézke stradnice Kibové stradnice
efektora - bodu
_ T T
X= [x, V. Z] 8= [ex; By: 8:]

Obrazok 10 — Inverznd dloha kinematiky

7 Zaver

Predkladany prispevok popisuje teoretické hladanie priamej ainverznej ulohy
kinematiky. Priame overenie prebehne priamo na Tricepte, ktory sa nachaddza na STU
v Bratislave. Po odstraneni chyb, ktoré ma Tricept, prebehne naprogramovanie kinematiky,
ktora bude rieSena v programovom prostredi Matlab. V programe bude navrhnuta nasa PKS
typu Tricept a bude porovnana teoretickd kinematika s kinematikou priamo na Tricepte. Na
koniec budu zistené nepresnosti sustavy stroja, ktoré sa zahrna do celkovej neistoty.
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Abstract: The paper deals with the use of the Kalman filter for reducing the measurement
error in experimental data. The filter algorithm was created in the MATLAB environment. It
was analyzed how to setup the filter parameters and the initial guess of the state variable and
the covariance matrix, including its effect on the result of filtration. There were solved three
problems. The filtration of random constants is the first one. The further problem solves the
calculation of velocity based on the track coordinate which are recorded by GPS. The last
problem deals with reduction of the measurement error of a ramp function.

Keywords: Kalman filter, position, velocity, parameter setting, navigation data

1 Introduction

Filters are tools for processing signals that carry information. Signals partially degraded
by noise or distortion. Signal can be analogue or digital. For example analogue signal carried
by electrical voltage or current.

Nowadays, filters are used all around us. For example signal processing and conversion
of audio recording to electromagnetic waves. These electromagnetic waves are then spreading
into ambient space. Where after some time they are received, but they are distorted by the
environment (noise). Then there is a need to obtain original audio signal. For this task filter is
used. Filters are also being applied in many other areas of human services and industry, such
as medicine, exploration of space, economy, telecommunication, etc.

Focus of the paper is practical application of Kalman filter, primarily for processing of
navigation data and suppression of noise in measured data. Kalman filter is a recursive filter.
Filtering algorithm enables us to calculate estimate of the process and the covariance matrix
of estimation error of state.

Among most commonly used is application of Kalman filter for global positioning
system (GPS) and inertial navigation system (INS). Global positioning system enables to a
system of satellites orbiting the earth to specify and calculate the distance of the receiver from
reference points (satellites, relay stations). GPS allows measuring the position of receiver with
accuracy tens of meters for conventional use and centimetres or millimetres for scientific use.
INS tracks changes tracks changes of position or velocity of observed object. Tracking is
dependant on provided initial parameters.

Use of Kalman filter to determine position using mentioned methods of navigation is
subject to inaccuracies that may occur during the measurement. For example, the INS utilizes
a gyroscope or an accelerometer to monitor changes in the motion of observed object.
Accelerometer measurements can be affected by mechanical failure in the system. Another
disturbance for measurement could be vibrations caused by the movement over uneven
surfaces.
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2 Kalman filter

Kalman filter eliminates random noise from the measurement. Useful component of the
signal is preserved so that its rate of change is described in a model which is an integral
component of the Kalman filter. Current frequency filter does not have this property, as it is
unable to tell what noise is and what belongs to the useful information. Random measurement
error is assumed as type of white noise and useful component can be both random and
deterministic.

Model development process must be known in advance as well as measurement error
variance and development sources of randomness for random variables. Kalman filter
processes measured value. The result of processing is comparison of estimated and measured
values, after comparison more accurate value is used. Kalman filter assumes that the
measurement of process is described by two equations in the form of models, model of
process dynamic properties [1] and measurement model [2]. In both equations there are
random variables of white noise type with normal probability distribution that are independent
of one another.

x(k)= A(k)x(k —1)+B(k )u(k)+ v, (k), (1)
y(k)=H(k)x(k)+ v, (k), )
Normal distribution:

p(v,))~ N(0,Q(k)), 3)
Qn). n=k

B N @

p(v,)~ N(O,R(k)), (5)
B R(n), n=k

e =1 " T ©)

E{v,(n)v!(k)}=0 forallnand k, (7)

where — state transition model,

A

B — control-input model,

H — observation model,

Q — measurement noise covariance,
R — process noise covariance,

u — control vector,

— process noise,

— measurement noise,

— state vector,

— observation vector,

— index,

— normal probability distribution.

< <
N =

" e

Kalman filtering is performed in two phases (steps), which are called prediction and
correction, for prediction it is not necessary to know the new measurement. The prediction is
calculated only on the basis of the preceding data. Correction of prediction is performed until
the outcome of the new measurement is known. Filter is recursive and therefore estimation of
state variables and estimate of error covariance matrix gradually rises.
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3 Implementation of Kalman filter in Matlab/M-file

The algorithm of the Kalman filter is a complex programmable matrix calculation,
especially for higher orders except the first. However, this is an effective tool for predicting
system behavior provided knowledge of dynamic properties of that system. Filtration can be
used on already measured data and filter out the expected process and measurement noise.
Process noise is generated by the system and measurement noise is caused by measuring
device eventually by measuring method. The algorithm, although at the beginning of the
measurement filters relatively imprecisely, with increasing number of samples refines its
estimate of monitored variable. Rate of velocity change and the limitation of excessive
increase of velocity due to the effects caused by referred noise are also affecting limits of
Kalman gain. Gain calculation is based on knowledge of the system dynamic properties and
the probable dispersion of values. Dispersion of the monitored variables depends on its last
known location for the considered calculation interval (for continuous signal) or calculation
step (for digital signal).

&(kJk —1)= A(k)- k(k ~ 1k —1)+ B(k)-u(k), (8)
P(k[k —1)= A(k) P(k 1k —1)- AT (k)+Q(k), (9)
¥ (k)=y(k)-H(k) x(klk -1). (10)
S(k)=covly~ (k)): H(k)- P(klk —1)- H' (k) + R(k), (11)
K(k)=P(klk—1)-H' (k)-S7' k), (12)
K(kk ) = &Kk 1)+ K (k)5 (), (13)
P(k|k)= (1 - K (k)- H(k))- P(kk 1), (14)
where — Kalman gain,

K
P — distribution covariance matrix,
H — observation model,
Q — measurement noise covariance,
R — process noise covariance,
u — control vector,

X — state vector,

y — observation vector,

k — index,

)4 — normal probability distribution.

Unknown 1] ;

V1. V2
__________________________________
Directly
inaccessible
by user

Figure 1 — Simplified development of state variables and matrices in time (steps)
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4 Choice of estimated parameters

Considered known parameters and models could be derived from task at hand. Models of
observing and state transition model for example. Initial conditions or values of state variables
could be known or could be estimated.

Matrices of error covariance describe possible alteration made on observed signal by
errors. Effect of noise is said to be independent of one another. That means considered set
components of matrix are positioned on main diagonal. Measuring noise can be estimated in
advance or be found in datasheet of used sensor. Mentioned effects of estimation are shown
on Figure 2.

12
: : : R=0.0001
5 5 5 — R=0001
A Rt s e S T i T AT A g R=001 |
l\ ; : § R=0.1
= A E ] -
4 ; ; 5
e : § :
i H""\-_\_\_‘ : :
i ——— :
;t\'.ﬁ_r § 5 :
0 - — : '
1] 2 4 B B 10
time: {[s]

Figure 2 — Effect of measurement noise on filtration of random constant

Estimation should be made for one tenth of measured range otherwise time of reaching
final Kalman gain would be prolonged. Filtered constant was set as zero. Measured range was
defined by initial value of state variable. In this case initial value of state variable was 10.

Only with adequate knowledge of system function it is possible to make estimation of
process noise. It is possible to make estimation from observations of real life behaviour of
system. It is also possible to set to which degree estimated process noise would the data.
Mentioned effects of estimation are shown on Figure 3 and Figure 4.
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Figure 3 — Non-restricted effect of process noise on velocity calculation
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Figure 4 — Restricted effect of process noise on velocity calculation

I
o 500

For this example calculation of vehicle velocity, acceleration could be considered as
noise value, as such from data about breaking distance provides possible estimation of
maximal acceleration. In Figure 1 effect of noise is not restricted but in Figure 2 rate at which
noise affects the signal was lowered to one tenth of its non-restricted value. This estimation
affects time delay of observed system.

Distribution covariance matrix could be considered as distrust to measured data. Its
values after few initial steps of calculation will become more accurate. Big initial values are
recommended for faster calculation of more accurate values of matrix. Zero values could be
set only if we are certain that measurement is precise.

5 Application of Kalman filter

To process data affected by noise it is necessary to note that measured data have to be
considered as ergodic and static. Dynamic behavior of system can vary. For mentioned reason
algorithm of Kalman filter was tested on 3 types of measured signal, constant, ramp function
and track record. It was set se goal to examine how much code space realization of filter will
take. Mentioned applications of filtration are shown on Figure 5 to Figure 12.

10

w1yl

time: t[s]

Figure 5 — Filtration of random constant
First application was filtering of constant. Signal was created in tool Simulink of program

Matlab. Zero was set as sought constant. Constant was affected by White noise. Initial
estimation of state variable and value of distribution covariance matrix were set as 10.
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Figure 6 — Data of vehicle track for velocity calculation
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Figure 7 — Original and calculated velocity of vehicle

Second application of filter was calculating vehicle speed from track record. Original
track record was recorded by application NoniGPS on handheld PDA. Notable deviations of
processed signal were due to measurement disruptions. Velocity for samples 100 to 500
disruption of measurement was due passage of forest. Velocity for samples 1300 to 1350
disruption of measurement was due passage of Klimkovice tunnel. Mentioned track on Figure
6 shows path from Ostrava-Poruba to Stramberk by car. Effects of process and measurement
noises are notable in comparison with original signals extracted from PDA.

For second application of filter there was also made second measurement. In track record
is recorded path from Ostrava-Jih to Ostrava-Poruba by tram. Original are data about position
of tram. Velocity had to be acquired through use of Kalman filter. Data were measured with
application SensorLog on handheld device, Smartphone iPhone 4. Data were in geodetic
format. For calculation of velocity it was necessary to convert them into metric system.
Mentioned application of velocity calculation is shown on Figure 8 to Figure 10.
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Figure 8 — Data of tram track for position and velocity calculation
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Figure 10 — Calculated velocity of tram
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Recorded movement of tram is not very accurate due to measurement disruptions in city
(Figure 8). Accuracy of position data were raised from 200 meters to 50 meters. Simplifying
effect of this measurement is that tram moves by set path. This means less amount of process
noise.
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Figure 11 — Measured drive revolutions
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Figure 12 — Processed data of drive revolutions

Third application of filter was reduction of measurement error of ramp function. Values
of Kalman gain matrix and distribution covariance matrix reached final their state. Maximal
initial inaccuracy reached 20 percent. After 7.1 seconds accuracy reached 3.5 percent.
Comparisons were made to ramp function connecting start and end point in vector of data
measurement. Signal processing and testing was done in tool M-file of program Matlab.
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6 Conclusion

Goal of paper was algorithmization of Kalman filter in program Matlab/M-file. After
getting familiar with estimation of parameters, then algorithm was applied on experimental
data. Processing and comparing data allowed for evaluating of algorithmization and effect of
estimated parameters on filtration.

Filtration is possible for measured data but also for real time use. Algorithm of filter
transferred to M-file tool in program Matlab takes only few code lines, so it does not need a
lot of computing power. It allows to clear measurement noise caused by measurement
method. At the beginning of processing data is period of lower accuracy, that raises after
reaching final values of Kalman gain matrix. Calculation of Kalman gain for each processing
step is based on dynamic parameters of system. For short data set it is necessary to accurately
determine initial conditions and estimations. If initial parameters are not accurate, Kalman
gain matrix won’t reach final reach final value for processing step. That would cause bad
result of filtration.

From application algorithmizon of Kalman filter it is safe to assume that it functions
correctly. Filtration is precise for consistent measurement with low process noise. It is
recommendable for processing navigational data but for slow movement. For more accurate
filtration it would better to use some of Kalman filter upgraded forms.
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Abstrakt: Prispévek je vénovan vyuZiti principu argumentu pro ovéreni dominantnosti polii
regulacniho obvodu. V uvodni éasti je strucné popsan princip argumentu a je odvozen vztah
pro kontrolu dominantnosti zadaného poctu polii. Jeho pouziti je ukdzano na regulacnim
obvodeé s proporcionalnimi soustavami a dopravnim zpozdenim serizenym metodou SIMC.
Vzaveru je provedena aproximace anizochronniho matematického modelu serizeného
metodou SIMC kmitavou soustavou druhého radu a dopravnim zpozdenim.

Klicova slova: princip argumentu, dominantnost, mira dominance, metoda SIMC, dopravni
zpozdeéni

1 Uvod

Stabilité¢ systémi s dopravnim zpozdénim je v odborné literatufe vénovana znacna
pozornost, viz napt. [Gorecki et al. 1989; Bustowicz 2000; Parks, Hahn 1993; Zitek 1998;
Zitek, Vyhlidal 2008; Zitek, Fiser, Vyhlidal 2013 a 2014].

Naproti tomu dominantnosti poli systémi s dopravnim zpozdénim se zabyvalo do
neddvna jen n&kolik publikaci, jak napi. [Ozbay 2005; Wang et al. 2008]. V posledni dobé se
objevily publikace, které teSi problém dominantnosti trojice poli na zakladé principu
argumentu plné a navic velmi jednoduse [Zitek, FiSer, Vyhlidal 2013 a 2014].

V referatu je pouzit princip argumentu pro ovéieni dominantnosti poli u retardovanych
systémi a pouziti je ukdzdno na regulacnich obvodech s proporcionalnimi soustavami
sefizenych metodou SIMC [Skogestad 2001 a 2003].

2 Princip argumentu a dominantnost poli

Princip argumentu Ize ve zjednodusené podobé formulovat ve tvaru [Gorecki et al. 1989;
Parks, Hahn 1993; El’sgol’ts, Norkin 1986; Zitek 1986; Zitek, ViteCek 1989; Zitek, Vyhlidal
2008; Zitek, Fiser, Vyhlidal 2013 a 2014]: Ma-li analyticka funkce komplexni proménné N(s)
uvnitt uzaviené kiivky K n,; kotenti (nul), pak pfi prabéhu komplexni proménné s po této
kfivce v zaporném sméru (tj. ve sméru pohybu hodinovych rucicek) pro zménu jejiho
argumentu plati

AargN(s)=-2m, . (1)
K

Dale je uvazovan regulacni obvod s charakteristickym kvazimnohoc¢lenem
n—1 .
N(s)=s"+Yas' e, )
i=0
kde a; jsou konstantni koeficienty, 7y > 0 — dopravni zpozdéni, n — stupen charakteristického
kvazimnohoclenu.
Charakteristicky kvazimnohoclen (2) odpovida tzv. retardovanému systému [Gorecki et

al. 1989, Bustowicz 2000; Zitek, Vyhlidal 2008; Pekat 2013].
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Pro
T,=0, i=0,,..,n-1 3)
jde o systém bez dopravniho zpozdéni a charakteristicky kvazimnoho€len (2) ptejde na
obyc¢ejny mnohoclen
n—1 .
N(s)=s"+D a;s" . 4)
i=0
Vzhledem ktomu, Ze jsou wuvaZovany charakteristické kvazimnohocleny, resp.
mnohocleny regulac¢nich obvodi, jejich kofeny (nuly) budou dale nazyvany poly.
Charakteristicky kvazimnohoclen (2) je vhodné zapsat ve tvaru
n-1
N(s)=s"N,(s), Ny(s)=1+3 i gTus (5)
i=0

n—i
S

Pro ovéfeni dominantnosti n; poli regulacniho obvodu s charakteristickym
kvazimnohoclenem (2) se pouZzije uzaviena Jordanova kiivka K skladajici se z ¢asti kruznice
C a z Casti ptimky L v souladu s obr. 1 a vztahy:

a) Kiivka C

_paiv _" 4
s=Re’", 2 7<¢)<2+7/, ©)
R—>w = y—>0.
b) Piimka L
s=-a,+jo, —Rcosy <w< Rcosy,

()

R—>x = y—0.

Obrazek 1 — Uzaviend kiivka K = C + L, uvnitt které lezi jedna dominantni dvojice pola

Hodnotu «,, >0 je tieba zvolit tak, aby dominantni poly lezely napravo od pifimky L
(obr. 1).

Na obr. 1 je uvazovana jedna dominantni dvojice polu, tj. ny = 2.

Zména argumentu kvazimnohoclenu (5) pii pohybu komplexni proménné s v zdporném
sméru po uzaviené kiivee K = C + L pro ny; dominantnich poli je dana vztahem (1).

Zména argumentu kvazimnohoclenu (5) pii pohybu komplexni proménné s v zdporném
sméru po kiivee C (6) pro R — o je

Aarg N(s) = Aargs”" + Aarg N,(s) =—m+0=—m. (8)
C C C

Zména argumentu N,(s) je nulova, protoZe pro
R —>0w0= N,(s)=1=Aargl=0,
c
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tj.

A arg N(Re'’)=-m. 9)

A
Zména argumentu kvazimnohoclenu N(s) pti pohybu komplexni proménné s po piimce L

zdola nahoru pro R —  je

Aarg N(s)=Aarg N(s)—Aarg N(s) = -2m, +m = rn(n—2n,),

L C+L C

t].

A arg N(-a,+jo)=r(n—-2n,). (10)

Protoze plati
ReN(-a,, + jo) =Re N(-a,, — jo) — suda funkce,
ImN(-e,, + jo) =-ImN(-«,, — jo) — licha funkce,
Charakteristicky kvazimnohoclen N(-a,, +j®) je pro —oo < <oo symetrickou funkci
podle realné osy, a proto vztah (10) lze zjednodusit

A arg N(—am+ja))=7z(g—ndj. (11)

0<w<o
Je ztejmé, ze pro a, =0 se dostane Michajlovovo kritérium stability pro retardované
systémy [Szymkat 1993; Pekat 2013 ]

A arg N(ja)):ﬂ(g—ndj, (12)

0<w<oo
kde n, je pocet nestabilnich poli.
Pro stabilni systémy plati n; = 0, a proto Michajlovovo kritérium stability pro retardované
systémy (i pro systémy bez dopravného zpozdéni) ma velmi jednoduchy a vSeobecné znamy
tvar

A arg N(ja))zﬂg. (13)

0<w<o

3 Metoda SIMC

Metoda SIMC patfi mezi jednoduché a efektivni metody sefizovani konvencnich
analogovych reguléatorti [Skogestad 2001 a 2003]. Zde bude stru¢n¢€ popsana pouze pro navrh
a sefizeni regulatorti uvedenych v tab. 1 a pro proporciondlni soustavy uvedené v tab. 2, kde
Ty a T, jsou cCasové konstanty, 7, — dopravni zpozdéni, k; — koeficient prenosu, &; — relativni
tlumeni, Kp — zesileni regulatoru, 77— integracni casova konstanta regulatoru, 7p — derivaéni
casova konstanta regulatoru.

Metoda SIMC pro ur¢eni pienosu vhodného regulatoru a uréeni hodnot jeho stavitelnych
parametr pouziva vztah pro ptimou syntézu (obr. 2)
1 G,(s)

O 16,0

(14a)

Y(s) _ 1 o Tus
W) T,s+1

kde G, (s) je pozadovany ptenos fizeni, Gp(s) — pfenos soustavy, G,(s) — pfenos soustavy
bez dopravniho zpozdéni (invertibilni ¢ast pfenosu soustavy), 7,, — Casova konstanta
uzaviené¢ho regula¢niho obvodu, W(s) — obraz zddané veli¢iny w(¢), V(s) — obraz poruchové
veli¢iny w(¢), Y(s) — obraz regulované veli¢iny ().

Gp(s) = Gp(s)e ", G, (5) = (14b)
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W (s)

V(s)

Ge (s)

Y(s)

Gp(s)

v

Obrazek 2 — Regulacni obvod

Tabulka 1: Pfenosy konven¢nich analogovych reguléatort

Typ Pi'enos
o 1
I,s
1
2 PI KP[I + —J
Is
1
3 PID Kpl 1+ —+Tps
Ts

Tabulka 2: Hodnoty stavitelnych parametrt regulatorti pro metodu SIMC

Regulovani soustava Regulator
T, <8, * * *
Typ Kp T; T
: ke I = 24T, _
kl ~T,s Ti
' T, _
2 TIS +1 PI 2k1Td 1
k Ty T+T T
3 1 e . r2r, |pp| 152 | n+m =
(Tis +1)(T,s +1) 24T, T +T,
ki ~T,s 2&T, T
4 e, <1 | pD| A 2ET A
les2 +2& s +1 g 24T, &1 2
Po dosazeni (14b) do (14a) a po pouziti aproximace
e—Tds ~1— TdS
se dostane
1 1
Ge(s) = (15)

Gp(s) (T, +T))s

Pro 7, <8T, se doporucuje volit 7,, = T, [Skogestad 2001 a 2003], a proto vztah (15) se

zjednodusi
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1 ,1 . (16)
2T,s Gp(s)
Po dosazeni pfenosu soustavy bez dopravniho zpozdéni ztab. 2 do vztahu (16) a po

jednoduché tpravé na tvar vhodného pienosu regulatoru ztab. 1 se obdrzi jeho hodnoty
stavitelnych parametrti pro metodu SIMC. Tyto hodnoty jsou v tab. 2 oznaceny hvézdickou *.

Ge(s) =

4 Ovéreni dominantnosti poli pro metodu SIMC

Metoda SIMC pro proporcionalni soustavy z tab. 1 je kompenzacni, kterd vede na prenos
fizeni ve tvaru anizochronniho matematického modelu [Zitek, Vitecek 1999]
Kk P
G, (5)=—=r——¢ ', k,=—:, 17
w's) s+k, e 2T, (17

o

kde k: je zesileni otevieného regula¢niho obvodu pro metodu SIMC.

Vzhledem k tomu, ze regulacni obvod s dopravnim zpozdénim mé nekoneéné¢ mnoho
poll, vznika problém, kolik poli urcuje vlastnosti regulacniho obvodu sefizeného metodou
SIMC s ptenosem (17) a zda tyto pély jsou dominantni.

Charakteristicky kvazimnohoclen pro obecné zesileni otevieného regula¢niho obvodu
k, je dan jmenovatelem pfenosu fizeni (17), tj.

N(s)=s+k, e, (18)

RozlozZeni p6la kvazimnoho€lenu (18) pro rtizné zesileni oteviené¢ho regula¢niho obvodu

k, je uvedeno napt. v [ViteCkova, Hanus, Hernych 1999].
ReSenim soustavy rovnic

N(s) =0, dN(s) _ 0
se ziska dvojnasobny zaporny realny pol
1
5, = —— 19
- (19)
a jemu odpovidajici zesileni otevieného regulacniho obvodu
P (20)
el

které zajisti nekmitavy regulacni proces.
Protoze plati

PR R

=<k =—, 1)
eT, 2T,

je ztejmé, ze prechodny proces regulacniho obvodu sefizeného metodou SIMC bude kmitavy
a ze je urcen dvojici komplexné sdruzenych poli

S ==+, (22)

Charakteristicky kvazimnohoc¢len (18) pro k: odpovida retardovanému systému, a proto

pro ovéfeni dominantnosti dvojice komplexné sdruzenych pola (22) Ize pouzit podminku

(11), kterd pro ny; =2 an =1 ma tvar

N(-a, tjo)= —%7[ . (23)
0<w<o

Na zékladé vztahti (19) a (21) l1ze zvolit
1
a,=—>a,;>0. 24
m Td d ( )

V souladu s (18) Ize tedy psat
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N{—J—+jwj=——L+jw+~fLejnw. (25)
T d T d d
Pouzitim Eulerova vztahu

e " =cosx—jsinx

se dostane
M-Liio|=reNM -Lijo|+imM L+, (26a)
T Td Td
ReN(—TL+Ja}] ——+—cos(T ), (26b)
d
ImN(—i+Ja)] a)——sm(T ). (26¢)

Protoze pro

wo=0= N _ L =L(e—2)>0
T, 27,

a pro
w—> 0 = N(—Lﬂ'w]—)ja)
Td

je ziejmé, ze aby platila podminka (23) musi existovat takovy nejmensi uhlovy kmitocet w,
pro ktery

Re N —L+ja)1 =0 a ImN —L+ja)1 <0. (27)
T, T,
Uhlovy kmitocet w; se urc¢i snadno

Re N —L+ja)1 =0 = o :Larccosg.
d T, €
Lze tedy psat

ImN —iJrja)l =L(arccosg—gsinarccos%)< 0.
d d e 2 e

Dvojice komplexné sdruzenych poli (22) pro regulacni obvod sefizeny metodou SIMC je

< x : Dol I . :
skute¢né¢ dominantni. Prabéh funkce 7, N (— . +] a)j pro 0 < w < o je na obr. 3.
d
Mira dominantnosti dvojice polt (22) je dana podilem absolutni velikosti realné ¢asti a,
prvni nedominantni dvojice poli, piip. prvniho nedominantniho pdlu a absolutni velikosti
realné ¢asti a; dominantni dvojice pola (22), tj.

d="n (28)
Oy
Hodnoty a, a a, se ziskaji feSenim soustavy dvou rovnic
. 1
ReN[—Tﬂ+ij =0 =-m +Ee’” cosT,w =0,
‘ (29)

ImN —ﬁ—i-ja) =0 :>Tda)—le’” sinT,w=0
T, 2
pro prvni dvé dvojice feseni (wy, my) a (®,, m,) s nejmensimi thlovymi kmito¢ty 0 < o, < w,.
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Tm &
E—
Aarg —L+ja) :—§7F
T, 2
0=@<m
e
e—
w =0
=0, Re

d
Reseni soustavy rovnic (29) lze provést s vyhodou graficky pomoci programu MATLAB.
Byly obdrzeny hodnoty

Obrazek 3 — Priabéh funkce 7, N [— TL + ja)J

w,=077a m;=0,79 = a, = 0.7 =z, (30)
®,=750a m, =277 = a, = 277 ,
T
a=%0 - 235
a; My

Podle [Wang et al. 2008] mira dominantnosti by méla byt v rozsahu 3 — 5, coz je splnéno.

5 Aproximace prenosu Fizeni

Ptenos fizeni regulacniho obvodu sefizeného metodou SIMC (17) ma tvar
anizochronniho modelu [Zitek, Vitecek 1999], a proto je vhodné zastoupit ho jednodussim
modelem. Vzhledem ktomu, Ze jeho dynamické vlastnosti uruje dominantni dvojice
komplexné sdruzenych pola (22), je mozné vyjadiit ptenos fizeni (17) ptiblizn€ ve tvaru

2 2 2
@ Toos o+ T
Gwy(s) =— 0 e Tyos _ 5 d ﬂdz e Ty , (31)
§™+ 28,8 + o sT+2aus+a;+ By
kde wy je thlovy kmitocet netlumenych kmit, & — pomérné tlumeni, 7, — ndhradni dopravni

zpozdéni.

Hodnoty a0, a f; dominantni dvojice komplexné sdruzenych poéli (22) v ptenosech (17) a
(31) se ziskaji na zakladé obr. 4.

V souladu s obr. 4 Ize psat
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Im

S

21,
Ptenos (17) ¢ @
_---"% O,
sl ’_,_’ _____ - 2
,’,: ﬂd:wo 1_50
S\
Pienos (31) \// !
A
- "‘ : Re

Obrazek 4 — Poloha dominantni dvojice poli

2
a; =y, By =op\1-& =

B _A1-% B
o ’ 27

a,

=tge. (32)

Po dosazeni dvojice polii (22) do charakteristického kvazimnohoélenu (18) pro k, a
uprave se dostane

—2T,a, +¢ 4% cos(T, =0
o T TaPo) = &ztg(Tdﬂd)' (33)
=2T, B, +e “*“sin(T;B,)=0 d
Protoze ptiblizné plati (30), t;.
a, ="
44T,
po dosazeni do (33) se dostane rovnice
4
;Tdﬂd =te(T,5,),
jejiz feseni je
V4 /4
T = = , = = —. 34
=y = a=bigr (34)
Ze vztaht (32) se pak dostane
1 V4 Vs
=—, =—, Ay =————. 35
N R R N7 (35)
V souladu se vztahy (17), (31), (34) a (35) Ize psat
Td
1 _T.s 1 - ﬁs
G, (5)=——e " = e 36
w(®) 2T,s +e '« 8T} , 4T, (36)
— s+ —%s+l
T T

Ptekmit prechodové charakteristiky pro ptenos (31) [resp. piiblizny pienos (36) je dan
znamym vztahem
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S0
K=e -8 _ e " =0,043. (37)
Néhradni dopravni zpozdéni v ptfiblizném ptenosu (36) bylo uréeno casovym
ptizptisobenim.
Na obr. 5 jsou ukazany pribehy prechodovych charakteristik ziskanych z ptivodniho (17)
a aproximovaného (36) prenosu fizeni pro regulacni obvod sefizeny metodou SIMC.

MOk WD)
e
1 .
pfesny prabsh
___________ aproximovany pribsh
L >
0 4 8 12 16 t

Obrazek 5 — Porovnani pfechodovych charakteristik ziskanych z ptesného a aproximovaného
pienosu fizeni pro metodu SIMC

6 Zavér

V piispévku je vyuzit princip argumentu pro ovéieni dominantnosti zvolenych polu.
Pouziti je ukadzédno na regulatnim obvodé s proporciondlnimi soustavami a dopravnim
zpozdénim sefizenym metodou SIMC. Toto sefizeni dava regulacni obvod, jehoz vlastnosti se
daji popsat dominantni dvojici komplexné sdruzenych poéli.

Piispévek vznikl za podpory projektu GACR &. 101/12/2520.
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