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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 2016, was held forty-one 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 2016 the Seminary of ASR is split into two parts. The first one is a student
competition — STOC 2016 as the 21* Student Science Workshop and the second part is a
traditional XLI* Seminary of ASR “Instruments & Control” as a Ph.D. seminary and student
competition.

The goal of Seminary of ASR'16 "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’2016 “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)

Doc. ING. RENATA WAGNEROVA, PH.D. PROF. ING. RADIM FARANA, CSc.
Chairman Co-Chairman
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System Approach in Determining of Fuel Amount
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Abstract: Petroleum as a result of long-lasting natural processes in the 2Ist century is
irreplaceable and integral part not only for industry, but also for the whole society. It also
represents the basic raw material for production of petroleum products such as diesel, petrol and
mineral oils. The basic property of liquids and mineral oil in the case of petrol and diesel is the
change of volume dependent on temperature changes. In general, the thermal expansion of petrol is
higher than that of diesel because of a different chemical composition. There are a lot of changes of
temperature of petroleum products during distribution process starting in refinery and ending in
underground storage tanks at petrol stations. It was necessary to define corresponding
measurements for determination of real volume. The measurements are influenced by different
factors that shall be analysed and quantified. This contribution is aimed on the solution of
corresponding measurements with the focus on the determination of real changes of volumes. The
measurements are described by mathematic model. All measurements take into account evaluation
of corresponding uncertainties.

Keywords: Fuel, temperature, uncertainty, reference temperature.

1 Introduction

During the last decades petroleum and product originating from it has gained financial importance
on a regional and international level. This fact puts emphasis on the precise amount of sold petrol as
divergence from exact values of sold amount of this commodity can cause great financial losses
(especially on large scale). This paper deals with this problematic by means of creating a
mathematical model which describes individual component of the whole logistic chain from the
view of measurement uncertainty. This chain includes all the involved steps that are commonly
used in most petroleum transport cycles form the source of the product up to the end consumer. The
individual components that were taken into consideration are as follows: the manufacturer of fuel,

transport logistic, storage at petrol stations and the process of selling the fuel to the end consumer.
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The second part of this paper is dedicated to a model which describes these logistic components by
means of measurement systems that are used in individual area. The measurements within these
systems are the measurements of fuel temperature, flow measurement of fuel during its sale form
the manufacturer to the consumer and the fuel level measurement in storage containers at petrol
stations. Each logistic component is defined by its influential factor that is connected with process

of selling diesel and petrol fuels when we view them form the measurement systems perspective.

2 Model of fuel volume determination in the chain Manufacturer —

Transport logistic — Consumer

The model of total volume determination of fuels (1) presented originates from the knowledge that
it is strongly dependant on temperature of the material £, its volume ¥ during the re-pumping and
the level of the liquid material in a container during storage. The model of total volume

determination of fuels (1) previously described can be seen below:
V= Fflt; Vik) (D

By this model we are able to analyse the current state of fuel volume determination in real
conditions by the usage of currently used measurement procedures. In the following Table 1. we
can see the overview of volumes that enter into the logistic transport chain of fuels. By each
individual component of the chain we can identify a certain volume of the material that needs to be
determined by the use of metrological methods. As can be also seen from the Table. 1 the volumes
that have been considered were those affected by factors originating from the worst possible
conditions, ideal conditions. Based on these two end limits we are able to suggest possible
improvements in the volume measurements. It can be furthermore observed that individual
monitored volume differs for each chain component even when the volume originating from the
manufacturer and the end user should be identical (in ideal conditions). The volume originating
from the manufacturer was assigned with the volume symbol V;;. This volume changes as it is taken
over by the transporter to a volume ;. The fuel volume that is stored then at a petrol pump storage
container is represented by a volume Fz and the end user volume is assigned the symbol V. After
the proposition of the improvement of volume measurement each of the mentioned volumes

( Ve V3, V2. ¥5) a correction and the appropriate uncertainty needs to be determined.



Table 1. List of individual volumes that enter the logistic transpiration chain of fuel.

NOW IDEAL CONDITION IMPROVEMENT
Vior1 = Vui-Vy

REFINERY Vy v,
Viyyst = Vkor +V

Viorz = Vu-Vv1

TRANSPORT Vp Vpi
Vyst = Vior + V1
UNDERGROUND Y i Viors = Vyi-Via
TANKS ; ? Vivst = Vkor + V2
Viora = Vyi-Vys
CUSTOMER Vs Vi

Vivst = Vkor + V3

The resulting uncertainty of volume determination is affected by multiple factors that can vary
according to the measured quantity. Tables 2. to 4. list the influential factors that have the potential

(low of high) to affect the measured quantities.

The problematic of temperature expansion of materials such as fuels (petrol and diesel) is well
known and the temperature volume correction of fuels is a standard procedure used in most field of
trade with this commodity. Slovakia is no exception in this case and the standardised correction
procedures which include the volume recalculation to 15°C based on the thermal expansion
coefficient of standardised petrol and diesel fuels are used on regular basis. The main problem that
arises is that these corrections are applied only in the trade that is made between the refinery and the
buyer (in most cases petrol station) which usually handle large volumes of the commodity. On a
smaller scale of trade there practices (volume recalculation to 15°C) are not that common and can in
end result in volume discrepancies originating from temperature changes. The influence of
temperature on the volume of reference petrol and diesel fuels can be seen in Fig. 1. Based on the
presented graph a change of 1 °C causes either in positive or negative fashion from the reference
temperature of 15 °C causes an identical change of the volume by 101 for both petrol and diesel
fuels. When considering that the amount of change has a linear tendency the imprecise

measurements of temperature can cause significant discrepancies in the actual volume of the fuel.
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Fig. 1 The temperature volume dependence of car fuels (petrol, diesel).

3 Model of uncertainty determination from the measurement system
perspective

In the following Table 2. a list of all the most probable factors that affect the temperature
measurements in fuels is presented. As can be seen temperature is monitored and measured in each
part of the logistic transportation chain. This is caused by the need to recalculate the volume at
every chain segment to 15 °C so the uniformity of the sold fuel volume is ensured. During the
establishment of these factors we have taken into account the worse possible conditions to include
the widest range of influential factors. The result of this approach of factors determination; is that
the fuels are affected by the highest number of influences during the transportation from the
manufacturer to the petrol station. This is mainly caused by the fact of large temperature difference
between two places that are created when the transported fuel is exposed due the transportation
from the source (refinery) to the customer (petrol pump). This significant influential factor does not
occur in other chain parts which makes the transportation chain part an important segment for
further investigation.

Table 2. List of influential factors that affect the temperature measurements.

PRODUCER TRANSPORT STORAGE TANKS CUSTOMER
temperature in storage tanks Upe, ambienttemperatumﬂta ambienttemperaturmﬂta ambient temperature Upeg
ambient temperature ,,, temperature of transport tanks Ua,, fuel temperaturett,, temperature in the pipeline Upe,
temperature in the pipeline 1, fuel temperature u,, sensor locatioru - temperature in storage tanks Upey
temperature compensation to E“Cudt” temperature in the pipeline Upep error of measuring instruments Unecpn temperature compensation to 15“Cu3t”
homogeneity of the fueluy,, density of the fueluﬂtpx:,‘\, density of the fuel Uintup homogeneity of the fueility,,
error of measuring instruments Uae ... homaogeneity of the fuel Upey

temperature compensation to 15°C Uy, )

Table 3. presents the influential factors that are most likely to be present during the measurements
of flow volume within the logistic transportation chain. It is important to note that during the



analysis of the influential factors no factors could be specified within the storage part of the chain as
no flow volume measurements are performed.

Table 3. List of influential factors that affect the flow volume measurements.

PRODUCER TRANSPORT STORAGE TANKS CUSTOMER
fluid flow Upp, fluid flow Uy fluid flow Uy,
e
temperature of the fuelu, temperature of the fuel u, temperature of the fuel u, .
pressure pumping i, pressure pumping t, . pressure pumping i, .
atmospheric pressure Unep, atmospheric pressure Unep, atmospheric pressure Unep,
ambient temperature Upg ambient temperature Unp,g ambient temperature Upg
temperature of transport tanks U, . |[temperature of transport tanks Uy, temperature in storage tanks u,
pipe friction 1, pipe friction Upg, - pipe friction ity
friction in a pipe elbow Uppy density of the fuel Up g friction in a pipe elbow w,
friction in the joints ¢, . error of measuring instruments Up ol density of the fuel Uny
density of the fuel Up iy start-up of the flowmeter i, error of measuring instruments Up o
error of measuring instruments LT homogeneity of the fueluﬂH wear blades flowmeteruﬂm
homaogeneity of the fueluﬂH distance of fuel dispenser Up,e,

homaogeneity of the fuel Yay

The last measurement process that influential factors were analysed and listed is the measurement
of fuel level. The list of all the factors that affect this type of measurements is presented in Table 4.
and as can be seen the factors only occur in the storage chain part.

Table 4. List of influential factors that affect the fuel level measurements.

PRODUCER TRANSPORT STORAGE TANKS CUSTOMER

error of measuring instrumentsit, .-
volume of the tank 4,
shape of the tank Up
incline of the tank u,
deformation of the tank 1,
corrosion in the tank U,

- - temperature of the fueluﬂm .
density of the fuel u,
atmospheric pressure i,

subsoil under tanks,
waterinthe tank u,
shape of the measuring bar Up
point of contact bar U,,

In the following section we will continue with the model creation that will enable us to determine
the individual uncertainty components that are linked to the measurements of temperature, flow
volume and fuel level as the knowledge of uncertainty is an essential metrological property that
needs to be assigned to a certain measurement method for the purpose of the precision
determination.

4 Model of uncertainty evaluation created on the worst possible
scenario

Model of uncertainty determination dependant on temperature measurement u,

9



e = oy Wepi g "-"f‘:-_'?jT (2)

The presented model (2) is based on a study where the final volume of fuel is dependent on the
measured temperature in each separate segment of the logistic transportation chain. Based on this
condition it is a function of volume determination made by the manufacturer uy, transporter .g,
storage at a petrol station #,z and form the determination of the sold volume to the end consumer

14, -
EXe

Model of uncertainty determination dependant on temperature originating form
manufacturer ,,, transporter ,,, fuel storage 2,; and end consumer ,¢

oy = Uppe F Unpg T Uae T Unpee T Uary
Usp = Upey F Usey F Upgy + Upep + Uae g F Yneppne T Waepe + Uiny
Uy = Upey T Uneye T Uneye T Yo T Usea * Ugey
Usp = Uppy T Upegp T Wy T Wasy T Uas,

The presented model originates form the analysis of weaknesses in temperature measurements of
individual components within the logistic transportation chain of fuels.

Matrix model of uncertainty determination dependant on temperature originating from the
manufacturer u,,

V,.=A4au, A (3)

The design matrix of fuel volume uncertainty caused by temperature change is created by a partial
derivation of the previously set model (3) for each individual variable. The partial derivation that
leads to the design matrix (5) can be seen in the equation (4).

£ 8 (Rhgen b g ikz g $2 g g 2
A= :;[‘r _ v-*jrz"**ﬁra"-*:;F"-*Jrgf'“jm? (4)
A=(1 1 1 1 1) (5)

The covariance matrix of fuel volume uncertainty caused by temperature change (6) has the
following shape:

Ugey Uinemsrgy  Yisrpargd  Yisepseppd  W(oepseg)
Uaepaegy  Yarg  Wioegue)  Wseoerr)  W(degae)
Vep = | Yearparg) Soaegues) Uite Uisepinepp)  Winemsey) (6)

Yinepaepp) Wisegorpr) Y(sepseps) Waegp Yiaeppney)
Yarpaey) oargoey) Yioemsey) Yiseppaey)  Taey

The transpose of the design matrix (5) has the form that can be seen in relation (7).

AT (7)

]
B EREEEE
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Matrix model of uncertainty determination dependant on temperature originating from the
transporter i,

V,.=AU, AT (8)

The design matrix of fuel volume uncertainty caused by temperature change is created by a partial
derivation of the previously set model (8) for each individual variable. The partial derivation that
leads to the design matrix (10) can be seen in the equation (9).

By O (g Fugptugpytuset Bitep e Pesepgpr P osepp Fuscy) )
Bs B

A=
A=(1 1 1 1 1 1) (10)

The covariance matrix of fuel volume uncertainty caused by temperature change (11) has the
following shape:

£t Upltedtsy ey Uelrednd  Upltedfgad Ueltodrend  Uplradre  Sltedtg ”"ﬁ

Srlegelng Barg” Udrgdtg  Slrgdtyy  Udtedtggad  Wpltodtgmmg Uidnpdipsy Shdtgdig
Bystgditgy  Tdredirgg By Upstpeditgy  Ultpdfapad  Uiltpedtomg  Tdtadeesd  Wpdtpdog
_ | umeedeez  Bpmremng  TSnalng Bagg Uritpdtegnd  Wiltedfomd  Wdtpdtesd  Thlteditw

Updtodlonad UiMedlopad ViMndtpead ESGAlapad  TWiaw  Peadlomd  Mtemaedtnd  ViSCasaedtg
Ultdtond  Viltedtomd  Viladtoud  Bltodtend Umadltond  Mom  Mfoudied ot
Uyirgditpsy  WpStedtpsd  Wdipdtpsd  WiStpdtpsd  WilStepandipsl  TOS0cnnelipsd Ugrpy” ety )
Uptrgdingy  UpStedtny  USrgding  Weltedtyy  UpSteeaedtyd  UStesdtmy  Ypdteedtn b

(11
The transpose of the design matrix (10) has the form that can be seen in relation (12).

21

(12)

N Y

o |

Matrix model of uncertainty determination dependant on temperature originating form fuel
storage u,

V,=AU A7 (13)

The design matrix of fuel volume uncertainty caused by temperature change is created by a partial
derivation of the previously set model (13) for each individual variable. The partial derivation that
leads to the design matrix (15) can be seen in the equation (14).

_ ﬂuri - ﬁ'I:Hﬁra'f:tj,rjf'fitﬁrw'fitﬁ:mpr'fﬂjrp,f"l‘ﬂjrﬁ::' 14
A== B (14)
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A=(1 1 1 1 1 1) (15)

The covariance matrix of fuel volume uncertainty caused by temperature change (16) has the
following shape:

Uppg “u;arguar;fg Y aemarys) Hiaegistoppd “‘Zﬁta'frp!f} (s egacy)
U (teilitg) Upey U (Leptiiyged ::'Zs"-fpfls"rtmﬁf?} ;*'Zﬁfpf'ﬂgmr}} ::':ffrﬂf'fftﬁ:;
. . : (Aeysltoyny (deymd (Leypiey
Uy, =| Masgoryg  Hsopieyg Wiy 3 Uiy .ff T
Uisegueenpy  isopsrennd Tisrumseemyd  Poeom WEHDE i u';f"m”""m}
Utnrginegy  Yisopicgd  Widegpscad  H(ieomnbtad Wbt oas '~*"’t&’f'*’"ﬁ‘f}
Uiarmaey  Yoampoemmd  Yoammaemd)  Yiseopmpoend  Wiscensgd Uy
(16)

The transpose of the design matrix (15) has the form that can be seen in relation (17).

= 17)

Matrix model of uncertainty determination dependant on temperature originating form end
consumer u,_

Uy, =AY, AT (18)

The design matrix of fuel volume uncertainty caused by temperature change is created by a partial
derivation of the previously set model (18) for each individual variable. The partial derivation that
leads to the design matrix (20) can be seen in the equation (19).

_ Puge  #lugpgugee e dugppetug )
A= Bs Ba (19)
A=(1 1 1 1 1 (20)

The covariance matrix of fuel volume uncertainty caused by temperature change (21) has the
following shape:

Uiaegy®  Uiargsers) Upegam) ldrgbtgd  Wiargaegd
Uisegarge)  Wioeppd®  Wiaeppuoegd Wiseppoced Wiotppoog)
U= | Yorgoey Yoeppony Woog® Yoo Yaonam) 21)

Yinegars) “oaopmors)  Yoopore)  Yomd®  Yammog
Yiseguey) Yiarppsepn) Wiaemoeyd  Wtemomgd  Wlaeg)®

The transpose of the design matrix (20) has the form that can be seen in relation (22).

12



(22)

N N )

£
=T
f—l‘=(
\

Model of uncertainty determination dependant on volume flow u,,

Uy = F(Uyred Uyepi Upeg )T (23)

The presented model (23) is based on a study where the final volume of fuel is dependent on the
measured volume flow in each separate segment of the logistic transportation chain. Based on this
condition it is a function of volume determination made by the manufacturer i, transporter ttyp,
and the determination of the sold volume to the end consumer .

Model of uncertainty determination dependant on volume flow originating from
manufacturer iy, transporter t;z, and end consumer ity

Ty = Thgg + My + T age d Mgy Mg T F Ty, F Ty T+ T e + Mg T+ Thay
Upp = g, + Uagy +Uagy FUsepy FUarg + Vo + Uage + sy F Yngy  Uagy + Uay

Upp = nﬁm—l- U p —I-ttﬁﬁ—l-ttﬁtm +”£‘rra + Ty o +t¢_,.,m, + LT + Ug + t::_,.,m,f—l-nﬁm —I-nmm
+ Uy,

The presented model originates form the analysis of weaknesses in volume flow measurements of
individual components within the logistic transportation chain of fuels. The chain segment
dedicated to the storage of fuels was excluded due to the fact that volume flow is not measured in
this specific chain part.

Matrix model of uncertainty determination dependant on volume originating from the
manufacturer yy

Uy, =AU, AT (24)

The design matrix of fuel volume uncertainty caused by volume flow measurements is created by a
partial derivation of the previously set model (24) for each individual variable. The partial
derivation that leads to the design matrix (26) can be seen in the equation (25).

Sy &1 vy g F g et :tj,m:'l vypp s Foineg o g Fu g Ry 'i:tm'fuj,ﬁﬁ- 'htJ,E.HH'l:AJH}

4= = T

(25)
A=(1 1 1 1 1 1 1 1 1 1 1 1) (26)

The covariance matrix of fuel volume uncertainty caused by volume flow measurements (27) has
the following shape:

13
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The transpose of the design matrix (24) has the form that can be seen in relation (28).
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Matrix model of uncertainty determination dependant on volume flow measurements
originating from the transporter

Uy, = AUy, AT (29)

The design matrix of fuel volume uncertainty caused by volume flow measurements is created by a
partial derivation of the previously set model (29) for each individual variable. The partial
derivation that leads to the design matrix (31) can be seen in the equation (30).
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(30)
4=(1 11 1 1 111 11 1} 31)

The covariance matrix of fuel volume uncertainty caused by volume flow measurements (32) has
the following shape:
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The transpose of the design matrix (31) has the form that can be seen in relation (33).
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Matrix model of uncertainty determination dependant on volume flow measurements
originating from the end consumer iy,

==
"

Uy, =AU, AT (34)

The design matrix of fuel volume uncertainty caused by volume flow measurements is created by a
partial derivation of the previously set model (34) for each individual variable. The partial
derivation that leads to the design matrix (36) can be seen in the equation (35).
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4= (33)

A=(1 11111111111 1) (36)

The covariance matrix of fuel volume uncertainty caused by volume flow measurements (37) has
the following shape:
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measured fuel level measurements in segment of the logistic transportation chain dedicated to the

fuel storage. Based on this condition it is a function of volume determination made by the fuel

storage at a petrol stationyz.

Model of uncertainty determination dependant on fuel level originating form fuel storage ;s

Upz = Uppgne T Upgy T Uppp T U F Uy T oy, T 1y, Fuiy, FTuy,, Fug, T, Fus,
+ Yaym
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The presented model originates form the analysis of weaknesses in fuel level measurements of fuel
storage component within the logistic transportation chain of fuels.

Matrix model of uncertainty determination of fuel volume dependant on fuel level
measurements originating from the fuel storage

Uy, =AU, AT (40)

The design matrix of fuel volume uncertainty caused by volume flow measurements is created by a
partial derivation of the previously set model (40) for each individual variable. The partial
derivation that leads to the design matrix (42) can be seen in the equation (41).

A= fup, = & (mig o e FUE 0 'l':&g,.m'iugﬂ'i":&&&'lﬂgﬁ g e U ULy o U e PRt U P S | (41)
& &
A=(1 1 1 1 1 1 1 1 1 1 1 1 1) (42)

The covariance matrix of fuel volume uncertainty caused by volume flow measurements (43) has
the following shape:
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The transpose of the design matrix (34) has the form that can be seen in relation (44).
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5 Conclusions

The intention of the presented study is to include all the most probable factors that may affect the
precision of fuel volume determination. Further part of the study is dedicated to identify weak spots
of measuring processes that are involved in the final fuel volume determination together with the
transformation of these findings into an uncertainty of fuel volume determination. Based on the
determined system relations, taking into account the selected resolution level the system is divided
into individual parts. The investigation of these parts was done under the condition that they act as
one system including their goals, which is the deamination of the overall uncertainty of fuel volume
measurement. The subject under investigation is seen as a dynamic one what means that the
changes of state, behaviour and structure like the change of surrounding environment, material
properties and measuring devices are accounted for. The presented mathematical model of
uncertainty evaluation describes the largest possible value of uncertainty of fuel volume
determination that is based on all the possible influences that could affect this measured quantity. It
is possible to eliminate these influences when individual parts of the logistic transportation chain
are analysed and properly modified. This fact means that the model can consist only of such a
number of influential factors as how many will be appropriate for the individual case. A model
constructed in such fashion can be modified to any fuel volume measuring process, which can help
to obtain the uncertainty and the precision of the measured fuel volume, can also be tool for the
possible modification in the measurements of monitored quantities within the logistic transport

chain and can bring a reduction of financial losses caused by distorted fuel volume values.
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Abstract: nowadays the creation of the researched process mathematical models is needed
especially for the research area. The process (processing system) mathematical modeling and
their subsequent simulation provides the possibility of comparison (validation) of the
monitored required and target values with the actually measured values. Demands on the
created models accuracy increase due to increasing demands on the quality of the monitored
process. For the technologically difficult processes in the metallurgy and mining areas the
quality process is important in order to optimizing them from the point of view of the
energetic, material or time savings.

The article deals with determining key performance indicators KPIs of the difficult
technological processes. There are the refining steel process in oxygen converter, the rock
disintegration process by rotary drilling and the rock boring by TBM method. The starting
point for the research of the rock disintegration process by TBM method used by the
exploratory gallery boring of the tunnel Branisko, were the findings gained during the rock
disintegration process by drilling on the experimental stand in the Institute of Geotechnics of
the Slovak Academy of Sciences in Kosice. The objective of analysis and mentioned process
models creation was their optimization and strategically important input and output variables
visualization at different control levels.

Keywords: KPI, process, model, system boring machine — rock, visualization

1 Introduction

The basis of the research project, which dealt with development of support systems for
the steelmaking in the oxygen converter, focused on negative phenomena of optical recording
(outbursts and ejections) by two industrial cameras. The intention was to assess its suitability
for this negative phenomena prediction [KOSTUR A KOL., 1997].

The next project analyzed a process of the rock disintegration by the rotary drilling on the
experimental stand, realized in the Institute of Geotechnics of the Slovak Academy of
Sciences in KosSice, in order to optimize the disintegration process, with its diagnostics and
control using information technology. Due to energetic principles of the rock disintegration
the research aimed at the minimum consumption of a specific volume of the disintegration
work and maximum life of the disconnecting elements. The findings of the rock disintegration
process by the rotary drilling on the experimental stand formed the rock disintegration process
analysis by TBM method. The basis for the processing provided data and findings by boring
process monitoring of the exploration gallery of tunnel Branisko.
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2 The Key Performance Indicators KPIs and its use in the
process industry

In the process industry the manufacturing operations are running continuously in time.
The process control requires modeling, process variables measurement, feedback control
design, process control information system as well as optimization of its output and controlled
variable target values. Process and system performance optimization is possible by primary
data on — line measurement, its analysis and subsequent transformation into information about
exactly defined parameters.

Data and KPIs access can be ensured by user friendly interface providing visualization
and separate views of the raw data, KPI analysis or KPI monitoring. Data evaluation from a
monitored process give KPIs, which allow faster decision — making with the result of better
performance. Continuous KPI analysis is done by local or remote access connection to the
process and is ensured by software tool for automatic data collection. Visualization and
capability process analysis as well as control of monitored parameters in a real time provides
the possibility of early regulatory intervention and prevents material, financial or time loss.

3 The probabilistic mathematical models creation based on the
video data processing by refining steel process

The analytical approach advantage in mathematical modeling is the possibility to
determine and assess dynamic characteristics before its own object implementation. The
obtained models can also be applied for proposal, design and simulation of dynamic systems,
which will be shown later in this contribution.

A mathematical model obtained by an analysis of input and output variable courses
describes a system as well as input - output object behavior [ROHAL - ILKIV, 1985].

The negative phenomena models of the steel refining process were based on records of 30
heats, where each of them was accompanied by outbursts and at least one ejection. The
outburst is spraying and spluttering steel drops visually manifested by whipping flames from
the converter neck. The ejection is visually identified as a phenomena, by which the converter
is in the flames and from its neck slag and molten pieces are spluttering. Occurrence of
outbursts and ejections in the process of refining steel in an oxygen converter is not desirable
because of the significant financial, material, time and energy losses. The data analysis
obtained by the refining steel process was based on the assumption that the observed
phenomena were the result of action of some ,,unregulated” variables during refining steel
process and effected not only the process but also its result [KOSTUR A KOL., 1997].

In Figure 1 we can see a model that describes the relationship between outbursts and
ejections. Strong correlation between model and measured values of outburst or ejections
beginning time confirms the correlation coefficient value R = 0.9628, respectively coefficient
of reliability. After outburst we can expect ejection.
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Figure 1- Model of interdependence between outbursts and ejections
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Other models may be created in the form of Shewhart control charts and 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. Capability index 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

C,, = (1)
6 Ao +(u—T)

After calculation Cpmoutburse = 0.575 and Cpmenjecion = 0.5942, and subsequently after
determining the process capability indices, one of the KPI characteristics can be assigned to
them. This provides an area for the KPI application in the steelmaking process, assuming that
qualitative and quantitative parameters are defined for input as an additive to the slag (C, Si,
P, Mn, S, scrap). The determination of the input KPI is an important factor for a
comprehensive process assessment, both in terms of its yield, but also looking at the causes of
the reduction in performance. The steelmaking process in oxygen converters is one of many
high-tech processes, which highlights the need for knowledge about the process on both the
inputs and outputs. The refining process input in the oxygen converter is the slag, which
represents individual KPIs. Due to the large amount of input elements in the process, it is
advisable to choose a specific KPI, which monitoring is, in terms of its impact on the process,
crucial. The output of the process is the desired type of steel in terms of its quality. In a view
of the fact that the research project dealt with the negative phenomena videos evaluation of
the steelmaking process, without following a defined qualitative and quantitative inputs,
mentioned experiences were reflected in the analysis of the similarly complex process, the
rock mass disintegration process.

By specifying the input and output rock disintegration process variables of the deep
mined drilling and boring, the process can be controlled at its all levels in order to avoid the
possible reduction of its performance and to achieve the desired targets.

4 The model creation by rotary rock disintegration on the
experimental stand

On the dynamic system indenter - rock two crucial input values affect the process — the
downforce F' and revolutions n, representing KPIs. Measurable system outputs are the power
consumption P; and drilled length L variables, whose values were recorded as time series.

In general, the indenter — rock system can be described by the equations for operating
point and its vicinity:

X(1)= Ax(t)+bu(t), x(0)=xy )

y(t)=cT x(t)+du(t) 3)

where (2) is the equation of state, and (3) is an output equation, x(?) is the vector of state
variables dimension n, 4 - state matrix (matrix dynamics matrix of the system) of order n, b -
the state vector the input dimension n, ¢ - output vector status n, d - constant transfer
[VITECKOVA, VITECEK, 2008].

Input values system indenter - rock created the need for high capacity constant input
values of respect due to the continuous experiments to study rock disintegration by rotary
drilling.

Values of input and output derived from experiments are, from the physical point of
view, values of a random process, the implementation, whose properties can be described by
statistical characteristics [NOSKIEVIC, 1999]. The mathematical description of the
characteristics of a random process is based on probability theory and statistics [BALATE,
1979 UNBEHAUEN 1995; ISERMANN 1992; TUMA, 1998].
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In Figure 2 we can observe the oscillation index values in the range of
C,, €(0,029799;0,030105). It is caused by vibrating the value of the monitored signal around its

pml

mean value. The index value is moving away or closer to the desired value (in this case
higher) and it is possible to follow the trend of the observed variable. All progress is therefore
Comi1 development index over time, based on which we can determine its value in the desired
time interval. Then it is possible to determine whether it satisfies the requirements of the
experiment (process) or not. It is also possible to determine the trend of the development, if
the index value departs from its desired value or not. Process capability index values for these
applications depend on the nature of the process. The value or range of values can be
determined a priori and then they can be controlled during the experiment.
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Figure 2 - Realization] of a course, mean, standard deviation
and capacity factor Cpy at time

The conventional way of the optimum determination for the indenter — rock system is the
use of rock disintegration energy theory that describes the specific disintegration energy or

working capacity isolating tool ¢ [KUMICAKOVA, POPPEOVA, 1994].

In the search for optimum energy by the disintegration of rock disintegration theory it is
based on the instantaneous speed of the process disintegrating tool, specific volume work of
disintegration, depending on downforce, respectively revolutions.

Disintegration energy density w is the ratio of the amount of energy delivered to the

system and disintegrated rock volume V.

w=—
4 (4)
Working ability isolating instrument ? is the ratio of the instantaneous velocity v and
disintegration energy density w

v
¢ [ —
w )
where the ability to work of the disintegrating instrument is dependent on the downforce
F and revolutions 7.
The optimal mode of the disintegration set operating point and its surroundings is
determined by the minimum energy density w or disintegration maximum value of

incapacitation isolating tool P . The energy signal is one of a number of energy signals used
in the process of disintegration of the transformed energy fed to the tool [KRUPA, V.,
PINKA, J., 1998].

Experiments carried out in laboratory conditions in the Institute of Geotechnics of the
Slovak Academy of Sciences in KoSice enable the application of evolutionary planning
methods in pursuit of two input variables (factors), which were maintained at approximately
constant value in the system, namely: downforce and revolutions.
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In Figure 3, we can monitor the progress of measuring energy disintegration, which is
calculated according to equation (4), depending on speed and downforce w = f (F, n). The
two-dimensional surface is characterized by a parabolic section, which is extreme in infinity.
The arrow indicates the direction towards the optimum procedure, in this case the minimum
energy consumed in the process of disintegration.
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Figure 3- Two-dimensional cut during the disintegration of the specific energy - w

5 The model creation by rotary rock disintegrating by TBM

Boring machines with full engagement called TBM (Tunnel Boring Machine) are full-
profile tunneling machines for mechanical rock disintegration through a milling head which
disintegrates the whole tunnel face (full profile). TBMs are constructed and specifically
tailored to the geological environment survey identifying the rock mass disintegration area.
The basis of the boring machine has a boring head, a cutter, which is a circular cross section,
which determines the height of the tunnel. The rock disintegration is done by working tools
with the boring head. The selection of these working tools depends on the physical - chemical
rock properties. For boring in medium hard, hard and very hard rocks the roller bits are used
corresponding to the physical - mechanical properties of rocks, made of hard steel. Most of
the machines are equipped with a special suction device which sucks dust from the
disintegration area [LAZAROVA, 1997].

Tunnel Branisko was all bored by NATM (New Austrian Tunneling Method) which uses
boring - blasting, and the rules for splitting the face of a rock mass. Before tunneling an
exploratory gallery was struck from the west by classical drilling and blasting operations and
from the east by the TBM method at a length of about 2300 m by boring machine Wirth TB -
I-330H/M.

The boring machine - rock system can be described at the operating point and its vicinity
by equations (2), (3).

Based on the boring process measured values, it is possible to make a model in order to
examine the dynamic properties of the head of the boring machine, respectively the amount of
energy consumed per unit volume. As input variables the downforce and revolutions that are
desired segment stabilized and output torque of the boring head and power consumption were
considered. The time difference of two successive samples of the signal is A7 =2,03 s.

Dynamic model creation is based on the characteristics of the input signal downforce,
part of which can be considered as a unit step. On the output side we monitor the course of the
signal torque, which contains information about the dynamic properties of the system as a
result of changes in downforce on the input side of the model.

To simplify the model we neglect the input signal speed, respectively the output signal
power consumption. Given the complexity of the system it is impossible to make conclusions
from a single pair of these realizations. For the examination of this system we use the medium
probability course (6). Its principles are based on using several realizations (repeated
measures) for specifying the resulting course.
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where f; - means ordinate the resulting transient response in the time ¢+ = iA¢ and At is

the period of sampling,
Yik - means input, resp. output realizations,

k - means the value of the output variable response system in the i - th sampling
interval at the k-th measurement of a number of repeated measurements of transient
response in general unequally large step input variable of the object,

Aux- means step change of the input variable by the £ - measurement of transient
response and

i - means the order of sampling points of transient response, i =0, 1 ...m [ROHAL -
ILKIV, 1985].

By the model creation according to equation (6) it is important to elect an appropriate
number of repeated measurements. Its final number is given by statistical and physical
regularities of an investigated system. The examples of these courses can be monitored in
Figure. 4.
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Figure 4 — The courses of transient responses of the repeated measurements and resulting
statistical model

Based on this transient characteristics it can be assumed that the wear and damage will
largely impact and stress the dynamic boring head and also the number of exchanged discs. In
terms of the total cost of the work it has an impact on the process of disintegration especially
its optimum mode throughout mined segment as well as on the construction of a
disintegrating device. Therefore, there is the effort to get the best information on the
continuous process, its mode and instant status updates. It has an important role in the process
of monitoring the transfer of collected data, and then evaluating the possibilities and their use
in the management of this difficult process in real time [KRUPA, 1998].

One of the other ways to evaluate the effectiveness of the boring process is to monitor
using chisel reliability or models which reflect the impact of the device on its structural
elements, depending on the boring mode.

6 Boring process visualization in the systems SCADA / HMI

In the Institute of Geotechnics of the Slovak Academy of Sciences in KoSice there was
developed and realized a monitoring system prototype which has been programmed for a
boring machine. This prototype included besides basic boring variable data collection, its
evaluation and archiving, also the optimization algorithm in real time to anticipate the
downforce head machine optimum of the tunnel face and then display it for the operator. The
system can be considered as research equipment. Its limitations were only technical and
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operational conditions, as a result, it did not allow to carry out experimental management
interventions in the parameters mode of the machine in areas of extremely high downforces.
These interventions could significantly affect disc head boring machine equipment
[LAZAROVA, 1997].

The application of the recommended optimal downforce guarantees minimalizing the
economic costs of the boring process that ensures that the optimal ratio between the speed
sequential boring machine, disk consumption and energy consumption. The system has been
supplemented by sensing elements, suitable for boring machine Wirth TB — II — 330 H/ M.

The optimizer of whole boring process has been proposed as an independent monitoring
system that in no way interferes with the boring process, so it does not affect the continuous
activities of individual technological operations. Information exchange between the computer,
the process and consumer service is designed as the "on - line — loop experiment". This is an
automated system that collects all input and output variables in the boring process. Then
provides information about the recommended parameter correction by their mathematical
processing.

The optimizer is divided into the basic subsystems: the monitoring of input and output
boring process variables, data processing, optimal downforce evaluation, evaluation of
strength characteristics changes on the tunnel face, diagnostics of selected technical means of
a boring machine and information transfer into the central dispatch headquarters. Input and
output boring process variables of the monitoring subsystem provide actual values sensing of
downforce, torque, revolutions, head position in the range of machine working step (stroke)
and boring speed [LAZAROVA, 1997].

All optimization algorithms were configured to minimize the rate of drive wear in the
boring process. The monitored values of specific volume disintegration work inform about the
task fulfillment. This is based on theoretical and experimentally confirmed findings that
between specific volume disintegration work and the wear intensity of disintegrating tools
there is linear relationship. This is the reason of computer monitoring optimization extension
name w — optimizer of boring machine (WORS). This system is based on the same basic
concept as an independent monitoring and optimization system, which does not interfere with
the boring process and also does not control each technological operation activity. It was used
the first time in the boring process of exploratory gallery Branisko and it was situated in the
chassis part of the boring machine. This system displayed on the screen of its computer
system the variables of bar graphs: eject the machine head, downforce, head speed and torque
[LAZAROVA, 1997].

Besides the monitoring system, on the boring machine Wirth on Branisko, there was
installed also an optimization system. It is based on findings of boring process analysis that if
the machine works by a minimum of specific volume disintegration work, the boring process
continues with minimum cost. Recommended calculated downforce value Fg,, corresponded
to the optimal mode and was displayed in the operator’s cabin with other scanned values
(Figure 5), and its acceptance by an operator guaranteed the boring process by a minimum of
specific volume disintegration work.

=| WIRTH

POLOHA HLAVY. PRITLAK [kN] RYCHLOST  MOMENT
[em] [em/min] [kNm]

P F T T
8 8 8 8 8 3 8 8
I :
g
i i i T T i
g 0§ & B @ B
:
:

[ 6913 om [ 1m0 190 ommin | 1204 Kim

Figure 5 Visualization F,, displayed in operator’s cabin
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Technological boring process visualization by a boring machine can be described in the
levels of division of competences - user roles defined for users with sign - in access to
visualization application with defined powers to manage and view the information and data
from the process. Before the objects are designed for the visualization, and values that define
these objects, it is therefore necessary to define the application’s end-user.

1. Level - the operator (mechanic) in a boring machine cabin is able to visualize
based on the industrial rock disintegration process and to monitor basic inputs which are
the process variables, data about the downforce and revolutions or the torque. Among the
inputs it is possible also to include the actual visual inputs, for example from the industrial
cameras. These slides can directly display processes in real time (multimedia visualization
support) or can be available after the processing, if necessary or after understanding the
machine scanned images (machine vision, perception). The operator in the cabin from
which he controls a boring machine should have information about those variables (their
relationship) that are necessary for process control. The main operator's screen may thus
represent a view of the head of the boring machine, tunnel face, disintegrating tools (discs)
- optical boring process monitoring in Figure 6.

Figure 6 Boring machine visualization by TBM method

The next, second screen can visualize the input and output variables (torque, the length of
the drilled rock and the energy needed to rock drill) of the boring process. For a better
understanding of the process, the operator should have the screen showing a graph that
indicates the direction to the optimum for monitored input and output variables (Box method)
for selected KPIs levels (Figure 3).

2. The technologist who assesses the boring technology visually monitor the boring
process outputs. These outputs are identified for the person, who enters the boring process
control. Based on their interpretation, he controls the controlled system, production, process
and boring technology. He assesses an opinion on the monitored process course and warns the
operator in case of the need to perform an action intervention. In this sense, he is a manager at
various levels of management of industrial information and control systems.

3. A manager of the company at the enterprise level of Director General represents the
pinnacle of the pyramid in terms of management and evaluation of the boring process of rock.
It mainly deals with economic indicators of the company, for example Cy,, - standard price
per meter [€] for a specified hourly, daily or weekly interval.

For complete connection information and control flows directly related to the industrial
process, it is necessary to visually convey the managers at each level of process control actual
or historical data and knowledge to support decision making. The aim is for example quality
management based on process analysis, real-time visual management of the company to
disclose the actual (not planned or anticipated) process data for the marketing and
management purposes.
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7 Conclusion

In the article were described and analyzed three various complex technological processes,
by which there was monitored the variables input and output effects by using some key
performance indicators of the processes in order to create models.

The first monitored and analyzed process was steel refining in an oxygen converter. The
research project enabled the statistical model creation, which described some mathematical
characteristics of negative phenomena outbursts and ejections by the steel refining process
based on video recordings. Due to the fact, that for the given process research were provided
with output data (video recordings of outbursts and ejections duration) without the continuity
on process input (KPIs), at this stage the research was completed, because of a limited
information amount. The mentioned experiences were reflected in the analysis in the same
complex process, the rock disintegration on an experimental stand, respectively the boring
process by the TBM method.

In the case of the static and dynamic model creation, in most cases, these models were of
MISO type. By the models creation there was used the process capability index for evaluating
the monitored variables and the application of the evolutionary planning Box method on the
rock disintegration process. This method allows us to watch the output model variables
depending on the values of input variables and their interaction. Its application helps to
determine the input variables (indicators) that both have the KPI greatest impact on the
process quality and its future development. Apart from the need to identify indicators that are
key for process monitoring and important in terms of the process evaluation, it is desirable to
reduce their number, especially considering the fact that a multidimensional space (number
n>3) is already difficult and for their visualization on a two - dimensional surface it brings
new and challenging solutions. The models based on the Box method describe the synergistic
effect of two or more input variables on the output variable and allow us to watch the visual
progress towards the optimum.

Detailed process analysis and model creation are especially useful for determining the
appropriate KPIs as input variables at different control levels and in terms of their
visualization. The real KPI advantage is that it provides managers with meaningful
information at all control levels and helps in their decision. In the boring process of the rock
disintegration it helps management in generally define the right price of a product, and the
point of its economic or technological reversal. The costs determined per meter of boring rock
influence the decision on the new price for boring rock meter, quantifying the maximum
allowable loss for hourly, weekly or otherwise specified interval and so on. Identification of
appropriate process KPIs gives information about its current status, and also indicates its
likely development and makes an adequate response, or works as an early warning signal.

The boring process visualization is described in the 6th. chapter as a KPI graphic
visualization possibility displayed in the operator's cabin. The operator's decision based on the
displayed data influences the boring process by the minimum of the specific volume
disintegration work of the disintegration process. It ensures the boring mode at the minimum
cost.

There is already a wide range of programs, an efficient method and strong graphical
support, which enables visual representation of mathematical and statistical functions that
allow their interpretation of the status for process management and decision-making to be
more understandable.
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Abstrakt: Clanek obsahuje navrh ¥idiciho systému na bdzi jednocipového pocitace pro
laboratorni model Helicopter. Zde jsou popsany jeho jednotlive dilci casti a to od samotného
navrhu plosného spoje, volbou komunikacniho rozhrani (point-to-point, RS232), ndvrhu
komunikacniho paketu, upravou stavajictho modelu, atp. Dale v ¢lanku je zminen i navrh
dohledového systemu (SCADA/HMI) v prostiedi Control Web.

Klic¢ova slova: MCU, IPC, SCADA/HMI, EAGLE, CONTROL WEB

1 Uvod

Pocitacem fizend vyroba je vdneSni dobé ¢im dal vice pouzivana k fizeni
technologickych procesti. Vzhledem k trendu neustalého snizovani spotfeby (zlepSovani
vyrobniho procesu) a zvySovani vypocetniho vykonu, vcetné velké integrace periferii je
mozné nasadit jednoCipové pocitace tam, kde to v minulosti nebylo mozné. [Janecek 2001]

Distribuované fidici systémy, které jsou stavény na samotné ideji distribuce fizeni, tak
mohou vyuzivat tohoto potencidlu, kterd mu tato novéa technologie nabizi. Kdy jednotlivé
vrstvy fidiciho systému obsahuji inteligentni prvky, jako inteligentni sensory, mikroprocesory
(MCU), programovatelny logicky automat (PLC), industrialni PC (IPC), atp. [Boyer 1999]

Ridici systém zaloZené na mikroprocesorové technologii tedy miizeme rozdélit na dvé
dil¢i casti a to na oblast pfimého fizeni a na dohledovy fidici systém se sbérem dat
(SDACA/HMI). Kde oblast pfimého fizeni je nejblize fizenému technologickému procesu,
zatimco SCADA/HMI systém umoziuje operatorovi okamzity nahled na cely systém (fizeni,
trendy, vyhodnoceni dat, alarmy, atp.).

PLC ¢i IPC jednotky se hlavné vyuzivaji v oblasti pfimého fizeni. Jejich nasazeni je tedy
ma piimé spojeni s fizenym procesem, obvykle pomoci vstupné/vystupnich (V/V) signalu
(analogovych ¢i diskrétnich forem). Mezi charakteristické vlastnosti téchto fidicich jednotek
patii nasazeni industrialni podoby opera¢niho systému tzv. operacni systém redlné¢ho Casu
(RTOS), ktery zajisti maximalni moznou dobu pro provedeni vSech V/V operaci.

Vzhledem k vyssi potizovaci cené PLC ¢i IPC jednotek je vhodné, nahrazeni podstatné
levnéj$im feSenim v podobé MCU. Hlavni podminkou je ovSem samotna vhodnost jejich
nasazeni pro dany tidici systém.

Pro distribuci fizeni je nutné zajistit spolehlivou komunikaci mezi jednotlivymi vrstvami
systému. Uziti béznych komunikacnich rozhrani neni vhodné vzhledem k nachylnosti viici
ruseni €1 k jejich stochastickému ptistupu k médiu. Je tedy nutné zvolit jeho industridlni
podobu, ktera ndm zajisti vyssi bezpecnost a robustnost celého systému (protokol, rozhrani,
bezpe¢nost datového pienosu, atp.). Mezi doporu¢ené komunikacni standardy patii napf.
RS232, RS422 ¢i RS485.
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2 Model Helicopter

Mnohorozmérny nestabilni systém vhodny pro vyuku a pokrocilé fizeni. Sytém obsahuje
celkem 2 fidici vstupy (napéti na hlavnim a pomocném rotoru) a 2 métené vystupy (thel
natoceni métreny IRC snimaci).

Obrazek 1 Fyzikalni schéma modelu Helicopter

Popis parametri modelu:

F, ...sila vyvolana od to¢ivého momentu hlavniho £ ...sila vyvolana hlavnim rotorem
rotoru

F, ...sila vyvolana zadnim rotorem (tato sila je F, ...sila vyvolana zvySenim napétim na

ckvivalentni sile F; v pracovnim bodé vrtulniku) ~ zadnim rotoru oproti ustalen¢ hodnot¢
v pracovnim bod¢ vrtulniku

M, ...moment soustavy (v zavislosti na sile F| tj. M, ...moment soustavy (v zavislosti na

M, =F*n) sile F}, kdy plati M, = M)

a ...vysSkovy uhel (vychylka ve vertikale) @ ...azimut (vychylka v horizontale)

U ...tidici napéti zadniho rotoru k ...zesileni zadniho rotoru
7;...vzdalenost hlavniho rotoru od t&zist€ r,...vzdalenost zadniho rotoru od tézisté
vrtulniku vrtulniku

M ...setrvaCny moment soustavy M , ...brzdny moment soustavy

Identifikace modelu:

Pro identifikaci modelu Helicopter vychdzime ze situace, kdy omezime piisobeni sily
vyvinuté hlavnim rotorem na soustavu, tak Ze za aretujeme model v jeho vertikalni poloze a
nechame plisobit pouze to¢ivy moment plsobici sily F,. [Horacek 2004]

Pro nami hledany pracovni bod tedy plati rovnovdha momentt

M, =M,, (1)
tedy situace kdy se vrtulnik neotaci a plati rovnovéaha sil
Fi*r=F *r, Q)

Pii kolisani napé€ti na zadnim rotoru dochazi k poruSeni uvedené rovnovéahy (1). Ptirtstek
napajeciho napéti AU vyvola plsobeni sily F,, kterd se v ¢ase méni. Plsobici sila je dana
vztahem

F, =AU *¢, (t)’ 3)
kde «, je koeficient pfim¢ imérnosti mezi zménou (pfirtistkem) napéti AU a pisobici
silou F,. Zadni rotor (motor) jakozto fyzikalni téleso vykazujici moment setrvacnosti
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(integra¢ni soustava se setrvacnosti) neprovadi skokové zmény otaCek rotoru a tim i
nedochazi ke skokové zméné& pulisobeni sily F,. Z ¢ehoz vypliva, Ze koeficient piimé
umérnosti o, musi byt zavisly na ¢ase. Pisobici sila F, vyvold moment

M = F'2 * r, , (4)
pfi dosazeni, za plisobici silu F, z pfedeslého vztahu (4), 1ze tedy psat

M=AU*C¥1(ZL)*7"2' (5)
Rovnici mizeme dale zjednodusit zavedenim konstanty

a(t) =, (0)* 1, (©6)
kdy vysledny tvar bude nasledujici

M:AU*a(t)' (7)

Motor je dale zatizen dopravnim zpozdénim, tj. pii skokové zméné (prestaveni modelu)
vstupniho napdjeciho napéti U dochazi, ke zpozdéni mezi zvySenim otacek rotoru (vyvinuti
vyssiho vztlaku od listu rotoru) a tim i ke zpozdéni vyvinuté pusobici sily F,. Proto je tieba
k zdkladnimu momentu soustavy zahrnout i zpozdéni, vysledny vztah je tedy

M = AU*a(t)*z'(l—e’T*t)’ ®)

kde 7 ptedstavuje dopravni zpozdéni modelu.

Obrazek 2 Model Helicopter

Vysledny moment soustavy M je dan souftem momentd setrvacného Mga brzdného

M, ve tvaru
M=M;+M,

9
Pro vySe uvedené momenty plati: ®)
Mg=1,*¢ ’ (10)
kde I je setrvacny moment a ¢ je tthlové zrychleni,
M,=B*w ’ (11)
kde B je koeficient imérnosti brzdného momentu a @ je uhlova rychlost.
Vysledny popis systému je popsan rovnici
M-M;-M,=0 (12)
a po dosazeni za jednotlivé momenty soustavy do rovnice (12), je roven
M-I*s-B*0=0 (13)
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Vysledny popis v zakladnim tvaru (pii vyjadieni v zakladnich jednotkéch tj. derivacich drahy)
je rovnice ve tvaru

] kv R¥q, —
M-I;*y-B y—O. (14)

3 Navrh primého rizeni (MCU)

Pro realizaci pfimého fizeni byl zvolen MCU PIC16F873A s dostateénym vykonem (20
MHz) spolu s adekvatni vybavenosti riiznych periferii. Rizeni hlavniho a zadniho rotoru bude
provedeno pomoci univerzalnich modult Capture-Compare-PWM 1 (CCP1) a CCP2
v rezimu pulsné Sitkové modulace (PWM).

Vzhledem k implementaci fidiciho algoritmu na MCU je zapotiebi ¢ist (vyhodnocovat)
data ze zpétné vazby s konstantnim intervalem o co nejmensi mozné délce. DalSim velmi
dilezitym parametrem je i stabilita fidiciho algoritmu a jeho velmi rychla odezva na podméty
z nadfazené Urovné fizeni (SCADA/HMI). Pro implementaci vzorkovaci periody je nutné
pouzit Cita¢/Casovaé (C/C), ktery pomoci obsluhy pieruseni (ISR) velmi piesné pohlida
vzorkovaci periodu. Kdy ¢ita¢ tedy pracuje asynchronné, tedy nezavisle na vykondvani
hlavnim cyklu programu. ProtoZe ¢asové zékladna pro PWM vyuziva C/C 2, je mozné vyuzit
zbylé dva a to C/C 1 (16 bitovy) & C/C 0 (8 bitovy).

Pro ptenos dat je vyuzito univerzalni sériové/asynchronni komunikacni rozhrani
(USART) vjeho asynchronni podobé¢ (8 biti dat, 1 start bit, 1 stop bit) s komunikacni
rychlosti stanovenou na 256 Kb/s.

Tabulka 1 Parametry procesoru PIC16F873A [MICROCHIP 2013]

Frekvence procesoru DC - 20 MHz
Reset (a zpozdéni) POR, BOR (PWRT, OST)
Pamét’ programu (14 bit. slovo) 4K

Pamét’ dat 192

Pamét’ dat (EEPROM) 128
Pteruseni 13

V/V porty Porty A,B,C
Citace/Casovade 3
Zaznam/Komparator/PWM modul 2

Sériova komunikace MSSP, USART
Paralelni komunikace —

10 bit. A/D modul 5 vstupnich kanall
Instrukéni set 35 instrukei
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Obrazek 3 Univerzalni deska pro MCU PIC16F873A

Zatimco o vyhodnoceni otd¢ek z inkrementalniho rota¢niho snimace (IRC) probiha mimo
samotny MCU (pies dekodér HCTL-2016). Uzitim dekodéru se zmensuji naroky na vypocetni
vykon samotné fidici jednotky, kdy tento specializovany obvod vyhodnocuje pulzy z IRC
snimace a vysledek ¢itani prabézné ukladd do 2 bytové mezi paméti. Kdy samotny vycet,
reset dekodéru, atp. je na fidicim algoritmu MCU.

V nasem piipad¢ se bude jednat o rezim vycitani absolutni pozice, neboli reset dané¢ho
dekodéru bude proveden v priibéhu jeho inicializace v pocatku kalibrované osy (horizontalni,
vertikdlni) a nésledn¢ bude zjisténa i jeho maximalni hodnota, pro co nejpiesnéjsi prepocet
poctu pulsii na uhel natoceni.
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Obrazek 4 RozloZeni soucastek na univerzalni desce pro MCU PIC16F873A



Navrh univerzalni unifika¢ni desky pro model Helicopter

Vzhledem k univerzalnosti pouziti desky je deska osazena navrzenou (obecnou) patici
pro pfipojeni jakéhokoliv (vhodného) MCU, ktery obsahuje pozadované periferie a
odpovidajici pocet V/V pinl. Thned po pfipojeni napajeciho napéti dojde ke spusténi
krystalového oscilatoru, ktery svymi pulsy o frekvenci 12 MHz zajiStuji velmi rychlé
maximalni ¢itani obou dekodéra.

Pro dodrZeni bezpe¢ného provozu je motor pfipojen na stranu emitoru tranzistoru. Po
spusténi (pfipojeni napajeciho napéti) MCU jsou veskeré V/V piny nastaveny jako vystupni tj.
po nabéhu MCU nejsou vybrané V/V piny zdrojem napéti ¢i vystupem periferie na pin
pripojené.

DC MOTORS MCU POWER SUPPLY

|
N

RC EXTERNAL POWER SUPPLY

|

DC /" bc
(MOTOR { MOTOR |
1 2

|

= Sl <l |,

= | o foy

Obrazek 5 Rozsirujici deska pro model Helicopter v1.0

Deska dale obsahuje dvojici multiplexord, které umoznuji sloucit vystupni datové vodice
z obou dekodért. Nasledné byly propojeny 1 fidici signaly pro oba dekodéry (RES HCTL,
OE HCTL, SEL HCTL), tedy pro zapojeni vSech potifebnych vodic¢i (datové, fidici) do
MCU neni potfeba piivodnich 24 volnych V/V pind, ale jen 13.
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Obrazek 6 RozloZeni soucastek rozsiiujici desky pro model Helicopter v1.0

Deska obsahuje piipojné body pro jednotlivé Casti systému jakozto pro pfipojeni zdroje
(typ ATX), hlavniho a zadniho motoru (rotoru) vcetné pfipojeni vystupniho signalu z 2 IRC
snimact pro snimdni horizontalni a vertikalni polohy vrtulniku.

4 Navrh Fidiciho systému (SCADA/HMI)

Ridici systém lze rozdélit do nékolika hladin a to na samotny ¥izeny proces, unifikaéni
cast, tidici/méfici jednotku (v nasem ptipadé MCU), fidici systém, webovy server a klient.
Jednotlivé urovné jsou propojeny piislusSnym komunikacnim rozhranim a to ve formé
diskrétnich V/V signald, komunikaéni sbérnice RS232 ¢i ILAN.

Realizace SCADA/HMI systému bude provedena ve vyvojovém prostiedi Control Web.
Mezi hlavni pfednosti jeho uZiti patfi moZznost realizace realtimového reZimu programu i na
bézném PC pod OS typu Windows. Kdy nejmensi mozny cas (vzorkovaci rychlost) je
programem omezena na 0.01 s (100 Hz). Vestavéné komponenty vyvojového prostiedi pro
realizaci fidicich algoritmi, pfipojeni k databazi, uklddani a zobrazeni naméfenych dat ¢i
moznosti vytvofeni vzdaleného ptistupu (klient-server) ¢ini Control Web vhodnym nastrojem
pro realizaci daného systému.
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Obrazek 7 Navrh logické struktury SCADA/HMI v1.1

Komunikac¢ni rozhrani

Pii volbé zpiisobu komunikace mezi jednotlivymi segmenty systému je potfeba vzit na
zietel jeho robustnost, odolnost vii¢i ruSeni, spolehlivost, atpod. Proto vybér pln¢€ duplexniho
sériového rozhrani (RS-232), byl vybran na zakladé jeho dobrych vlastnosti a dostacujici
maximalni komunikac¢ni rychlosti. Jedna se tedy o pfimé spojeni mezi SCADA/HMI (IPC) a

pfimim fizenim (MCU) tzv. typ Point-to-Point.
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Obrazek 8 Arduino USB Serial Light Adapter [USB Serial Light Adapter 2016]

Realizace komunika¢niho rozhrani je provedena zafizenim ARDUINO USB Serial Light
Adapter (USB <« sériové rozhrani). Pfinosem zvoleného feSeni je moznost pfipojeni pies
béZné univerzalni sériové rozhrani (USB). Dal§im piinosem je i moZnost napajet piipojeny

integrovany obvod.
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5 Zavér

V ¢lanku byl rozebran zakladni fyzikdlni popis modelu Helicopter. Dosavadni stav
modelu byl nevyhovujici, sila (vyvinuty vztlak) hlavniho rotoru byla velmi mala. Problém je
dan hned nékolika chybami a to nedostateCnym prifezem piivodnich kabeld k hlavnimu
rotoru, mensi velikost vrtule, nevhodné¢ zvolend protivdha, atpod. Nehledé¢ na
poddimenzované napajeni ¢i rychlost fidicitho systému. Na systému jiz byla provedena
vyména napajeciho zdroje s malym vykonem, ktery nedokazal dostatecné pokryt proudové
Spicky pii rozbéhu hlavniho rotoru.

V programu Eagle byla vytvofena unifikacni deska pro model Helicopter, kterd je
osazena dvéma dekodéry pro vycitani aktualni pozice modelu, spolu se spinacimi
vykonovymi tranzistory pro fizeni modelu. Navrzena deska je prvnim prototypem pro dany
model a jeSté neobsahuje moznost pripojeni ovladdaciho kniplu, jehoz funkcionalita bude
vyuZita pro inicializaci i samotné fizeni modelu.

V programové ¢asti byly navrzeny knihovny pro praci s unifikacni deskou a uzitym
MCU, které umoziuji vycitat aktualni polohu vrtulniku a to v relativnim ¢i absolutnim
vyjadieni spolu s moznosti nastaveni pozadované vystupni frekvence PWM a jeho stiidy
s moznosti korekce, dale knihovnu pro komunika¢ni rozhrani MCU a PID regulator (pro
jednu osu).

Pro fidici systém byl ddle zpracovan logicky navrh systému vcetné Castecné realizace
v programu Control Web. Dosavadni stav samotného modelu nebyl ovS§em mozné bez jeho
dokonceni spravné identifikovat a navrhnout tak vhodny zptisob fizeni. Model je typu MIMO
(Multiple Inputs Multiple Outputs) a je tedy vhodny jakozto vyukovy model s moznosti
realizace stavového fizeni, PID regulatort ¢i za pomoci prediktivniho fizeni.
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Abstrakt:

Liatie pod tlakom je vyborny sposob pre vyrobu rozmych suciastok vyrobenych z
nezeleznych kovov. Teplota je doleZitym technologickym parametrom vyroby, ktory ma vplyv
na Strukturu a kvalitu odliatkov

Problém temperovania tlakovych zlievarenskych foriem uzko suvisi s prenosom tepla,
teda schopnostou lejacej formy odviest naakumulované teplo z tuhniicej taveniny.

Celkova tepelna rovnovaha zlievarenskych foriem sa teda urci z bilancie celkového
uvolneného tepla z odliatku a celkového tepla odvedeného jednotlivymi zloZkami (radiacia,
konvekcia, kondukcia, nastrek a temperacny systém.

KUPucové slova: tlakové liatie. lejacia forma, tepelna bilancia

1 Uvod

Jednou z mnohych moZnosti pouZivanou pre produkciu odliatkov je technologia
odlievania pod tlakom. Jedna sa o Specifickii metodu pouzivani najmi pri vyrobe rozmerovo
menSich, TahSich, tenkostennych a zaroven tvarovo zlozitejSich vyrobkov s presne
nadimenzovanymi poc¢tami kusov v jednotlivych sériach, priCom sa kladie vyrazny déraz na
kvalitu povrchu, ktory je vzdy hladky.

Liatie pod tlakom je metéda presného liatia, ktord sa najviac blizi k idealnej snahe
priamej premeny zakladného materidlu v hotovy vyrobok [Michuna a kol 2007].Je to spdsob
vyroby odliatkov, pri ktorom je roztaveny kov vstrekovany do trvalej formy velkou
rychlostou 10 - 100 m's™, ktort kov dosahuje vo vtokovom zareze za pdsobenia vysokého
tlaku (tavenina sa lisuje tlakmi do 500 MPa). Pocas doby tuhnutia zostava kov pod tlakom.
Velké rychlost’ plnenia a vysoky tlak umoziuji odlievat’ tymto sposobom tenkostenné a
vel'mi ¢lenité odliatky, ktoré v mnohych pripadoch nevyzaduju d’alSie opracovanie okrem
odstranenia vtoku a otrepov [Ragan 1997].

2 Vplyv teploty taveniny a formy

Je potrebné zaoberat’ sa aj obsahom plynov v roztopenej zliatine. Prirychlom tuhnuti
zostava v zliatine aj v tuhom stave pritomnych viac plynov ako pri pomalom tuhnuti.
Objemové zmeny pri chladnuti vyustuju do zmrastovania zliatiny. Vzhl'adom na kovovu
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formu prevlada priliati pod tlakom brzdené zmrasStenie, ktoré je ovela nizSie ako volné
zmrastenie pri liati do pieskuO, 0,.

Pri vstupe kvapalného kovu do formy vznika teplotny Sok materidlu formy. Z rychlo
tuhnticeho kvapalného kovu prechadza teplo do povrchu formy a prestupuje d’alej stenou
formy [Ragan 2007].Teplota formy je dolezitym technologickym parametrom, ktory priamo
vplyva na kvalitu vyrabaného odliatku. Pocas jedného pracovného cyklu sa vykonava viacero
ukonov, ktoré sposobuju tepelné straty a je nutné ich zohladnit” pri urCovani tepelnej
rovnovahy, a to:
naliatie kovu do plniacej komory,
zalisovanie,
tuhnutie odliatku,
otvorenie formy,
vytiahnutie jadier,
vyhodenie odliatku,
ocistenie formy,
ocistenie komory,
mastenie formy,
mastenie komory,
zatiahnutie jadier,
uzavretie formy [Ragan 2007].

Aby sa predislo nepodarkom, je dolezité udrziavat’ tepelni rovnovahu formy tepelnou
reguldciou alebo chladenim, ¢o predstavuje chladenie aj ohrievanie formy. Stucet jednotlivych
casov tychto ukonov dava celkovy Cas operacie. Pre stanovenie chladiaceho pripadne
ohrievacieho rezimu je potrebné brat’ do tivahy zakladny ¢as pre jednu operaciu, ked’ sa ani
neprivadzalo ani neodvadzalo prili§ mnoho tepla. Dodrzovanie lejacieho rytmu, teda casového
sledu uvedenych pracovnych tkonov, ma priamy vplyv na vykon lejacieho stroja a formy, na
kvalitu odliatku a na zivotnost’ a poruchovost’ formy a stroja[Ragan 1997], [Laudar 1964].

Cas medzi zalisovanim a otvorenim formy je doba tuhnutia odliatku, ktora ma vplyv na
teplotu formy a silu potrebnu pre vytiahnutie jadier a vyhodenie odliatku[Ragan 2007].

Cas na ofetrenie formy, zatiahnutie jadier a uzavretie formy ma byt &o najkratsi
z hl'adiska tepelnej rovnovahy a produktivity prace [Ragan 2007].

rv e

su potrebné podstatne vécsie sily pre vytahovanie jadier a vyrazacie sily pre odliatky
vplyvom zmraStenia. Tiez sa zbyto¢ne zvySuje teplota formy vplyvom véicSieho mnozstva
odovzdavaného tepla chladniucim odliatkom. Tym sa predlzuje doba tuhnutia d’alSicho
odliatku a zniZzuje produktivita prace [Vinarcik 2003]. Aby nedochddzalo k tymto
nedostatkom, je potrebné dodrzovat’ tepeln rovnovahu formy.

3 Tepelné pomery v tlakovej lejacej forme

Problém temperovania foriem suvisi s prenosom tepla [Balara akol. 2015], teda
schopnostou lejacej formy prijat’ (naakumulovat) teplo z tuhnucej taveniny a odovzdat’ ho
temperacnému systému. Tento proces sa skladd z niekol’kych faz, ktoré pocas vyrobného
cyklu prebiehaju stiCasne a tvoria tepelnt bilanciu formy[Nova 2014].

1. prestup tepla z odlievaného materialu do liace formy,
2. prestup tepla z formy do temperacného systému,
3. prestup tepla z formy do okolia a rAmu stroja.

Prestup tepla je zavisly na lejacej teplote odlievaného materialu a na materiali formy, na
hrubke steny odliatku, ale tieZ na dobe styku taveniny s formou [Mizékova a kol. 2014].

Zo vseobecného pohladu na tepelné deje medzi odliatkom a formou dochadza k vymene
tepla:
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vedenim (kondukciou),
pradenim (konvekciou),
salanim (ziarenim, radiaciou).

Q st

Obrazok 1 -Tepelna bilancia tlakovej lejacej formy [Nova, 2014]

Vsetky uvahy o tepelnych tokoch v tlakovej liacej forme (Obrazok 1) vychéadzaju z tychto

predpokladov a zjednoduSeni:

4

kde:

tlakova liace forma tvori uzavrety systém v tepelnej rovnovahe,

tepelné toky a teploty Casti formy su ¢asovo konsStantné, kolisanie teploty povrchu dutiny
formy pocas lejacieho cyklu sa zanedbava,

za teplotu povrchu dutiny formy sa povaZuje strednd hodnota teplotného maxima
a minima pocas lejacieho cyklu,

za teplotu temperacnej kvapaliny sa povazuje stredna hodnota zo vstupnej a vystupnej
teploty.[Michuta a kol 2014], [Nova 2014]

Vypocet celkovej tepelnej bilancie formy
Vseobecne pre vypocet tepelnej bilancie formy plati:

Qpr+ Qcho + ri = Qsa'l + Qpru + Qch + Qon + Qstr+ Qpiest, ( 1 )
O, - teplo prehriatia taveniny,
Ocno - teplo chladnutia odliatku,
Ok - teplo krystalizacie taveniny,
O - teplo odvedené do okolia salanim,
Opri - teplo odvedené do okolia pridenim,
Q. - teplo odvedené temperacnym systémom,
O, - teplo odvedené pri odparovani kvapalnej fazy z néstreku,
Qg - teplo odvedené ramom stroja a upeviiovacou doskou formy,
Opiest - teplo odvedené piestom,
0, - celkové teplo taveniny uvolnené pri tuhnuti odliatku,
0. - celkové teplo odvedené jednotlivymi zlozkami (sélanie, pradenie stroj piest).
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Pre celkové teplo odovzdané do sustavy pri chladnuti odliatku plati:

Oo= Opr + O + Ocho,

meranim a vypoctami bola zistend hodnota Q, = 5,56 MJ

Pre celkové teplo prehriatia taveniny plati:

Qpr = Qprl + QprZ +Qpr3>

pri¢om:

Qpi’ = mx'cL'(Tl - Tkr)a

kde: m, -hmotnost taveniny,
c; - merna tepelna kapacita,
T, - teplota liatia,
Ty - teplota krystalizacie.

2)

)

4

Potom vypocitané hodnoty tepla prehriatia sa: O, =0,91 MJ, O, = 0,68 MJ

Opr3 = 0,09 MJ. Vysledna hodnota celkového tepla prehriatia je O, = 1,68 MJ.

Pre teplo krystalizécie taveniny plati:

Ok = Oir1 + Ow2 +0ps3,

pricom:
ri = mx'Lkra
kde: m, -hmotnost taveniny,
Ly - latentné krystaliza¢né teplo taveniny.

)

(6)

Potom vypocitané hodnoty krystalizacného tepla st: Qg = 1,01 MJ, Qi2 = 0,77 MJ,

Ows = 0,11 MJ. Vysledné hodnota tepla krystalizacie taveniny je O = 1,89 MJ.
Pre teplo chladnutia odliatku plati:

Qcho = Qchol + QchoZ +Qcho3,

pricom:

Qcho = mx'cS'(Tkr - Tvyh):

kde: m, -hmotnost taveniny,
¢s - merna tepelna kapacita latky v tuhom stave,
Ty - teplota kryStalizacie,
T,,, - teplota odliatku po odliati.

(7)

(8)

Potom vypocitané hodnoty tepla chladnutia odliatku st: Qcno1 = 1,17 MJ. Qcpor = 0,73 MJ,

Ocioz = 0,09 MJ. Vysledna hodnota tepla chladnutia odliatku je Q.n, = 1,99 MJ.
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Obrazok 2 - Termosnimok odliatku po odliati (M1 - teplota odliatku, M2 - teplota tablety,

M3 - teplota vtokovej stuistavy)

Pre celkové teplo odvedené jednotlivymi zloZkami plati:

QC = Qsa'l + Qpr+ Qch + Qon + Qstr+ Qpiest,

Pre teplo odvedené salanim plati:

Qs41(0,85) = Qsa11(0,85) + Qq412(0,85)

pricom:

kde:

Qua1(0,85) = 6..(T*, - T%,).S teyke
Qsa12(0385) = c5~8-(T45pd - T40d)~Sd~tcyk. od.

o - Stefan-Boltzmanova konstanta,
€ - pomerna séalavost’,

Ty, - teplota povrchu formy,

Tyq - teplota dutiny formy,

T, - teplota okolia

Toa - teplota medzi otvorenymi polovicami formy
teyk - doba cyklu

teyk od. - doba otvorenia formy

S - plocha formy v styku s okolim

S¢ - plocha formy v deliacej rovine

Vysledna hodnota tepla odvedené¢ho salanim je Qs41(0,85) = 0,032 MJ.

Pre teplo odvedené prudenim plati

Qpr = Qpr1(0,85) + Qpra(0,85)

pri¢om:

Qprl = Otk.(TSp- To).S.tcyk.
Qpr2 = 0kd-(Tspa- Tod)-Sa-teyk. od.
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hodnoty parametrov oy a ayg vypocitame zo vzt'ahov (16) a (17)

ou=1,77.(Tgp- To)""* (16)
Ok = 8,35
oa=1,77.(Tepa- Toa)"* (17)
Olkd™ 8,45
kde: o -
Okd -

Ty, - teplota povrchu formy,
Typa - teplota dutiny formy,
T, - teplota okolia
Toa - teplota medzi otvorenymi polovicami formy
teyk - doba cyklu
teyk od. - doba otvorenia formy
S - plocha formy v styku s okolim
Sq¢ - plocha formy v deliacej rovine
Vysledna vypocitana hodnota tepla odvedeného prudenim je Qp = 0,409 MJ.

Pre teplo odvedené ramom stroja a upevnovacou doskou formy vypocitame pomocou rovnice

(18)
Qstr = kav-(Tsp' To)-sv-tcyk. (18)

Vysledna hodnota tepla odvedena ramom stroja a upevnovacou doskou formy je Qg = 0,622
MJ.
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Obrézok 3 - Termosnimok tlakovej lejacej formy (M1- teplota povrchu formy, M2 - teplota
dutiny formy)
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Pre teplo odvedené pri odparovani tuhej fazy z nastreku formy plati:

Qon = Qont + Qon2 (19)
Qonl = mk.Ck.AT (20)
on2 — mk.Lk (21)
kde: m; - hmotnost odparenej kvapaliny,
cr - merna tepelna kapacita kvapaliny,
Ly - merné skupenské teplo vyparovania v nastreku,

AT  -rozdiel teplot medzi pociato¢nou teplotou kvapaliny a teplotou vyparovania.

Potom vypocitané hodnoty tepla odvedeného pri odparovani tuhej fazy z néstreku formy su
Qon1 = 1,14 MJ a Qon2 = 1,83 MIJ z ¢oho vysledna hodnota tohto tepla je Qon = 2,97 MJ,

Pre teplo odvedené temperacnym systémom formy plati:

Qch = mt.Ct.ATt (22)
kde: mt - hmotnost temperacného média pretecené¢ho pocas jedného cyklu,
¢; - merna tepelnd kapacita temperacného média,
AT; - rozdiel teplét medzi vstupnou a vystupnou hodnotou temperacného média v
systéme.

Potom vysledné hodnota tepla odvedeného temperaénym systémom je Q., = 0,38 MJ

Pre celkové teplo odvedené zo systému potom plati:
Qc = Qsél+ Qpr + Qstr + Qon + Qch (23)
Vysledna hodnota tepla odvedeného zo systému je Q.=4,413 MJ

Z porovnania (24) tepla dodaného do systému Q, a tepla Q. zo systému odvedeného sme vo
vysledku zistili nerovnost’ (25).

Qo = Q¢ (24)
5,56 MJ # 4,413 MJ (25)
5 Zaver

Zistena nerovnost’ medzi teplom Q,_ ktoré je do ststavy dodané a teplom Q., ktoré je zo
sustavy odvedené je spdsobend najmid tym, ze podnik sa vo vyrobe doposial’ tepelnou
bilanciou formy nezaoberal. Jednotlivé parametre odvodu tepla nie st nastavené tak, aby bola
dodrzana rovnica tepelnej bilancie. Vo vyskume a nastavenim jednotlivych parametroch sa
bude pokracovat’ aj nad’alej, spolu zo sledovanim a vyhodnocovanim kvalitativnych zmien
odliatkov a teda nepodarkovosti.

Vyskum bol podporeny projektom zo Strukturdlnych fondov EU, operacny program Vyskum
a vyvoj, ITMS kod projektu: 26220220030
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Abstrakt: ulohy vicekriterialni analyzy jsou ndstrojem kieseni komplikovanych
rozhodovacich problému, kdy hledame optimalni FeSeni pri uvazZovani vétsiho mnozstvi, casto
primo protichudnych, kritérii a proto nam davaji moznost reseni i velmi sloZitych problémii.
K objektivizaci pristupu se pouzivaji tymy expertii a vyuzZivaji jejich znalosti a zkuSenosti.
Neékteré metody, zejména pri urcovani vyznamnosti kritérii, vedou k preurceni a z toho
vyplyva nebezpeci nekonzistentniho hodnoceni experta. Prispévek ukazuje, jak nam v téchto
situacich mohou pomoci aplikace grafii pro odhaleni nebo dokonce odstranéni nekonzistence
hodnoceni. Jmenovité u metody Fullerova trojuhelniku a Saatyho metody urceni vyznamnosti
kritérii.

Klicova slova: vicekriterialni analyza, graf, Fulleruv trojuhelnik, Saatyho metoda.

1 Metody vicekriterialni analyzy

Metody vicekriterialni analyzy variant (vicekriterialniho rozhodovani) jsou popsany
v fadé publikaci, napf. [Multi-criteria analysis 2009, TRIANTAPHYLLOU, E. 2000,
JABLONSKY, J. 2007, MALAKOOTI, B 2013, FRIEBELOVA, J.] a stale jsou zdrojem fady
aplikaci pfi feSeni komplikovanych rozhodovacich tiloh, viz napt. [BOROVCOVA M. 2010].

Typicky postup feseni sestava z téchto krokti:

1. Stanoveni variant feseni.
Stanoveni kritérii hodnoceni.
Urceni vyznamnosti kritérii.
Urceni ohodnoceni variant podle kritérii.
Urceni typu kritérii.
6. Vyhodnoceni variant.

K vybéru nejlepsi varianty pii respektovani vétSiho mnozstvi, Casto protichidnych
kritérii, vyuzivame znalosti expertii. Piedev§im ve fazi urCeni vyznamnosti jednotlivych
kritérii. Postupné bylo vypracovano né€kolik metod, které se snazi pomoci expertim pfi
urcovani vyznamnosti kritérii, zejména kdyz je jich vétsi mnozstvi. Velmi u¢inné metody jsou
zejména FullerGv trojuhelnik a Saatyho metoda. Bohuzel usnadnéni rozhodovani expertt je
vyvazeno nebezpecim rozporné¢ho hodnoceni, které miize negativné ovlivnit vysledek celé
vicekriteridlni analyzy, protoZe z praxe vime, Ze tyto Ulohy jsou cCasto velmi citlivé na
vyznamnost kritérii. Cili i mald zména vyznamnosti kritérii miiZze zptisobit vyraznou zménu
vysledného hodnoceni variant.

Tento ptispévek ukazuje, jak mizeme G¢inné vyuzit metody znamé z Teorie grafl, napf.
[DEMEL 2015], pro odhaleni téchto nekonzistenci nebo jim dokonce zamezit.

el
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2 Fullertuv trojithelnik

Fullertiv trojihelnik, nebo také metoda parového srovnavani je zpisob jak porovnat a
urc¢it vyznamnost i velkého mnozstvi hodnoticich kritérii. Expertovi je pfedlozena sada vsech

vvvvvv

ob¢é za stejné dulezitd. Tim se jeho rozhodovani na jedné stran¢ velmi zjednodusuje, ale
soucasn¢ vznika nebezpeci, ze jeho nadzor bude nekonzistentni, viz obr. 1. Jestlize je kritérium

vvvvvvvvvv

©

3 5

©

J

vvvvvv

[
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Obrazek 1 — Priklad nekonzistentniho hodnoceni experta pti pouziti Fullerova trojuhelniku

odhalen. K tomu miizeme s vyhodou vyuzit graf (iplny), ve kterém uzly predstavuji kritéria a
hrany jejich vzajemné hodnoceni. Jestlize hrany zorientujeme smérem k vyznamnéjSimu
kritériu, musi byt vysledny graf acyklicky. Pokud graf obsahuje cykly, je hodnoceni
nekonzistentni, viz obr. 2. K uréeni, zda je graf acyklicky pfitom pouzijeme napi. kontrolu
acykli¢nosti o¢islovanim uzl od pocéate¢niho ke koncovému.

5@

CHACACis
@F | "= (-

O |CF G- |@= |

Obrazek 2 — Priklad odhaleni nekonzistentniho hodnoceni Fullerovym trojuhelnikem
pomoci kontroly acykli¢nosti grafu

48



Priklad na obr. 2 obsahoval pouze striktni rozhodnuti, metoda Fullerova trojihelniku ale
umoznuje také oznaceni dvojice kritérii za stejné dilezitd. V tom ptipadé bychom
s jednoduchym pouzitim grafu. Nejprve slouc¢ime uzly predstavujici kritéria oznacend jako
stejn€ vyznamna, v piikladu na obr. 3 jsou to kritéria B a C.

A

€CO/Cx
CHCHCh
@) )| )| &)

@) @) @) ®| "®

Obrazek 3 — Kontrola konzistence hodnoceni Fullerovym trojihelnikem s vyskytem
dvojice stejn¢ vyznamnych kritérii.

Nasledn¢ postupuje jiz stejnym zptisobem. Hodnoceni jednotlivych dvojic kritérii budou
pfedstavovat hrany orientované smérem k vyznamnéj$imu kritériu. Jak vidime na obr. 3, graf
bude obsahovat tadu rovnobéznych hran, aby bylo hodnoceni konzistentni musi byt
rovnobézné hrany vzdy orientovany souhlasné (musi byt ndsobné). Jak je na obr. 3 ukdzano
v tomto piipad¢ je hodnoceni konzistentni, graf neobsahuje zadné cykly a mohl byt o¢islovan
tak, ze hrany vzdy vedou z uzlu niz§iho ¢isla do uzlu vyssiho ¢isla.

2 Saatyho metoda

Saatyho metoda nebo také kvantitativni parové srovnavani kritérii je vice sofistikovana
metoda, umoziujici Iépe popsat rozdily ve vyznamnosti kritérii. Srovnavaji se op¢t vzdy pary
kritérii a hodnoceni se uklada do tzv. Saatyho matice S = (s;;) podle nasledujiciho systému:

-

1 -iajjsourovnocenna
3 -ije slabé preferovano pred j
(Sij) =<5 -ije silné preferovano pred j (1)

7 -ije velmi silné preferovano pred j

O - ije absolutné preferovano pred j

S

Hodnoty 2,4,6 a 8 jsou ponechany pro hodnoceni mezistupiili, takZe se obecné mohou
vyskytovat, Je zfejmé, ze s; = 1 pro vSechna 7, nebot’ kritérium je rovnocenné samo se sebou a
musi platit, Ze s;; = 1/s;; pro vSechna i # j.

Hodnota s; vlastné pfedstavuje pfiblizny pomér vah kritéria i a j:

/ 2
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Op¢ét zde hrozi nebezpeci nekonzistentniho hodnoceni, ale kvantifikace preference nam
dava moznost toto nebezpeci eliminovat. Vyjdeme-li z predpokladu, ze pokud je kritérium A
slabé preferovano pted kritériem B a soucasné kritérium B slabé preferovano pted kritériem
C, pak je disledkem Ze kritérium A je silné preferovano pred kritériem C, staci nam urcit
minimalni pocet preferenci a vSechny ostatni z nich vyplyvaji.

Je tfeba si uvédomit jaky je nejmensi potiebny pocet porovnani a soucasné ktera to jsou.

k(k-1)
2

Celkovy pocet porovnani vyjadiuje uplny graf majici hran. Minimalni pocet dvojic

pak reprezentuje jeho kostra (kterakoliv) majici £ — 1 hran, viz obr. 4.

DN

D

C

Obrazek 4 — Urceni potiebného poctu porovnani pro Saatyho metodu

Nasledné ziskame hodnoceni experta, napf-.:

A-B=1
B-C=1/5
A-D=1/3
A-E=5

Ptislusné hrany zndzornime v grafu vcetné orientace odpovidajici sméru hodnoceni (ve
vyse uvedeném zapisu tedy zleva doprava), viz obr. 5. Vidime, ze kritéria A a B jsou
hodnocena jako stejné vyznamna, kritérium C je siln¢ preferovéano pted kritériem B atd.

W |
U1|\>—

D C

Obrazek 5 — Znazornéni hodnoceni experta v grafu

Nyni hodnoceni nahradime body podle tabulky 1 a pfiddme opacné orientované hrany s
opa¢nym bodovym ohodnocenim, viz obr. 6.
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Tabulka 1 — Pfevod hodnoceni na bodové hodnoceni (a zpét)

Hodn. | body
] g 2 1
9
1 _7 3 2
8
]
1 B 8 7
5 ]
] 0 9 8
4 ~
A(—O
s
k4/ 0‘\
E -2 B
1 /
3,2 -4,\
/ y 54
D C/

Obrazek 6 — Hodnoceni experta prevedené do bodové skaly

Nyni pro kazdou dvojici kritérii X a Y ur¢ime soucet bodtl na cesté¢ zuzlu X do uzlu Y
vcetné respektovani orientace hran a opét pomoci tabulky 1 pfevedeme na hodnoceni. Tim
ziskame vSechny prvky horniho trojuhelniku Saatyho matice, diagonala obsahuje hodnoty 1 a
dolni trojuhelnik uréime jako reciproké hodnoty podle vztahu s;; = 1/s;;.

A B C D E
Al 1 1 % v 5
B 1 1 % % 5
Cl 5 5 1 3 9

D33%17
el | B k| K]

Obrazek 7 — Vysledna Saatyho matice pro ukazkovy ptiklad.
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Dalsi postup jiz respektuje standardni postup Saatyho metody, pro kazdé kritérium i
ur¢ime hodnotu:

s = S, 3)

<

v

nasledn€ spocitame pii poctu kritérii k£ hodnotu, ¢ili geometricky primér hodnot s;;:

R =(s,)" =[s,, 4)

A v poslednim kroku jiz uréime vahy jednotlivych kritérii:

Ri

P (5)
Sk
i=1

V ukazkovém ptikladu jsou vysledné vahy kritérii ukazany v tabulce 2.

V. =

1

Tabulka 2 — Vypocet vah kritérii Saatyho metodou

Saatyho matice vaha

A B C D E S Ri Vi
A 1 1 0,2| 0,333333 5] 0,333333] 0,8027] 0,10917
B 1 1 0,2| 0,333333 5 0,333333| 0,8027] 0,10917
C 5 5 1 3 9 675 3,6801| 0,50046]
D 3 3| 0,333333 1 7| 21] 1,8384] 0,25001
E 0,2 0,2| 0,111111| 0,142857 1] 0,000635 0,2294] 0,03119]

Konzistenci Saatyho matice miizeme zkontrolovat napt. vypoctem odhadu rozptylu:

Zk:Z(In S; = (ln v, —Inv, ))2

2 _ F _ =l i
T k-1k-2) ©)
2
S tim, Ze pro pét kritérii je poZadovan odhad rozptylu mensi nez 0,2. Pro ukdzkovy
priklad vychdzi hodnota 0,155. Popsanym postupem mame jistotu dosazeni konzistentniho
hodnoceni, ale je potfeba si uvédomit, Ze dospet k hodnoceni vys$§imu nez 9, resp. nizSimu
nez 1/9.

4 Zavér

Prezentované aplikace ukazuji, Ze pouziti grafii ndm mutiZze usnadnit feSeni nejrtiznéjsich
uloh, 1 tam kde bychom to plivodné neoCekévali. Stejné jako pouZiti metod vicekriterialni
analyzy variant v rozhodovacich procesech. Prezentované vysledky byly ziskdny na Ostravské
univerzit¢ v Ostravé vradmci feSeni  projektu  Studentské  grantové  soutéze
SGS02/UVAFM/2016 ,,Aplikace fuzzy piistupli pro analyzu, popis, predikci a fizeni
systémii za ucasti studentii, podporovany Ministerstvem §kolstvi, mladeZe a t&lovychovy CR.
Vysledné postupy byly nasledné zatazeny do vyuky odbornych predméti Metody operac¢niho
vyzkumu 1 a 2 [FARANA 2016], ktery poskytuje studentlim jak znalosti jednotlivych metod
opera¢niho vyzkumu, tak je vede k jejich vyuzivani v praxi.
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Abstract: This paper is a description of a procedure of developement and testing of the High
speed current sensing system (HSCSS). The short brief of the two possible ways is presented.
Other part of article is about the introduction of two precise methods of current measurement
process of CMT (Cold Metal Transfer) welding. The first one is based on the coupled IC
devices consists of a low-offset linear Hall circuit. The second sensor is based on current
transducer where mesasurement is based on the Hall-effect principle.

Keywords: paper, conference, format, template, instructions

1 Introduction

Cold Metal Transfer (Fig. 1) is a kind of MIG/MAG (metal inert/argon gas) process
developed for welding and also for brazing. It is commonly used in the automotive industry.
The principle of the CMT method is to minimize spatter formation and the heat input. This
causes less damage to the base metals being joined [1].

CMT technology is based on mechanically retracting wire. Due to the retraction and the
current and voltage control system, the current rush is avoided. One drop of metal is
transferred, by mechanical retraction and not by electromagnetic pinch-effect.

The connection —p
for voltage '
measurement.

Current flow

device

{\Welding process

Figure 1 - The HSCSS sensors in connection.
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2 System description

HSCSS is composed of two separated parts. The first one is current sensor (Figure 2)
connected directly to CMT process and the second is the processing unit called the signal
storage terminal (Figure 3). The current sensor is plugged into system in series as you can see
on Figure 1.

1

Figure 3 - Connected SCSS. The pr(;cessing unit is equipped with mall touch-panel for
operator.

3 Sensor description

There are two possible ways how to precisely measure high speed current during the
process of welding.

The first one is based on the coupled IC (integrated circuit) devices consisting of a low-
offset linear Hall circuit. Applied current flowing through this copper conduction path (Fig. 4,
Fig. 5) generates a magnetic field which the Hall IC converts into a proportional voltage.
Device accuracy is optimized through the close proximity of the magnetic signal to the Hall
transducer. A precise and proportional output voltage is provided by the low-offset, chopper-
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stabilized BiCMOS Hall IC, which is programmed for accuracy at the factory. The internal
resistance of this conductive path is 100 pQ typical, providing low power loss. It means that
process of welding is not affected by connected sensor. The thickness of the copper conductor
allows survival of the device at high overcurrent conditions. The terminals of the conductive
path are electrically isolated from the signal leads. The heavy gauge leadframe is made of
oxygen-free copper.

Figure 4 - Coupled ICs on the oxygen-free copper platform.

\

Figure 5 - Coupled ICs on the oxygen-free copper platform. The housing of integrated IC
sensor and signal processing PCBs.

The IC sensor features:

Primary sampled current [P = +400 A

Bidirectional

Nominal Operating Ambient Temperature -40 °C to +85 °C
1200 A Overcurrent @ 25 °C @ 1s duration, 1% duty cycle
Step response time to 90% of IP is 3 ps

The second sensor is based on current transducer (Fig. 6, Fig. 7). The measurement is
based on the Hall-effect principle. The measurement is done by two coils which are isolated
by galvanic separation. The offset of measurement is ratiometric. The sensor does not affect
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the welding circuit at all. There is no necessity to interrupt welding process in case of sensor
failure.

Figure 7 - The housing of current transducer sensor and PCBs.

The coil sensor features:

Primary sampled current IP =+300 A

Bidirectional

Nominal Operating Ambient Temperature -40 °C to +105 °C
Step response time to 90% of IP is 3,5 pus

Low cost

4 Signal processing

A.Hardware

As a recording device a board based on STM32F407VG was used. It is equipped with
touchscreen display, secure digital (SD) card and two 16-bit A/D converters (ADC)
LTC1864. The CPU is 32 bit with a frequency of 166 MHz and 16 bit hardware floating point
unit.

The basic elements of unit are the LTC1864 converters. They are single-channel 16 bit
SPI/I2C ADC with frequency measurement up to 250 kHz with 0-5 V range. 3-wire SPI is
used for read only wiring. Conversion and sending off the sample is triggered by a control
input. The 100 kHz sampling frequency requires the sampling period less than 10
microseconds. Per sample conversion time is 3.2 microseconds. The minimal frequency of 2.5
kHz is required on SPI clock for 16-bit word handling, so the minimum period has to be 0.4
microseconds. Frequency of 4 kHz is easy to reach on used STM32F407VG.

The use of a high-speed SD card at least class 10 is required because of the high
frequency of measurement. The measured data are stored in the 4 kB buffers that are
alternately written on SD card between measurements. For the optimal write speed of the SD
card the FAT32 file system with 4 kB cluster sizes is used.
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LC display with resistive touch screen has a diagonal of 3.2 inches and 320x200 pixels
resolution. To avoid slowdown of the system, neither display updates nor interrupts from the
touch panel are enabled during the measurement.

B.Data processing

The data from both voltage and current inputs are stored continuously to file as 16bit
number every single sampling period. The welding process period is 70 seconds long and
consists of 16 welding connections. If the 100ksps sampling frequency is chosen, the
complete file has 26.7MB. Since data are filtered offline it is not necessary to keep that big
amount of data. A software application was created for the offline data handling. In order to
reduce computing time it is possible to resample the output data. Created application was used
for advanced data import into the third party SW (see Fig. 8).

Twa Quantity Log [V,A] to MS Excel b

D:%HSW13 Jan 20164L0G_001.BIN |

File haz 1 540 096 samples Number of initial weld |1 = Separate weld
Weld separator (count of folowing zero values) ADDD
Sample skipping, use every N sample. N = 4 385 024 samples

Use zero when the voltage sample is less or equal to 400
Use zero when the cument sample is less or equal to 5
1 Mways use Voltage sample when is changed more than | 3000

[ Mways use Cumrent sample when is changed more than | 500

Ar (e e e e | e

Voltage lag in sample (offset) 0

I 2%

Weld number: 5

Figure 8 - Advanced import aplication interface.

The parameters of app. allow the user to change desired output data. Basically the app.
creates an MS Excel file with sheets. Each sheet contains separated welding connection data.
In our case the file is composed of 16 Excel sheets (16 welding connections).

The whole welding process time is composed of time for welding and time for
movements of robot. In order to reduce all unnecessary data from the file, the data of time of
robot movements are removed. The algorithm is based on zero current and zero voltage
detection. The app. allows the user to setup parameters of zero current and also zero voltage
detection.

Resampling of data is an option of the app. The three main parameters can setup how the
output data will be affected by the resampling process. The first one is N parameter, which
selects every N sample from whole file. The second/third parameters affect how fast changes
in current/voltage data can be ignored. This option will locally increase number of samples in

critical time between rapid signal changes. More about hardware and data acquisition could
be found on [2].

C.Data filtering

The pulsing current is used to melt the filler wire and allow one small molten droplet to
fall with each pulse (see Fig. 9 and Fig. 10). This kind of welding process causes an
inductance noise. The voltage signal output passes through a combination of analog and
digital filters to minimize the noise and spikes. Since it is not possible to reduce the parasitic
inductance to zero, spikes voltage might exist.

The digital filters are applied on both voltage and current sensors outputs. It is a
combination of third order FIR filters and moving average. More about filtering could be
found on [3], [4].

58



D.Data output
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5 Failures specification

The filters setup can be changed in order to follow specified conditions of welding
failures observation. The most common failures are the incorrect position, shape defects,
porosity and insufficient fusion, incomplete or missing weld.

The creation of the bound limits based on ethalon welding connection is shown on Fig.

11. The most simplified algorithm of failure detection is based on detection of signal crossing
the safe-zone limits.

The welding current output of “burn through” failure is shown on Fig. 12.
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Figure 12 - Burn through failure process illustration (blue line — welding current).

Once the ethalon welding connection is established the operator can easily change
parameters of tolerated overcurrent and overvoltage limits.

6 Conclusions

This paper describes the application of high speed current measurement system into CMT
welding process. This measurement and data analysis require specific signal measurement
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unit and algorithms [3], [4]. Process of CMT welding is important in automotive industry for
its high quality and low costs in large quantities production. Presented system enables the
real-time process and faults monitoring.
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Abstract: The paper deals with positioning accuracy of industrial robots and focuses on
evaluation of the measurement uncertainty by means of proper selection of the design of
experiments. In many situations in production process, a single measurement of a quantity is
often fulfilling needs and acceptable for the purposes of the measurement being taken, though
not outstanding. In this work, a technique is presented to evaluate the uncertainty for a
parallel kinematics type robot.

This types of industrial robots are increasingly used in wide range of production and
manipulation of production and product manipulation. It is highly necessary to control
accuracy of industrial robots and take attention to measurement management which can
identify and evaluate the various factors that have impact on the final product quality.

Keywords: positioning accuracy, industrial robots

1 Introduction

At first we have to divide whole process of manufacturing of product to two interrelated
parts. First one is the action or process of changing in shape of material to a product using the
preprogramed process in advance for ease of use or by operator himself. The second part is
measuring of the first part output. This is mostly a repeating process where measurement
results are used for compensation of first part errors.

Measurement results includes measurement uncertainty. Measurement uncertainty is an
important parameter to express measurement results. Most factors affecting the outcome of
the measurement can be quantified and evaluated.

2 Industrial Robots

Nowadays multi-axis serial, parallel and hybrid kinematic type industrial robots such as
tripod, octopod, hexapod and others robots for high-speed picking, packing, manufacturing,
assembly or measuring are used in all kinds of industry. An industrial robot is defined by ISO
8373 as an automatically controlled, reprogrammable, multipurpose manipulator
programmable in three or more axes. This robots use sensors to control the move on the path
of travel of the end effector (device at the end of an arm or rod of robot designed to interact
with the work environment, where the tools are attached).

The difference between serial and parallel robots is that serial robots consist from links
connected via actuated joints in series and a parallel robot those who have at least two
rods/legs connected to the end effector and the base via actuated or passive joints.
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The most known robots with parallel kinematic structure are tripod, hexapod and
octapod. As you can see in the picture 1, the name of these robots is according of a number of
rods. We have also other kinds such as tricept. Difference between tricept and tripod is tricept
has a one helping central rod.

Figure 1 — Paral e-llhfgapod, tricept and tripod robots

3 Design of Experiment

We can split the design of experiments into few elementary steps:
1. determination of the objective of the experiment (measurements) and the formulation of
measurement model,
design of experiment (measurements),
realization of the experiment (measurements),
processing of measured data and evaluation of the experiment (measurements),
interpretation of the results in terms of the stated objectives of the experiment.

e

X1 X,

Input Output

Uncontrollable input factors
Figure 2 — Basic model of manufacturing process
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We have to pay attention to which factors will be chosen because it is important to select
only those factors which are important for the experiment result. For example, we can select
factors such as material, cutting speed, rotation speed or load.

4 Setting and Targeting DOE Goals

Objectives of the experiment depends on the needs of the experimenter to obtain
information leading to fulfil his requirements. Possible objectives include determining of the
variables that have the greatest impact on output variable y, which set the variable x causes the
least variability in response y and that their impact on uncontrollable variables n decrease to a
minimum.

Basic principles of design of experiments:
e replication,

Replication is the repetition of the experiment and on the basis of same conditions.
e blocking,

Blocking experiment, the distribution of the block and is used to reduce or eliminate the
variability factor that cannot be randomized. The block is a set of relatively homogeneous
experimental conditions (eg. used materials, different suppliers, operators and so on.).

e randomization,

Randomization is determination of the shuffle experiments via computer programs using

a random number generator.

Figure 2 Basic principles of design of experiments

The full factorial designs (Linear model — first order model)

For full factorial designs with k factors with % levels, the full model contains all the main
effects and all orders of interaction terms.

Number of measurements equals n = ¥, In the case if we consider four factors with two
levels, it is sixteen measurements.

This complete experiment is often completely randomization experiment in which
measurements on different combinations of levels of each factor are performed in random
order.

Nonlinear models (Second order (quadratic) model)

These models are used when the first series of models depreciated adequately studied
object. Compared to the first model are more complicated and assume more factor levels and
more measurements. 2nd order model generally involves m unknown parameters,

m=(k+1)2(k+2) 1)
which is (k+2)/2 times more than the models of the first order. Each factor in the

second order must be changed at least three levels (where k is number of factors).
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Central composite design for four factors

A central composite design is the most commonly used response surface designed
experiment. This design starts firstly with a factorial or fractional factorial design (with center
points) and add "star" points to estimate curvature. The following are the parts of central
composite design:
Factorial points - UFE 2k for k<4 (5<k<7)
REE 2*7 (2% for 5 <k <7,2"* for k >7)
Star points - points that lie on the coordinate axes at a distance « > 0 from the center of
design. Their number is n,= 2k.
Center points — point in the center of the design. The number of center points is ng> 0.

a = (number of fractiorial runs)"*

In Central Composite Designs and if the factorial is a full

_ nk\l/4
factorial, then ¢ = (29 .

Table 2 Central composite design

tH 5 tx Number of points Part of design
-1 -1 -1

-1 -1 +1 n.=2* Factorial points
ne=25°

+1 +1 +1

- 0 0
+o 0 O

0 -, 0

0 +q, 0 ny=2k Star points

0 0 -

0 0 +a

0 0 0

0 0 0 no Center points (varies)
0 0 0

So now we have only 30 measures while in the design 3 we have 81.
Table 3 Central composite design of orthogonal design

k Factorial points o no n
2 2° 1,000 1 9
3 2° 1,215 1 15
4 24 1,414 1 25
5 2° 1,596 1 43
231 1,547 1 27
6 20 1,761 1 77
261 1,724 1 45
7 27 1,909 1 143
27! 1,885 1 79
8 28 2,049 1 273
281 2,029 1 145
282 2,000 1 81

For example, if we want the central composite design to be orthogonal, we can choose no
=1aa=[2"0Q"2k+ 1) -2k,

5 The Uncertainty of end effector position

The uncertainty of measurement of robots” end effector position depends on many
conditions. At first we have to set measurement model equation.
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The measurement equation model can be
E(Xy, X, a,,0y,..,0,)=0

E (X, X,,0y,05,...,0,)=0

F,(Xl,...,Xn,al,az,...,ap) =0
Where

X, =(X,,...,X,) are input variables
a,,d,,..,4,are the unknown parameters (output parameters), which value is

object of tests
F are known functions i =1,2,...,r

Mathematical notation of the theoretical model

F(X,a)=0 0D
Where
F(X,a)=[F(X,a),..F.(X,a)]

X, =(X,.., X )" is the vector of input variables
a=(a, ..a,)" Itisa vector of parameters (output variables)

0 the zero vector (which all elements are zero)
Considered parameters of construction of parallel kinematic structure Tricept and
their uncertainties was presented in [7].

6 Numerical Modelling

Testing methodology includes modelling using a CAD program such as Inventor®
Professional 2016 and using the LiveLink integrated module we can import the model to
COMSOL Multiphysics. Comsol Multiphysics provides complete and integrated environment
for physics modelling and simulation. The model is divided into a finite number of factors
using for example tetrahedral elements thus creating a so-called network. The network was
compressed in cultivated places where it was possible to expect a formation of edge stresses.
In this way, the composite elements can be easily mathematically described. A great
advantage of these programs is that they contain a databases of the most commonly used
modes.

This programs can help reduce number of measured factors and we use it for economical
and time saving reasons. It gives a both numerical and graphical output for visualizing results.

It can be used before measurements to determine those factors which have biggest impact
to measured parameter.
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Figure 3 LiveLink between Inventor and Comsol Multiphysics

7 Conclusions

Testing of the parallel kinematic industrial robot is a highly discussed theme. In our
study, we have presented design of experiment to evaluate the measurement uncertainty of a
position measurement system. The focus of the paper is prepare a theoretical basis for the
design of experiments of measuring process. It also refers to the simulation of factors which
have impact to this structure via modern numerical modeling programs.
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Abstrakt: Clanek se zabyva implementact prediktivniho Fizeni s modelem (MPC) do PLC
systemu a jeho softwarovou podporou. MPC algoritmus byl nejdrive realizovan a simulacné
overen v programu MATLAB a nasledne implementovan do PLC systému za pouZiti
programovaciho jazyka C++. Pro tento jazyk je volné dostupna knihovna funkci linearni
algebry s ndazvem Armadillo, ktera ma podobnou syntaxi jako MATLAB a samotnou
implementaci vyrazné zjednodusila. Pro minimalizaci kvadratického kritéria a vypocet
optimalniho akcniho zasahu byla pouzita funkce qpOASES ze stejnojmenného open-source
softwarového balicku. Parametrizace MPC regulatoru a vkladani interniho modelu je mozné
z aplikace vytvorené v jazyce Java v programu SolutionCenter. Funkcnost implementovaného
prediktivniho regulatoru byla ovérena pri Hardware-in-the-Loop (HIL) simulaci za pomoci
programu MATLAB Simulink a komunikacniho protokolu OPC.

Kli¢ova slova: prediktivni Fizeni, MPC, MATLAB, PLC

1 Uvod

Soucasny stav fidicich systémi je postaven na vyuziti PID regulatort, kdy zmény hodnot
7adanych veli¢in regulatori jsou provadény operatory z operatorského pracovisté. Casté
manuélni vstupy operatort jsou nezbytné, aby procesni veliiny z technologického procesu
zustaly uvnitt bezpecné definovaného pracovniho rozsahu, napft. tlaky v parnim potrubi,
teploty ¢i toky materidlu. Vzhledem k castému vzajemnému ovliviiovani procesnich velicin,
velkym Casovym konstantdm a dopravnimu zpozdéni, parametry PID reguldtori musi byt
nastaveny obezietné pro dosaZzeni robustnosti a vyhnuti se kmitani. V pfipad¢ nasazeni
prediktivniho fizeni je prediktivni regulator schopen rychle reagovat na zmény zadané
veli¢iny se splnénim vyse uvedenych podminek. Z tohoto diivodu nasazeni fidicich metod
zalozenych na internim modelu v primyslu stale roste, viz [1]. V [6] je MPC pouzito pro
fizeni procesu spalovani odpadu a v [4] v primyslovych spalovacich elektrarnach na biomasu.
V prumyslu je prediktivni fizeni nejcastéji nasazeno do nejvyssi vrstvy hierarchického
fidictho systému a tedy na hardwarové platformé typu PC. Tato prace pojednava o
implementaci prediktivniho fizeni do nejniz$i vrstvy fidictho systému a to do
programovatelného logického automatu (PLC), ktery je jiZ pfimo napojen na fizeny systém.

V samotném ¢lanku je nejprve shrnut soucasny stav prumyslovych fidicich systému
zalozenych na prediktivnim fizeni a nastifiuje trend umistovani MPC reguldtorti blize
k fizenému procesu. Druha kapitola zmiinuje pouzity hardware a programovaci prostiedi pro
implementaci prediktivniho algoritmu do PLC systému. Ve tieti kapitole jsou dale
prezentovany zakladni matematické principy tohoto algoritmu. V piedposledni kapitole je
uveden zplsob ovéfeni jiz implementovaného algoritmu a jeho softwarové podpory. Posledni
kapitola shrnuje dosazené vysledky a nastifiuje smér dalSiho feSeni.
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2 Prediktivni Fizeni v primyslovych aplikacich

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 signdl. Vyhodou prediktivniho fizeni oproti
jinym piistuptim je, ze pii vypoctu akéniho zasahu (vystupu regulatoru) je uvazovan i budouci
pribéh zaddané 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 akénich 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

Néktera omezeni:
e Vysoka vypocetni narocnost
e Pouze omezené pouziti v PLC

2.1 Soucasny stav komercnich FeSeni

Jak bylo zminéno jiz diive, soucasné fidici systémy jsou nejCastéji postavené na
standardnich PID regulatorech, které fidi vzdy jednu urCitou ¢ast fizeného procesu. PID
regulatory jsou obvykle implementovany do PLC systému, které jsou zaroven fyzicky
napojeny na fizeny proces a pramyslové komunikacni sbérnice. V pfipadé nasazeni
prediktivniho fizeni je prediktivni regulator obvykle nasazen do nadfazené vrstvy postavené
na standardnim PC nebo primyslovém PC (IPC), kde real-time chovani opera¢niho systému
realizuji rozsititelné karty nebo tzv. soft PLC feSeni simulujici toto chovani softwarovée. Pro
komunikaci s podfizenou vrstvou je nejcastéji pouzit komunikacni protokol OPC. V ptipadé
tohoto feSeni jsou nezavisle pouzity minimaln¢ dvé hardwarové platformy, coz s sebou nese
vysoké pofizovaci naklady. Dalsi slabinou je také samotna OPC komunikace, kterd se
vyznacuje ne piili§ velkou spolehlivosti a také jeji pfenosova rychlost je omezena. Obrazek 1
znazoriuje obvyklé zapojeni soucasnych komercnich prediktivnich fidicich systémii.

Client/ f\f Server/

PLC Server Client
(PID algoritmus, OPC z\(/ii’b(? sreed lsﬁ,::sf;
zpracovani I/O signalu g

Obrazek 1 — Obvykla realizace prediktivniho fidiciho systému
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2.2 Novy trend v priamyslovych aplikacich

V poslednich letech je v primyslu trendem umistovat MPC regulatory blize k fizenému
procesu a to do nejnizsich vrstev hierarchickych fidicich systému, tedy do programovatelnych
logickych automatti. Toto feSeni znazorfiuje obrazek 2, kdy pro prediktivni fizeni je vyhrazeno
samostatné PLC, které s jinymi komunikuje po standardizovanych primyslovych sbérnicich.

PLC
PLC ,
(PID, zpracovani / Profinet/Profibus [\ (MPC regu!ator,
1/0 signali) \j zpracovani I/O
signali)

Obrazek 2 — Inovované zapojeni prediktivniho fidiciho systému

Toto zapojeni vylepSuje samotné real-time chovéani, jelikoz MPC regulator bézi pod
opera¢nim systémem realného Casu a nahrazuje kritickou OPC komunikaci komunikaci po
pramyslovych sbérnicich Profibus (Process Field Bus) nebo PROFINET (Process Field
Network).

V nové navrhovaném sméru, popsaném také ve [10], je kombinace PID a MPC regulatoru
na jednom PLC zatizeni. Toto feSeni tudiZ nepotiebuje Zadny komunikaéni protokol. Oproti
PC-based feSenim je u PLC-based feSeni zachovana podpora a snadné napojeni na
pramyslové sbérnice a ptipadné akéni Cleny ¢i senzory. Jelikoz vypocet PID i MPC algoritmu
je realizovan na jednom zafizeni, je nutné pro toto feSeni oproti piedeSlym pocitat
s vykon¢jsim modernim PLC systémem.

PLC
(PID algoritmus,
zpracovani I/0 signalu,
MPC regulator)

Obrazek 3 — Navrhované a realizované zapojeni prediktivniho fidiciho systému

3 Implementace do PLC a pouZzité nastroje

Hlavni ¢asti prace byla samotnd implementace algoritmu prediktivniho fizeni do PLC
systétmu. Na tento syst¢tm byl kladen narok na vysoky vypocetni vykon a moZnost
programovani aplikaci v pokrocilejSich programovacich jazycich nez popisuje norma IEC
1131-3. Protoze laboratofe katedry 352 nedisponuji  dostate¢né¢  vykonnymi
programovatelnymi automaty, bylo nutno tento hardware zakoupit. JelikoZz je planovano
v budoucnu nasadit implementovany prediktivni regulator i v realném provozu, coz prob&hne
ve spolupraci s firmou VOIGT+WIPP Engineers GmbH, méla tato skute¢nost hlavni vliv na
vybér zakoupeného hardwaru. Zminénd firma ma tradici v nasazovani zafizeni od firmy
Bachmann electronic GmbH, s kterymi jeden z autorti ¢lanku jiZ mohl osobné pracovat, a u
kazdého jejiho zakaznika je instalovan minimdln€ jeden stejn¢ vykonny programovatelny
automat, kde bude mozno otestovat realizovany prediktivni regulator. Byl tedy zakoupen a
pouzit modularni systém pravé od firmy Bachmann electronic GmbH. Celek se sklada ze
zdroje, procesorového modulu, dvou I/O modulti a zadni propojovaci desky.
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3.1 Procesorovy modul MC200

Z diivodu vypocetni narocnosti prediktivnich metod fizeni, byl vybran vykonny
procesorovy modul MC200, ktery je zobrazen na obrazku 4. Na interni paméti je nahran
real-time operacni systém VxWorks.

Obrazek 4 — Procesorovy modul Bachmann MC200 [2]

Parametry procesorového modulu:
Procesor: 32 bitovy 1,6 GHz ATOM E680
RAM: 1 GB DRAM DDR2
Pamét’ pro programy: 64 MB
Roz3itujici pamét: 4 GB CFast Card
Operacni systém: VxWorks
Programovaci jazyky: IEC 61131-3, C/C++
Vzdélena vizualizace: ANO
Vzdéaleny management: ANO
Komunika¢ni  rozhrani: 1x USB-Host, 1x Service USB, 1x RS232,
1 x RS232/422/485
e Protokoly: OPC DA, OPC UA (dokoupitelné)

3.3 Programovaci prostiedi

K programovatelnému automatu je doddvan software pod nazvem SolutionCenter,
z kterého lze konfigurovat a diagnostikovat hardware, vytvaret samospustitelné vizualizace, ¢i
programovat a odlad’ovat aplikace pro PLC. Lze programovat v jazycich C/C++ a dle normy
IEC 61131-3. Pro programovani v jazycich definovanych normou IEC 61131-3 je dodavan
software CoDeSys. Pro programovani v C/C++ je implementovan nastroj pod ndzvem
C/C++ Developer, ktery vychazejici z vyvojového prostiedi Eclipse. Vytvotfené programy
mohou mezi sebou komunikovat nezavisle na uzitém programovacim jazyku pfes tzv.
Standard Variable Interface (SVI) rozhrani. Zpusob, jak jednotlivé programy mezi sebou
komunikuji je zndzornén na obrazku 5.
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Obrazek 5 — Komunikace programovych moduli v PLC Bachmann [2]
Pro snadnéjsi parametrizaci regulatoru byla vytvorena uzivatelska aplikace, ptes kterou je
mozné vkladat koeficienty jednotlivych prenosi fizeného systému a parametry pro prediktivni

fizeni. Na obrazku 6 je vidét pracovni plocha programu SolutionCenter

S

otevienym nastrojem Vis Designer, ktery byl pouZit pro tvorbu obrazovek. Tento systém patii

do kategorie programi SCADA/HMI.
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3.4 Softwarovy bali¢ek qpOASES

Obrazek 6 — Pracovni prostfedi SolutionCenter

Pro implementaci MPC algoritmu byl pouzit programovaci jazyk C++, pro ktery je
mnoho dostupnych volné Sifitelnych knihoven. Pro feSeni kvadratickych optimaliza¢nich
problémii byla vybrana funkce qpOASES ze stejnojmenné externi knihovny. Tuto funkci lze
pomoci mex funkce implementovat také do programu MATLAB, Simulink nebo Scilab a 1¢si

optimaliza¢ni problémy ve tvaru

min 1 _;
« 3% Hx+x"g
IbA = Ax = ubA
Ib £ x < ub,
kdeje H — symetrickd kladné definitni Hessova matice,
g — vektor gradientl
b — vektor dolnich omezujicich podminek
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ub — vektor hornich omezujicich podminek

A — mezujici matice
IbA  — omezujici vektor vazany na dolni omezujici podminky
ubA — omezujici vektor vazany na horni omezujici podminky.

Pomoci matice 4 je mozno realizovat omezeni zmény akéni veli¢iny nebo horni a dolni
meze regulované veli¢iny. Tuto formu kvadratick¢ho kritéria pouziva také MATLAB ve
funkci quadprog.

3.5 Knihovna funkeci linearni algebry Armadillo

Druhé pouzitd C++ knihovna se nazyva Armadillo a obsahuje funkce pro feSeni tloh
linearni algebry, tedy funkce pro operace s vektory a maticemi. Tato knihovna je opét volné
Sifitelnd. Syntax (API) je podobny programu MATLAB 1 ndzvy funkci jsou pfiblizné stejné.
Tento aspekt vyrazné ulehCil proces implementace algoritmu do jazyka C++, jelikoz byl
nejdiive naprogramovan v programu MATLAB. Podle [7] je toto feSeni kompromisem mezi
uzivatelskou ptivétivosti a vypocetni rychlosti.

4 Matematické odvozeni prediktivniho algoritmu

Pouzity algoritmus prediktivniho fizeni vychazi z knihy [9] s jedinou modifikaci, kdy pro
vypocet optimalniho fizeni se pouziva misto funkce quadprog z Optimization Toolboxu

Prediktivni regulétor je schopen fidit mnohorozmérové systémy, avSak pro zjednodusSeni
bude uvedeno jen odvozeni pro jednorozmérny systém. MPC reguldtor fesi tzv. ucelovou
funkci, coz je funkce vektoru fesSeni (akéni veli¢iny) a vyjadiuje zavislost této veliCiny na
rozhodovacich proménnych (regulacni odchylka, zména akéni veliCiny). Podle [8] je
pfedpokladem znalost budoucich hodnot referen¢niho signalu w(k+i) pro i=12,...N,.

Ve vétsing piipadd wik +i) bude konstanta rovna hodnoté referenéniho signalu w{k) v ase &,

nicméné¢ nékdy bude znam cely vektor obecné riznych referencnich hodnot v Case.
Ucelova funkce mtize obecné mit libovolny tvar a obvykle je dana vztahem

2

N, Nu 2
J =Y 3k +i)-wlk+1)] +> AlAulk +i-1)] , )
i=N, i=1
kdeje N — spodni hranice predikéniho horizontu,
N> — horni hranice predik¢niho horizontu,
N, — horni hranice fidiciho horizontu,

y — predikovany vystup regulované soustavy,

w — referencni signal,

o — penalizacni koeficient regula¢ni odchylky,

A — penalizacni koeficient zmény akéniho zasahu,

u — aké&ni veli¢ina a plati, ze Au(k) = u(k) —ulk - 1) .

Kriteridlni funkce tedy minimalizuje nejen véazeny ctverec rozdilu mezi zadanym a
skutecnym vystupem soustavy, ale také minimalizuje vaZeny kvadrat jednotlivych zmén akéni
veli¢iny. Parametry § a 4 maji konstantni nebo exponencialni zavislost.

Béhem kaZdého ridiciho kroku jsou provadény nasledujici body:

1. Je stanovena sekvence budoucich hodnot referenéniho signélu wlk +1),
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Je vypoctena predikce budoucich vystupii regulované soustavy Pk +i) a je porovnana
s referen¢nim signdlem w(k +1i),
Pro danou kombinaci V1>V, N,,6(i), 4(i) je pomoci minimalizace Fidiciho kritéria

vypocten vektor optimalnich budoucich hodnot akéni veliciny uk +1).
Prvni hodnota ze zjiSténé¢ho vektoru je aplikovéana jako fizeni regulované soustavy a
vypocet se v dalSim kroku opakuje.
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Realizovany prediktivni regulétor byl zaloZen na stavovém modelu soustavy a je tedy
jednoduse aplikovatelny i na mnohorozmérové soustavy. Jeho malou nevyhodou je, ze
musime méfit nebo dopocitavat aktualni stavy modelu. Z toho také plyne vysSsi vypocetni
naroc¢nost. Model jednorozmérné soustavy v diskrétnim stavovém popisu, ze kterého
vychazime je popsan jako

a(k +1) = Ax(k) + bu(k) 3)
y(k) = eFx(k) + du(k),

kdeje  x(k) — vektor stavi,

A — matice systému,

b — vektor fizeni,

c — vystupni vektor,

d — konstanta ptevodu.

Konstanta ptevodu d je rovna nule, jelikoz piedpokladame splnénou silnou podminku
fyzikalni realizovatelnosti. Podle [9] pro zajisténi integra¢niho charakteru regulatoru musime
tento stavovy model nejprve upravit do odchylkového tvaru tim, ze budeme uvazovat
diferenci na obou stranach stavové rovnice tedy

x(k +1) — x(k) = A(x(k) — x(k — 1)) + b(u(k) — u(k —1)). (4)

Kdyz zavedeme substituci Ax(k+1)=x(k+1)—-x(k),  Ax(k)=x(k)—x(k-1)
a Au(k)=u(k) —u(k —1) mazeme (48) piepsat do tvaru
Ax(k +1) = AAX(k) + bAu(k) )

U tohoto zéapisu je vstup do stavového modelu Au(k)

Dalsim krokem je navazani AX(K) na vystup »(k). K tomu je tfeba ptidat novou
stavovou proménnou a stavovy vektor se zméni na

x(k) =[ax(0)” o)) (6)

Pro rozdil mezi soucasnym a minulym vystupem modelu plati
y(k+1) = yk)y=c" (x(k +1) - x(k)) = )
=c"Ax(k +1) =T AAx(k) + ¢TbAu(k)

Pokud vyjdeme z rovnic (5) a (7), mizeme sestavit vysledny rozsifeny stavovy popis

[Ax(kﬂ)}:{ A or}{m(k)}{ IT1 }Au(k)
y(k+1) c’'A 1| yk) c¢'b

Ax(h) : ®)
Jﬁﬁbl{ }
y(k)
kdeje o —nulovy vektor.
Rovnici (8) miizeme piepsat do standardniho tvaru
a(k | 1) = A'x(k) | B sulk] )

¥(k) = ¢ a(E),
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kdeje  x(k) — vektor stavd,
A — matice systému,
b’ — vektor fizeni,

r — vystupni vektor rozsifen¢ho stavového popisu.

Predikce vystupu systému ¥ je vypocitdna pomoci volné odezvy systému a nucené
odezvy

¥=Gu+f, (10)

kde se volna odezva vypocitd ze vztahu

f = Fx(k) . (11)

Matice G uréuje dynamické vlastnosti systému a vypoéita se z matice 4 a vektorti b a ¢’
stavového popisu stejné jako matice F.

ct I'Ae
ﬂ.: f‘q: "
F=| T g (12)

¢ ffl,'!: M,
" b’ 0 0 w0
c¢TA'Y ¢ B o w 0
&= c.:fdﬂ B ﬂ.:f ‘B Efdr.h‘ . 0

= rﬂ‘ N~ lb‘ c I—ﬂ‘ N2 & ¢ rﬁl‘_‘ N—"_E,b‘ g TAI Hg=Mp b

Dale ucelovou funkci (2) pfevedeme do maticové podoby

J = (w— )T Qqw —5) + " Quus, (13)

kdeje  w - vektor budoucich hodnot referencniho signdlu na horizontu predikce N,
u - vektor zmén akénich zasah,
€}; - diagonalni matice vah dilezitosti zmén ak¢niho zasahu,
@z - diagonalni matice vah diileZitosti regulacnich odchylek.

Po dosazeni vztahu (10) a (11) do (13) plati

[ = (w=6u=Fx(K)} @s(w= Gu=Fx(k)) +u’ @, (14)

Minimum ucelové funkce (14) ziskame, kdyz prvni derivace 0J / Ou se polozi rovny
nule a vyfeSime vzniklou rovnici, z které se da za pomoci substituce (11) odvodit vztah (15)
pro optimalni posloupnost fizeni pro analyticky regulator (bez omezeni).

w= (G Q:6+Q;31 7 6" Qs(w—f) (15)

Takto se vypocte celd trajektorie budoucich ptirtstkid akéni veli¢iny. Nyni se jedna
o fizeni v otevieném regulacnim obvodu. Pokud se jedné o uzavieny regulacni obvod, tak se
aplikuje pouze prvni prvek z u, tj. Au(k) a cely postup se poté opakuje v dalsi periodé
vzorkovani k+1, tzv. princip postupného horizontu.

Pro mnohorozmérny prediktivni reguldtor s omezenimi je nutné numericky fesit problém
kvadratického programovani nebo tzv. Glohu optimalniho fizeni s omezenimi ve tvaru (16).
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1
= Eufﬂ‘u +u'g (16)

b4 = Au = uwbd
b = w = ub,

Konstrukei matice H a vektoru g popisuji ndsledujici rovnice
Hy=2(6"Q:6+Qy), (17)
g = =267 Qz(w = Fx(K)).

5 Softwarova podpora prediktivniho Fizeni - parametrizace
prediktivniho regulatoru

Pro zménu parametri MPC regulatoru a vkladani interniho modelu byla navrZena a
realizovana aplikace vytvofend v ndstroji Vis Designer softwaru SolutionCenter. Jednotlivé
obrazovky vytvofené pro nastavovani prediktivniho regulatoru mizete vidét na obrazku 7.

o y =il o [
Plant and Controller Settings
\/
Y W]

\\ OIGT+WIPP I Execution Interval: 1000 (Seconds) Set-point: 54

I I Prediction Horizon: 100 (Executions) X offset: 00

l Control Horizon: &0 (Executions) Q1

Model Predictive Control 0 10100
. Number of Plant Inputs: Qu

\ Set Up Plant ] | Read Matrices | | Inicialization |
Start \ Cancel ] | Save Matrices | | OK |

Transfer Function Settings
Transfer Function

[7]CVs Bounds Active [] System Defined by Polynomials
12 1 .
[CIMVs Bounds Active B B e
132 T}S
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H —Tys
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Transfer Function Parameters S‘ja 55+ ITEI:US + 1)
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’

Obrazek 7 — Obrazovky softwarové podpory regulatoru (zleva uvodni obrazovka,
obrazovka pro nastaveni parametra fizeni, vstup do obrazovky pro zadavani pfenost nebo
omezeni, obrazovka zadavani pienosi)

Mezi obrazovkami se piepina tlacitky OK a Cancel a vzdy jen jedna obrazovka je aktivni.
Nejprve je tieba zvolit pocet vstupli fizeného systému a zadat jej do v poradi druhé
obrazovky. Dale je nutné fizeny systém identifikovat a zjist€éné spojité pienosové funkce
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vlozit pfes obrazovku pro zadavani pienosit do MPC regulatoru. V PLC budou automaticky
pfevedeny na diskrétni stavovy popis. DalSim krokem je urceni periody vzorkovani 7. Musi
byt spravné zvolena s ohledem na dynamiku systému a typ fizeni, napf. supervizni nebo ptimé
fizeni. Po stisknuti tlacitka MV nebo CV se otevie pata vySe neuvedend obrazovka pro
definovani omezeni akéni veliCiny, piipadné regulované veli¢iny. Obrazek 8 ukazuje hlavni

cast této obrazovky.
MV Properties

Mame:

Bounds Active
MV Range

Mazximum: -

Minimum: -

Rate Constraints Active
Maximal Rate of Change

- deltal: 8]

+ deltal: -

Obrazek 8 — Cast obrazovky pro zaddvani rozsahu akéni veliciny

Podle [1] jsou hlavni parametry ladéni vdhové matice @z a @;. V pfipadé nezndmého
systému se doporucuje volit niz§i hodnoty @za vyssi hodnoty 3. Pokud chovéni interniho
identifikovaného modelu se blizi chovani redlnému, je mozno pfistoupit k agresivnéjsi volbe
parametrti (malé hodnoty @3 a vysoké 3. DalSimi volitelnymi parametry regulatoru jsou
jesté horizont predikce N; a horizont fizeni N,. Pomoci tlacitka Save Matrices na obrazku 7 je
mozné vsechny parametry a interni model regulatoru exportovat do XML souboru a
v budoucnu pomoci tlacitka Read Matrices opé€t nacist.

6 Ovéreni funkénosti pri HIL simulaci a srovnani prediktivniho
Fizeni s Fizenim s pomocnou regulovanou veli¢inou

Pro ovéteni funkénosti implementovaného MPC regulatoru jsem pouzil mimo jiné i tzv.
Hardware-in-the-Loop (HIL) simulaci, kdy fizenym procesem bylo simula¢ni schéma (v sérii
zapojené dva ptenosy) v programu Simulink simulujici vyrobu pfehiaté pary v elektrarné.
Vypoctend hodnota akéni veli¢iny, hodnota stavové veli¢iny (vystup prvniho pienosu) i
méfend regulovana veli¢ina (vystup druhého pienosu), byly v danych intervalech posilany
pies OPC komunikacni protokol. Na obrazku 9 je znazornéno schéma zapojeni.

Client/ \/\/— Server/

Server Client

PLC OPC
(MPC algoritmus

PC - Simulink
(matematicky model
Fizeného proces)

Obrazek 9 — Zapojeni pii HIL simulaci

Me¢éftenou stavovou veli¢inou je teplota 77 pred piehifivakem, kterd je regulovana vstfikem
vody, tudiZ akéni veli€ina je mira otevieni vstiikovaciho ventilu od 0 do 100%. Regulovanou
veli¢inou je simulovana teplota pary 7> za ptehiivakem (tepelnym vyménikem). Jako dikaz
lepsi kvality regulace v pfipadé nasazeni prediktivniho fizeni uvaddim i vysledky simulace pii
nasazeni klasické kaskadové regulace realizované pomoci dvou PI regulatord. Obrazek 10
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ukazuje priab¢hy pozadovanych a regulovanych veli¢in (vpravo) a prubeh stavové veliCiny
(vlevo). Na obrdzku 11 jsou zobrazeny pribehy akénich velicin.
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f . T1 PID Cascade e I . T2 MPC
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|| | aazf / T2ret
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Obrazek 10 Pribehy ak¢nich a zadanych veli¢in
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Obrazek 11 Pribehy akénich a Zadanych velicin

Z namétenych priabeht je patrné, ze v pripad€ nasazeni prediktivniho fizeni bylo rychleji
dosazeno zadané teploty pary nez v ptipad¢ bézné kaskadové regulace soucasné s dosazenim
mensi hodnoty prekmitu. Vzorkovaci perioda byla rovna 1 s a parametry MPC regulatoru
byly zvoleny jako horizont predikce 500s, horizont fizeni 50s, penalizacni koeficient
regulacni odchylky byl 10 a penalizac¢ni koeficient zmény akcéniho zasahu 1000. Pii téchto
parametrech regulatoru byl procesor PLC systému vytizen pfiblizné¢ na 50%. Pocatecni
podminky simulace pfedstavovaly otevieni ventilu na 50% pii vstupni teploté 7; rovné 320°C

a vystupni teploté T, 420°C. Zadana hodnota byla rovna 435°C.
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8 Zavér

Clanek zmituje vysledky implementace algoritmu prediktivniho ¥izeni do PLC systému,
kdy byl nejprve prezentovan pouzity hardware a programovaci prostiedi spolecné
s vyuzivanymi knihovnami Armadillo a qpOASES. Déle byl matematicky odvozen samotny
prediktivni algoritmus. Pro parametrizaci MPC regulatoru byla vytvofena softwarova
podpora, coz predstavuje samo spustitelnou Java aplikaci komunikujici s PLC systémem, ze
které¢ lze vkladat 1 parametry interniho modelu reguldtoru. V posledni fad¢ jsou v ¢lanku
uvedeny vysledky HIL simulace s porovnani prediktivniho fizeni a kaskadové regulace pro
fizeni simula¢niho modelu ptrehfivaku. Touto simulaci byla prokdzana spravnost celkového
feSeni prediktivniho fizeni a jeho budouci mozné nasazeni pro fizeni realného
technologického procesu. Zavéry prace tedy potvrzuji zamysleny smér budouciho vyzkumu,
kdy bude cilem pouzit prediktivni fizeni béZici v PLC systému pravé pro fizeni teploty
prehraté pary v elektrarné na biomasu.
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Abstract: National and international level of attention is given to food problematic. Provide
healthy harmless food is conditioned by ensure complete food supply chain quality. Special
requirements are imposed to perishable foods. These foods are going through refrigeration,
freeze or speed freeze, storage and transportation process. Temperature must be monitored
cross complete food supply chain. Food freeze process along with temperature measurement
options is designed in the article. Optimal methodics design for temperature measurement
process during food freeze is an article objective taken into the account food attributes based
on the dimension influence and other factors. Other factors impact monitoring in precision of
temperature measurement and most accurate determines presentable temperature at points of
real state of frozen food is required. An article is given base for the corresponding experiment
execution with the real food species, where practical designed measurement method are
verified along legal requirements and therefore food quality parameters can be ensured.
Authors would also like to thank the Slovak University of Technology in Bratislava, the grant
agency VEGA projects number 1/0604/15, 1/0748/15 and the agency KEGA project number
014STU-4/2015 for their support.
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1 Introduction

Perishable foods are processed by reason of storage and late usability for centuries.
Processing helps improve the quality of perishable foods and maintain the nutrients in them.
Processing takes place within the frame of all food chain and that is from harvesting of crops
to their diverse ways of culinary treatment at households, which contributes significantly
to perishable foods harmlessness all over the world. The temperature has to be monitored
throughout cold chain, i.e. from production, processing, storage, transportation
to sale.

Freezing is one of methods for processing perishable foods. Today is in focus that fast
freezing together with relevant procedures of perishable foods processing prior
to freezing has a potential to ensure excellent results of nutritional values preservation
in many perishable foods. Air temperature and a temperature of perishable foods must be
monitored constantly during the processing of fast freezing for achievement of perishable
foods wholesomeness. The temperature is monitored by temperature sensors that are
connected to the recorder. Resistance or thermoelectric temperature sensors are the most used.
All measuring devices that are used in this domain must be on high level from metrological
aspect.
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Freezing process is considered mainly on the basis of that whether perishable foods are
suitable for consumption in term of perishable foods quality on the present. We have decided
to focus on method innovation of temperature measurement and consecutive improving
of freezing process at the work based on scientific approach. We detect influencing factors
for measurement and their interdependencies from this reason, which affects measurement
result and thus the accuracy of temperature sensing in real time of freezing process.

2 Fast freezing process

Perishable foods must be stored in such conditions and such time while their natural
spoilage is reduced to a minimum. Recommended temperature is from — 1°C to 10°C
in a storage of pervertible perishable foods depending of their type. Perishable foods should
be cooled quickly to the temperature bellow 10 °C after processing and cooking and after that
they should be frozen as quickly as possible. If perishable foods cannot be cooled
immediately after heat treatment, they should be kept at temperatures above 63 °C until the
time of cooling.

Freezing process must be done so that physical, biochemical and microbiological changes
will be minimized. Immediately after cooling perishable foods must be frozen by a method
which ensures that the temperature in thermal centre of product passes quickly through
maximum crystallization zone. This zone is between -1°C and -5°C for the most of the
products (Figure 1). That is noted freezing system or process, its capacity, type of product
(conductivity, thickness, shape, inlet temperature) and product volume.

TYPICAL FREEZING PROCESS
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Figure 1 Freezing process

It is very important to ensure during freezing process that a space or channels allow
the air to circulate among cardboards and various pieces of perishable foods. This is
especially important just then while large quantities are frozen or if individual pieces
of perishable foods e.g. whole turkey are large. If this air channels won’t be ensured the most
of pieces of perishable foods can become that internal parts will be cooled and frozen very
slowly despite of intense freezing. Fast freezing processes is not completed until product
temperature has reached -18°C (optimally as well as for other frozen products, but in any case
the temperature must be minimally -12°C).
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The product must be kept at -18°C on leaving freezing device. The product must not be
exposed to higher temperature and it must be transferred to cold store as quickly as possible.
The manufacturers should notice cooling curves, until a stabilization of product temperature
won’t be achieved at -18°C or for freezing products -12°C.

3 Realisation of experiment

The first phase of experiment consists of air temperature measurement of freezing
process realised in shock cooler (Figure 2), which is used for fast cooling or freezing
perishable foods. The proliferation of unwanted microorganisms and bacteria that can spoil
the food is avoided by this device. Shock cooler is used in gastro services where is needed
to pre-prepare raw materials for concrete using purpose with preservation of natural moisture,
colour, taste and aroma what the device declares.

Figure 2 Shock cooler

We deployed temperature sensors to freezing space according to pre-defined model
situations (Figure 3). We used calibrated thermoelectric temperature sensors of type T and
temperature recorders Testo 176 T4 that match the requirements of the norm STN EN 12830.

1. Measurement 2. Measurement

® o L J [ ]
3. Measurement 4. Measurement
[ ] @ ® o

@® Needled temperature sensors
Temperature sensors

Figure 3 Model situations of temperature sensors layout
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The device has temperature sensor which is placed in freezing space. The temperature of
this sensor is displayed in shock cooler display. That is air temperature monitoring at concrete
points of freezing space (Figure 4). We watched the power of device before the realisation
of experiment. The cooling of space at -35°C is its maximum. The measurement were done
four times under the same freezing conditions, at which temperature sensors layout was varied
as is shown in Figure 3. One measurement course i.e. cooling process from outdoor
temperature to the temperature -35°C lasted 45 minutes and the return to original initial
conditions i.e. device heating to outdoor temperature took about 30 minutes. The interval
of reading values for representation of time temperature course was set in 10 seconds.
Temperature courses of chosen measurements are shown in the graphs (Figure 5, 6).
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Figure 4 Air temperature monitoring at concrete points of freezing space

2. Measurement
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Figure 5 Air temperature measurement of freezing process

84



We can see in the graphs (Figure 5, 6) that temperature decrease is not uniform, mainly in
initial freezing phase. Mostly we can see that time temperature courses are different by
individual freeezing processes. It can be concluded that these differences are caused by the
properties of freezing device whereas temperature sensor with evaluation units have been
calibrated. That is mainly the method of cooling regulation. It is clear that the effect of
individual sensors for temperature measurement is minimal by comparing calibration results

(Table 1).
4. Measurement
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Figure 6 Air temperature measurement of freezing process
Table 1 The calibration of temperature sensors
The The temperature measured with calibrated measuring tool
Nominal temperature The recorder Testo Z1 The recorder Testo Z2 U
temperature measured °C °C °C °C °C °C °C °C | (k=2)/
value / °C with the The indication of temperature sensors °C
etalon / °C
11 12 13 14 21 22 23 24
-30 -29,47 -294 | -29,4 | -29,4 | -29,5| -294 | -295|-294 | -294 | 0,1
-20 -19,88 -19,9 |1 -19,9|-199 |-199| -19,9 | -19,9 | -199 | -19,9 | 0,1
-10 -10,04 -10,1 | -10,1 | -10,1 | -10,1 | -10,1 | -10,1 | -10,1 | -10,1 0,1
0 0,00 -01 | 01| -01 | -01| -0,1 | -0,1 | -0,1 0,0 0,1
10 10,05 9,8 9,9 9,9 9,9 9,9 9,9 9,9 9,9 0,1
20 19,97 19,9 | 19,9 | 19,9 | 199 | 19,9 | 19,9 | 19,9 | 19,9 0,1
30 29,92 299 |1 29,9 | 29,9 | 29,9 | 299 | 29,9 | 29,9 | 29,9 0,1

The graph (Figure 7) shows temperature courses of individual measurements at point G
(Figure 4). Temperature sensors was occured at this point three times from four realised
measurements and that was the first, the third and the fourth measurement. Significant
difference is between the first and the fourth measurement.
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Temperature course in point G
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Figure 7 Temperature course at point G
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Figure 8 Temperature course at point I

The graph (Figure 8) shows temperature courses of individual measurements at point I
(Figure 4), thus in the middle of freezing space. The difference is 5,3°C in the second minute
during the measurements between the first and the fourth measurement. Unevenly air
temperature layout in the space is caused by air dissipation by the fun which is attached
to cooling machine with high probability.

No perishable food was in freezing space during the measurement. Acquired results are the
basis for the next phases of proposed experiment. It will by interesting to watch changing fields
of temperature in regard to the layout of different types of perishable foods in the space where
temperature courses by freezing will be significantly affected by thermodynamic and shaped
properties of this perishable foods.
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4 Conclusions

Measurement model situation has been designed for concrete device that is used
for freezing food. The proliferation of unwanted microorganisms and bacteria that can spoil
the food is avoided by this device. The measurements that point to different temperature
courses at individual space points were done in accordance with the model. It is possible
to conclude based on measurement results that it is necessary for freezing food to consider
freezing time and it is needed to test each device separately before their activation into
the use. These aspects are considered in performing of experiments with concrete food.
We will realise the measurements in this device in the next phase of experiment. The aim will
be to monitor temperature courses measured by the help of temperature sensors mounted
on the box used for freezing, at first without food and then in the presence of it. We will
acquire the information about packing impact on the freezing and also the information about
impact of food layout in cold space for freezing process thus gradually.
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Abstrakt: Technologia abrazivneho vodného prudu je zo svojej podstaty velmi narocna na
riadenie. Je to kvoli mnohym procesnym faktorom a ich vzajomnej interakcii, ktora ma vplyv
na vysledok. Casto sii procesné parametre pre danti tilohu volené iba operdtorom alebo
zamestnancom zodpovednym za procesné operacie. Tieto vedomosti su Castokrat ziskané
empiricky, spoésobom pokus-omyl a odovzddvané navzdjom medzi pracovnikmi. Pre
automaticku riadiacu slucku tohto procesu je nevyhnutné jeho on-line monitorovanie.
Prispevok prezentuje moznosti monitorovania technologického procesu abrazivneho vodného
prudu s vyuzitim akustickych emisii a vibrdacii. Taktiez je v prispevku prezentovanda metoda
pre predikciu procesnych parametrov vyuzitim umelych neuronovych sieti.

KPucové slova: abrazivny vodny prud, akustickd emisia, monitorovanie procesu

1 Uvod

V minulosti, jedinym kto vykonaval monitorovanie technologického procesu bol operator
stroja. On sam dohliadal na proces obrabania, aby prebiehal tak ako bolo planované
technolégom. V dnesnej dobe s CNC vyrobnymi zariadeniami uz operator nie je zapojeny do
procesu ako v minulosti, preto je nutné aby existovali sposoby ako monitorovat’ vyrobny
proces bez operatora. Monitorovanie technologického procesu je vykondvané aby bola
zaistend schopnost’ vyrobit' vysledny povrch podla predpisanych technologickych
podmienok. Monitorovanie ma v prvom rade zabezpecit’:

e detekciu chyb,
e opotrebenie nastroja,
e kontrolu kvality.

Existuje mnoho spdsobov ako dosiahnut’ monitorovanie technologického procesu.
Jednym zo sposobov je vyuzitie sprievodnych javov ktoré vznikaji pocas technologického
procesu. Najviac vyuzivané prejavy su:
silové/zatazové,
momentové/napat'ove,
vibracné,
zvukové,
tlakové,
teplotné,
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e prudové/napitove,
e akustické emisie.
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Obrazok 1 - DWT silového signdlu pri frézovani [TETI et al., 2010]

Za cCelom vyuzitia javu akustickych emisii (AE) a vibra¢nych signalov pre riadenie
technologického procesu abrazivneho vodného prudu bolo vykonanych mnoho pokusov. Choi
et al. (1997) sa pokusil zhodnotit’ AE generované pri deleni hlinikovych keramik abrazivnym
vodnym pradom aby potvrdil vztah medzi parametrami procesu odoberania materialu. Autori
nasli dobrt zhodu medzi energiou AE a procesnymi parametrami, ¢o naznacuje prakticku
implementaciu snimania AE pre ucely procesného riadenia. Mohan et al. (1997) vich
posudku ukézali niekol’ko pokusov o aplikaciu AE — Kwak et al. (1997) pouzili AE pre
monitorovanie vitania slepych dier a Mohan et al. pre hibku rezu. Skonstatovali ze AE
ponutka lepsi ndhl'ad na mieru odoberania materidlu. Nasledujuc tento posudok, Kovacevic et
al. (1998) Studoval proces odoberania materidlu pri vitani keramiky abrazivnhym vodnym
pradom za pomoci techniky snimania AE. Momber et al. (1999) vyuzil techniku snimania AE
pre monitorovanie hydroabrazivneho procesu delenia keramiky. Bolo zistené ze AE dokaze
vel'mi dobre identifikovat’ proces materidlového odoberania a vykonu obrébania. Mohan et al.
(2002) pouzil vyhodnocovanie AE na urCenie rozptylu kinetickej energie pri deleni
hydroabrazivnym pradom. Hassan et al. (2004) predlozil model pre online predikciu hibky
rezu zalozenom na odozve AE pri deleni hydroabrazivnym pradom. Pozoroval, Ze RMS
energie AE je linearne proporciondlne hibke rezu. Takisto poznamenal, e AE je vysoko
citlivé k zmenam v hibke rezu. Koncepcia online diagnostického systému pre detekciu
delaminacie u kompozitov s uhlikovymi vldknami bol predstaveny Karpinskim (2006).
Z ¢lanku vyplyva ze AE je velmi dobrym ukazovatelom delaminécie. Analyza signalu
ukézala ze delaminacia je nahly proces a nemoze byt predikovany dostatocne rychlo aby sa
zabranilo jeho vzniku. Axinte et al. (2009) ohlasil vyvoj kalibrovaného integrovaného na
energii zaloZenej monitorovacej metddy pre hydroabrazivny prud. Autori prezentovali
multisenzorovy systém ktory ponuka moznost' detekcie viacerych zlyhani vznikajicich na
hydroabrazivnej tryske ako aj na urovni obrobku. Tento systém sa spoliecha na niekol'ko
senzorov rozlozenych na kritickych miestach hydroabrazivneho deliaceho systému. Rabani at
al. (2012) monitoroval vystupnt energiu prudu vyuzitim akustickej emisie. To mu umoznilo
monitorovat’ niekol’ko procesnych parametrov, ktoré nezavisle ovplyviiuju obrusovanu
plochu, spoloénym pristupom. Tento novy pristup dohl'adu nad hibkou penetracie pradom sa
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nazyva miera prenosu energie (Transfer Rate of Energy — TRE). Hreha et al. (2012)
analyzoval AE zaznamenanl pocas delenia nehrdzavejicej ocele hydroabrazivnym pridom,
aby objasnil interakciu medzi faktormi hydroabrazivneho delenia a drsnostou povrchu
generovaného povrchu. Autori prezentovali linedrnu regresni funkciu, ktora moéze byt
pouzitd ako riadiaca funkcia hydroabrazivneho delenia nerezovej ocele. V d’alSom ¢lanku sa
Hreha et al. (2014) sustredili na moznosti vyuZitia vibracnej emisie ako potencidlneho zdroja
informacii pre detekciu porach privodu abraziva a zaostrovacej trubice v procese
hydroabrazivneho delenia. Boli identifikované oblasti vo frekvencnom spektre, ktoré mozu
posluzit’ ako zdroje informacii o procese delenia. Stanovenie frekvencie vibra¢nej emisie na
zéklade mnozstva dopadajucich abrazivnych castic bolo predmetom Studie Hrehu et al.
(2015). Bolo zisten¢ Zze mnozstvo dopadajucich Castic zodpoveda signifikantnym frekvenciam
v spektre vibracnej emisie. V d’alSom prispevku Hrehu et al. (2015) bola miltiparametrickou
regresnou analyzou s pouzitim vibracnych signdlov vypocitané parametre drsnosti povrchu.
Hloch et al. (2012) skimal vibra¢ny signal a jeho spektrum ziskané poc€as hydroabrazivneho
delenia vzorky, aby ukédzal vztah medzi hodnotami vstupnych faktorov a parametrami
sprievodnych javov ako vibracie a AE.

lp = 350 Mpa

Barton garnet MESH 80
m, = 400, 250 g.min"!
4

Multiplex box: SCAME - P55-685 005
- P56-686 205
V =50, 75, 100, 4

150 mm.min"!

Spracovanie signalu - LabVIEW

AD konvertor: NI PXI - 1031, NI PXI - 6106
Vzorkovacia frekvencia 30 kHz

Obrézok 2 - Schematické zndzornenie ziskavania AE a vibracii [Hloch et al., 2011]

2 Monitorovanie hydroabrazivneho prudu

2.1 Vyutzitie sprievodnych javov

Ked’ze je hydroabrazivny nastroj tvoreny zmesou vody, vzduchu a abraziva je zlozité
vyuzit mnoho zo spominanych sprievodnych javov. Obrabanie nema externé silové /
momentové ucinky na obrobok, preto snimanie silového zatazenia je netGcinné. Tepelné
ucinky st negované ochladzovanim prudom vody. Nastroj takisto neprendsa silové ucinky na
pohonné ustrojenstvo, preto snimanie elektrickych veli¢in pohonov nemé velky vyznam.
Technolodgia je vel'mi hlu¢nd, preto ziskavanie informacii zo zvukovych/hlukovych prejavov
je naro¢né. Jednym z mala vhodnych sprievodnych javov na monitorovanie a kontrolu st
akustické emisie a vibracie.
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2.2 Akustické emisie

Akustické emisie su definované ako prechodné pruzné napédtové viny generované
mikroskopickymi deformaciami v materiali pocas ich namahania [LAURO et al., 2014]. Su
asociované s pohybom dislokécii, tvorbe a Sireniu trhlin, deformdcii inkluzii alebo inych
mechanizmov zahfiiajucich mikroskopické deformacie v namahanom materiali, a mézu byt
klasifikované ako kontinudlne alebo s ndhlym uvolnenim energie (burst). Kontinuilne st
asociované s plastickymi deforméciami kujnych materidlov a eréznym procesom u materialov
krehkych. Typ sndhlym uvolnenim energie je spojeny s nestabilnym procesom ako
praskanim, odlupovanim a kavitaciou. Zdrojom takychto akustickych emisii a vibracii st
najma:

o clastické zrazky castic,

e tvorba a Sirenie trhlin,

e odoberanie materialu,

e Stiepenie jednotlivych zin.
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Obrazok 3 - Znazornenie vztahu medzi vibraénym signalom a kvalitou reznej medzery
[HREHA et al., 2014]
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3 Predchadzajuci vyskum

V predchadzajuicom vyskume v oblasti delenia hydroabrazivnym pradom bolo
skamanych niekol'ko zavislosti charakteru (topoldgie) obrobeného povrchu so zretelom na
vztah akustickych emisii a vibracii na charakter technologického procesu. Bola vykonana
analyza erdzneho procesu na zaklade generovanych vibrécii a akustickej emisie pri deleni
hydroabrazivnym pradom. Vykonala sa kalkuldcia profilu drsnosti na zaklade analyzy
akustickej emisie a vibracii. Opotrebenie zaostrovacej trubice a detekcia portich na zaklade
vibracnej analyzy boli takisto skimané.
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Obrazok 4 - Amplitida vibra¢nych signdlov (horizontalny smer) pri deleni hydroabrazivnym
pradom pri rychlosti posuvu v = 150 mm'min™ (Servend) a v =50 mm'min”' (&ierna)
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Obrazok 5 - Amplituda vibracnych signalov (vertikélny smer) pri deleni hydroabrazivnym
pradom pri rychlosti posuvu v = 150 mm'min™ (Servend) a v =50 mm'min”' (&erna)
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Obrazok 6 - Znazornenie drsnosti povrchu vytvoreného hydroabrazivnym pradom

Na Obrazok 3 - Znéazornenie vztahu medzi vibranym signalom a kvalitou reznej
medzeryObrazok 3 st znazornené spektrd vibra¢nych signédlov pri réznych technologickych
podmienkach delenia materialu hydroabrazivnym pradom. Rézne technologické podmienky
delenia maju za nasledok rézny charakter topoldgie vytvoreného povrchu. Z priebehov
spektier je mozné posudit’ za akych technologickych podmienok bol povrch vytvoreny a aky
je charakter povrchu. Podobne na Obrazok 4 a Obrazok 5 st zndzornené casové priebehy
dvoch vibra¢nych signalov pri réznych technologickych podmienkach, super-imponovanych
na seba, v dvoch na seba kolmych smeroch. Na Obrazok 6 je grafické znazornenie drsnosti
povrchu pri oboch technologickych podmienkach obrdbania (v =350 mmmin' a
v=150 mmmin"). Z grafického vyjadrenia je zrejmé, aky vplyv maji technologické
podmienky na generovanie povrchu aaky je vztah topologie povrchu ku generovanym
vibraciam. Naslednou analyzou takto zozbieranych dat bola regresnou analyzou zostavena
zavislost’ amplitidy akustickych emisii a topoldgie (drsnosti) vytvoren¢ho povrchu (Obrazok
7).
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0 5 10 15 20 25 30 35
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Obrazok 7 - Grafické znazornenie vztahu amplitudy akustickych emisii a drsnosti
povrchu [HREHA et al. 2012]
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Obrazok 8 - Spektrum vibra¢ného signdlu simulovaného opotrebenia zaostrovacej trubice
[HREHA et al., 2014]
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Obrazok 9 - Navrh monitorovania a mozného on-line riadenia hydroabrazivneho delenia

Obrazok 8 znazornuje vibracné signdly simulovaného opotrebenia zaostrovacej trubice.
Tu je badatelny posun SpiCkovych hodndt v hornej casti spektra (>11,5kHz) na nizSie
frekvencie, ako aj celkové znizenie (RMS) tychto hodnét. Z predchadzajucich prac bola
navrhnutd koncepcia (Obrazok 9) mozného on-line riadenia a monitorovania technolédgie
hydroabrazivneho pridu [Géanovska et al., 2016]. Z charakteru signalov je zrejmé, Zze
extrahovat’ uzito¢né informacie z Casovych priebehov alebo spektier nebude jednoduché.
Idedlnym prostriedkom na analyzu takychto dat sa javia umelé neurénové siete. Pouzitie
neuronovych sieti umoziuje vycitat' z dat vzory, ktoré by bolo velmi zlozité popisat
analyticky, podl'a ktorych by bolo mozné vytvorit’ regula¢nu slucku [HoSovsky et al., 2014].
V navrhovanom rieSeni bola pouzita neurénova siet’ so spatnym Sirenim chyby (BP) s troma
vstupnymi neurénmi, jednym vystupnym neurénom a dvoma skrytymi vrstvami. Simuldciou
na nameranych datach z predchadzajacich merani bolo ukézané, ze tento pristup sa ukazuje
ako vhodny.
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4 Zaver

Potreba monitorovania technologickych procesov sa bude neustale zvySovat. Mnoho
signalov sprievodnych javov nie je mozné jednoducho vztahovat s monitorovanymi
technologickymi procesmi. Z tychto dovodov bude rast’ aj dodlezitost vyuzitia technik
vypoctovej inteligencie, napr. umelych neurénovych sieti, ako prostriedku na monitorovanie
a riadenie technologického procesu hydroabrazivneho delenia materialov.

Prispevok bol vypracovany s financnou podporou projektu APVV-0207-12 ,, Monitorovanie interakcie
hydroabrazivneho prudu pomocou vibracii a akustickej emisie “.
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Automatically Tunable Bandpass Filter

PAWLENKA, Miroslav' & TUMA, Ji¥i
! Ing., D>< V$B-TU Ostrava, 17. listopadu 15, 703 88 Ostrava, miroslav.pawlenka@vsb.cz

? prof. Ing. CSc., &= jiri.tuma@vsb.cz

Abstrakt: Tento prispévek se zabyva automaticky preladitelnym pasmovym filtrem druhého
radu. Filtr je realizovan v programu Matlab Simulink a bude se aplikovat na zkusebni stav
pro aktivni Fizeni kluznych loZisek s polohovym reguldtorem a stabilizacnim reguldtorem.
Filtrovana velicina bude vychylka hridele, ktera vystupuje jako regulacni odchylka.

Klicova slova: motor, loZiska, simulace, pasmovy filtr

1 Uvod

Ukolem pasmového filtru, nebo také pasmové propusti, je filtrovat signal jen uréitych
frekvenci. Tento ptispévek fesi laditelny pasmovy filtr, ktery umozni dynamicky ménit stfedni
frekvenci propustného pasma. Filtr je druhého fadu, aby nevnasel do zpétnovazebni smycky
zbytecné velké fazové zpozdéni. V ¢lanku bude popsana realizace a simulace filtru
v programu Matlab Simulink. Kvalita filtrace bude vyhodnocena spektralni analyzou.
Nejpouzivangj$im algoritmem je rychla Fourierova transformace FFT.

Vytvotfeny algoritmus pasmového filtru bude vyuzit pii fizeni kluznych lozisek
vysokootackového stroje, jehoz popis je uveden v clanku. Tento zkuSebni stav slouzi pro
aktivni tlumeni vibraci a pasmovy filtr ma regulaci zkvalitnit ve frekvencnim pasmu, ve
kterém vznika porucha. Dal§im zkvalitnénim je pouziti Kalmanova filtru na méfeni otacek.
Ukolem Kalmanova filtru je odstranit chybu méfeni néjaké veli¢iny. Kalmantv filtr je
matematicky aparat, ktery redukuje Sum z méfené¢ho signalu v oblasti €asu, coz je vyhoda
oproti jinym algoritmum filtrace, kdy je nutné signal nejprve pievést do frekvencni oblasti
pomoci Fourierovy transformace.

2 Popis zkuSebniho stavu

Zkusebni stav je slozen z hfidele, ktera je ulozena ve dvou kluznych radidlnich
hydrodynamickych loziscich, jehoz i¢elem je sledovani nestability rotoru a jeho fizeni. Je
tedy potfeba monitorovani odchylek rotujiciho hiidele v okoli kluznych lozisek, do kterych je
tento hiidel ulozen. Do kluznych lozisek je pod tlakem doddvan mazaci olej pomoci mazaciho
agregatu. Konstrukce obsahuje kandlky, kterymi odtékajici olej putuje zpatky do nadrze
agregatu. Snimani aktualni polohy htidele ve dvou rovinach kolmych na osu htidele zajistuji
Ctyfi senzory odchylek s analogovym vystupem, které jsou rozloZeny, tak aby pokryly osy x a
y v blizkosti kluznych lozisek [3].

Pouzdrem loziska lze pohybovat v malych mezich pomoci piezoaktuatorti. Motor, ktery
htidel pohani, je trojfdzovy asynchronni. Je napéjen z frekvenéniho ménice Commander
SKA1200075 (Control Techinques), jehoz maximalni frekvence je do 400Hz. Maximalni
otacky motoru tedy mohou byt az do 24 000 ot/min. Typ motoru firmy ATAS Nachod je
FT4C52G s vykonem 500W. Vykon ménice je 750W. Laserovd sonda pro méfeni otacek
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dokaze s adaptérem pro vysoké rychlosti métit az do 250 000 ot/min na vzdalenost 50mm az
2m.

Motor Snima¢ otacek Loziska

Obrazek 1 - ZkuSebni stav

Aktivni tlumeni vibraci je umoznéno pohyblivym cylindrickym pouzdrem, ve kterém se
hiidel ot4c¢i. Poloha hiidele je méfena vzhledem k rdmu stroje nebo pevnému loziskovému
télesu snimadi ptiblizeni. Zadana poloha htidele v horizontalnim a vertikalnim sméru v roviné
kolmé na osu htidele se porovnava v signadlovém procesoru dSPACE se skute¢nou polohou.
Rozdilem zadané a skutecné polohy vzniknou regulacni odchylky, které budou filtrovany
pravé vytvorenym laditelnym pasmovym filtrem.

Signalovy procesor dSPACE obsahuje pro kazdou soufadnici proporcionalni regulator a
pasmovy filtr typu IIR druhého fadu. Vyhodou dSPACE je programovani uloh v Simulinku.
Regulace v celém frekvencnim pasmu se provadi jen v pasmu, ve kterém vznika periodicka
porucha vyvolavajici vibrace htidele typu whirl.

3 Pasmovy filtr

Pasmovy filtr neboli pasmova propust patii mezi digitalni filtry. Propustné pasmo filtru je
omezeno horni a spodni frekvenci. Pouzity pasmovy filtr je druhého fadu, aby nevnésel do
zpetnovazebni smycky zbytecné velké fazové zpozdéni.
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Obrazek 2 — Charakteristika pasmového filtru [4]

Laditelny pasmovy filtr ma Laplacetiv pfenos s komplexni proménnou s = jo.

6(s) ¥(s) 2K&Tys
gl = =
X(s) Tie?+2%Tys+1 (1)
1
@ = T’ @ = Z-Wﬁﬂﬁb, 2
kde je K — zesileni,
Ty — ¢asova konstanta,
¢ — tlumeni.

Zesileni je pro thlovou frekvenci ® = 1/T jednotkové a pro ostatni frekvence nizsi. Pro
tthlovou frekvenci ® = 0 a m— je zesileni nulové. Sitka propustného frekvenéniho pasma je
zavisla na pomérném tlument filtru &

Frekvence fyr., na kterou se ladi pasmovy filtr, je zavisla na frekvenci otaceni hiidele.

Fuwin = (042 a2 0,48)f poron 3)

Jelikoz je v Simulinku model aktivniho fizeni kluznych lozisek v ¢asové oblasti, musi se
Laplacetiv pfenos prevést do oblasti ¢asu. Po pfevodu je ddn matematicky model filtru touto
diferencialni rovnici:

2KE o — 2 ¥ —y
2% frotor * 0,45 2ifrgtar * 0,45 4)

¥ = 2 frgtor * 0,45)%

Misto frekvence fz; je jiZ dosazen vztah (3).
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Obrazek 3 — Vytvoreny model v Simulinku

Na obrazku 3 je vytvofeny model pasmového filtru v Simulinku, ktery bude doplnén do
modelu regulace. Cely algoritmus pak bézi v signdlovém procesoru dSPACE s pevnym
integra¢nim krokem.

4 Simulace filtru

Filtr byl v Simulinku testovan tak, Ze na vstup byl pfiveden bily Sum a frekvence otaceni
rotoru byla zadana konstantou.
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RMS

040 i SRS RO — S N SRS S -
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Frekvence[Hz]

Obrazek 4 — Autospektrum bilého Sumu

Nastavena doba simulace byla 60 sekund a vzorkovaci frekvence 5 kHz. U autospektra
bilého Sumu je vidét, ze jeho frekvencni rozsah je od 0 do 2,5 kHz. Zadand konstanta
frekvence rotoru je dana jako 1000 Hz. Vyslednd frekvence, na kterou bude filtr naladén je
tedy dana vztahem (3) a pro zvolenou konstantu 0,45 se jednd o frekvenci 450 Hz. Simulace
byla provedena pro 3 rizné parametry pomérného tlument filtru ¢ a pro zesileni K = 50.
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102



Z prabéht frekvencnich spekter je patrné, ze pfi snizujicim se parametru pomeérného
tlumeni filtru ¢ se opravdu snizuje Sitka propustného pasma filtru. Filtrovana frekvence
odpovida zadané frekvenci. Pro testovani filtru v regulaénim obvodu aktivniho fizeni
kluznych lozisek bude tedy pouzit parametr pomérného tlumeni filtru &= 0,05.

DalSim parametrem, ktery ovliviiuje vlastnosti simulace, je zesileni K. Nema sice vliv na
Sitku propustného pasma ani na kvalitu filtrace, ale na svislou osu, na niz je efektivni hodnota
signalu. Pokud se zesileni snizi z hodnoty 50 na hodnotu 10, projevi se to akorat na svislé ose,
jak lze porovnat na obrazcich (7) a (11).
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Obrazek 11 — Autospektrum pro & = 0,05 a K= 10

Déle bylo tfeba otestovat, zda se filtr opravdu automaticky ptelad’uje. Na vstup tedy
misto konstantni frekvence byla pfivedena rampa, kterd od pocatecni frekvence 1000 Hz za
60 sekund simulace roste na hodnotu 2500 Hz. Frekvence, na kterou se bude ladit filtr, je tedy
od 450 Hz do 1125 Hz.
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Obrazek 12 — Pielad’ovani filtru v ¢ase

Na obrazku multispektra je patrné, ze se filtr v ¢ase opravdu pteladoval v zadaném
frekvencnim pasmu.
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5 Zavér

V piispévku je popsana simulace pasmového filtru druhého fadu. Model filtru byl
sestaven v softwaru MATLAB Simulink. Simulace probihala tak, Ze byl na vstup filtru
piiveden bily Sum, ktery obsahoval frekvence od 0 do 2,5 kHz. Frekvenci, na kterou se filtr
ladi, 1ze ménit v pribéhu simulace dynamicky. Kvalitu filtrace ovliviiuje pomérné tlumeni
filtru, které urcuje Sitku propustného pasma. Byly testovany tii rizné parametry tlumeni,
pficemz nejlepsi vysledek méla hodnota tlumeni rovna 0,05. Naposledy byla otestovana
funkce automatického prelad’ovani, kde se filtr béhem 60 sekund pteladil z frekvence 450 Hz
na frekvenci 1125 Hz.

Filtr je uren pro zapojeni do regulacniho obvodu pro aktivni fizeni vibraci pomoci
kluznych lozisek. Algoritmus regulace je naprogramovan v Simulinku a béZi v signalovém
procesoru dASPACE. Pasmovy filtr ve zpétné vazbé by mél zptesnit regulaci, coz bude teprve
testovano.
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Abstrakt:

Clanek se zabyva sefizenim regulacnich obvodii s 2DOF reguldtory zejména pro regulacni
obvody s integracni soustavou, u kterych vznikda prekmit odezvy pri skokové zméné polohy
zadané veliciny pri pouziti regulatorii s integracni slozkou. Jsou zde uvedeny zakladni typy
2DOF regulatoru a jejich pouziti, navrh 2DOF regulatoru pomoci metody nasobného
dominantniho polu. Ddle v clanku je zpracovana simulace v Matlabu, kde jsou porovndny
vysledné prubéhy rizeného pneumatického pohonu se standartnim a 2DOF regulatorem.

Kli¢ova slova: regulator, soustava, pneumaticky pohon, regulace, PID, PI, 2DOF

1 Uvod

Standardni regulatory neumoziuji sefizeni podle zddané veliCiny w(t), a zaroven
z hlediska poruchové veliCiny v (1) nebo V2 Q) , viz obr. 1 [ODWYER, A, 2009;
VITECKOVA, M. a A. VITECEK 2011].

Pravé pro standardni regulatory je mozné pouze kompromisni sefizeni regulace, a to vici
sadané velicing W a poruchové velicing V1@ nebo Y:() [SUCHANEK, M, 2015].
Dokonce vétsi problémy u kvality regulace mohou nastat zejména v piipadé, ze regulovana
soustava ma integracni charakter a regulator obsahuje integracni slozku. V tomto ptipadé je

pak v odezvé piekmit. Tento prekmit Ize odstranit pomoci pouZiti regulatoru se dvéma stupni
volnosti (2DOF).

Ptenosy regulacniho obvodu podle obr.1 jsou

__GiGs 0
Y1+ GGy
Gv :L, )
Y1+ GGy
G : 3)
" 14+GLGy
Gwe = ; 2 (4)
1+ G,Gy
kde G,— pienos regulatoru, Gy — pfenos soustavy, G, — pienos fizeni, G, — pienos

poruchy v,, G, .. — odchylkovy pfenos fizeni, W — obraz zadané

,, — pfenos poruchy v,, G
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veli¢iny, E — obraz regula¢ni odchylky, U — obraz ak¢niho zasahu, V), V,— obrazy odchylek a
Y — obraz vystupni veliCiny.
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9

Obrézek 1 — Schéma jednoduchého regulacniho obvodu

2 Regulatory se dvéma stupni volnosti

Standardni regulator neni schopen odstranit nuly v pfenosu fizeni, které zpisobuji
prekmit pfi skokové zméné zddané (vstupni) veliiny. Z toho vyplyva, ze ne vzdy lze
regulatory kompromisné sefidit. Pro tento pfipad regulacnich obvodi je vhodné feSeni pouzit
regulator se dvéma stupni volnosti (2DOF), ktery pomoci filtru odstrani nuly z Citatele a k
tomu umoziuje zrychlit regulacni pochod.

2.1 Zakladni typy

Regulator PID 2DOF ma zakladni tvar, popsany vztahem [VITECKOVA, M. a
A. VITECEK, 2008; VITECKOVA, M. a A. VITECEK, 2011]

Uis)=K, {b W(s)-Y(s)+ TL [W(s)=Y()]+Tys[eW (s) - Y(s)]},
S

1

)
kde b je véha zddané veli¢iny u proporciondlni slozky, ¢ — vaha Zadané veliCiny u derivacni
slozky.

| TA(s)
| L'(s}‘-:
¥ I - .
Q> K, X Gi(s) Q1>

in

W(s)

Obrazek 2 - Schéma regulacniho obvodu s 2DOF regulatorem

Na obr. 2 je zndzornéné schéma regulacniho obvodu s 2DOF regulatorem podle
vztahu (5), které 1ze upravit do tvaru

U(s) = K{b+i+ cTDst(s) —Kp(l-l—L-I-TDSJY(S),
po zjednodusSeni dostaneme
U(s) =Gz ()W (s) = G ()Y (s),
(7
kde
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s ®)
j:K T,T,s> +T,s+]1
P :
T,s 9)
Schéma regulacniho obvodu na obr. 3 odpovida vztahu (7). Dale pak vztah (9) vyjadiuje

prenos standardniho regulatoru PID.
Podilem vztahti (8) a (9) dostaneme pfenos vstupniho filtru G, (s), ktery je filtrem

1
Gﬂ.(s):KP(b+T—+cTDs

1S

]:Kp cT,T,s* +bT,s+1

GR(s):KP(1+L+TDs
T,s

1

zadané veli¢iny
cT,T,s> +bT,s+1
T,T,s* +T,s+1 (10)

Gr(s)=

REGULATOR 2DOF

N 46 7(s)
U (s) ¥(s)

F Gols) |—» G,(s) >

Obrazek 3 - Schéma regula¢niho obvodu s 2DOF regulatorem se zapojenim ve zpétné vazb¢ a
vstupnim filtrem Gy

Struktura regula¢niho obvodu se vstupnim filtrem G (10) je zndzornéna na Obrazek 4.
REGULATOR 2DOF

W(s)! w'(s) E(s)

Gg(s)

Obrazek 4 - Regulaéni obvod s regulatorem 2DOF s pfenosem vstupniho filtru

2.2 Specialni pripad 2DOF regulatoru

V regulatorech 2DOF jsou nej€astéji voleny vahy b a ¢ nulové nebo jednotkové, timto
vznikaji specialni ptipady 2DOF regulatort.

Nejcastéji pouzivany piipad 2DOF regulatoru je I — PD regulator, ktery z regulatoru PID
2DOF vznikne dosazenim vdhovych slozek b =0a ¢ =0 do vztahu (6). Odvozend schémata
regulatoru jsou zndzornéna na obr. 5 a regulator I — PD je dan vztahem

Us)=K, TLE(S) -K,(1+T,s)Y(s).
s

! (1)
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Dalsim specidlnim piipadem je regulator I-P, ktery vznikne z 2DOF PI regulatoru, a to
nastavenim hodnoty vahové slozky b = 0. Odvozena schémata I-P regulatoru jsou zndzornéna
na obr. 6 a vztah regulatoru regulator I-P je nasledujici

U(s) = KP(TLJE(S) -K,Y(s)

° (12)
Wis) : '(s) Lis)
— == K, |+_L+Tu.s- -
fols” + 1 5+1 Iis
Gels) Gals) Y(s)
W(s) L) g (s)
ZE e g —
T,s
K,(1+T,5)
I Yis)

Obrazek 5 - Regulator 2DOF typ I-PD

T H'(s)
Wi(s) !
—_— 1 — o Ko 14 ] |
s+l ) Fs
G=(x) =
F 5 frﬁ.l_i} },{5_}
W(s) E(s) K. Ul(s)
T;s
REGULATOR I-P
Kp
¥ Y(s)

Obrazek 6 - Regulator I-P

3 Pouziti 2DOF regulatori

V piipadech kdy je nutné kompromisni sefizeni z hlediska zadané veliCiny w(z) a
poruchovych veli¢in v,(#) a v,(¢), se pouzivaji 2DOF regulatory. A to z divodu, Ze u
klasickych regulatorti vznikaji veliké prekmity pti skokové zméné polohy zddané veliCiny
w(t) . Dale 2DOF regulatory se pouzivaji u regula¢nich obvodi se stupném astatismu vétSich
nez 2 (¢ > 2). U klasickych regulatori, kdy obvod ma ¢ > 2, vzniké vzdy prekmit pti skokové
zméné polohy zadané veliCiny w(z) a nelze jej odstranit. Pfekmity jsou zplisobeny predevsim
stabilnimi nulami v Citateli pfenosu fizeni G,, a ty nelze s klasickym regulatorem odstranit. U
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2DOF regulatorti odstranéni stabilnich nul je mozné vhodnou volbou vstupniho filtru G, (s)

s pfenosem (10), tj. vhodnou volbou vah zddané veli¢iny ba ¢ ve vztahu (5) a obr. 2.
Pro hodnoty vah zadané veli¢iny b =0a c¢=0 se timto sniZi hodnota skoku polohy zadané
veli¢iny w(z) a dochézi ke snizeni prekmitu.

Pienos fizeni se standardnim regulatorem PID

(T,T,s> +T,s +1)G(s)
T,s+(T,T,s* +T s +1)Gg(s) (13)

Gv,v'y (S) =

a pfenos fizeni s 2DOF regulatorem s vhodnou volbou vstupniho filtru G, (s) napiiklad
s pfenosem

1
G.(s)= ,
r(5) T,T,s* +T,s+1 (14)
G, (s
G, (s)= 25( ) .
Ts+(T,T;s™ +T,s+1)Gg(s) (15)

Kdyz se porovna pienos fizeni se standardnim regulatorem s pfenosem fizeni s 2DOF
regulatorem, lze vidét, Ze ptidanim vstupniho filtru (14) k zddané veli¢ing, upravime citatel
prenosu, aby se odstranily stabilni nuly v Citateli. Dojde ke zpomaleni odezvy a k vyraznému
potlaceni piekmitu. Pravé vhodnym zvolenim nenulovych vah b a ¢ lze docilit rychlejsi
odezvy a zaroven potlac¢eni nezadouciho piekmitu.

Naptiklad, kdyz je regulovéana integra¢ni soustava s pfenosem

G)=" e,

’ (16)
pak nelze zajistit, aby prib¢h regulace pii skokové zméné polohy zadané veli¢iny w(¢) byl
bez piekmitu se standardnimi PI a PID regulatory. Pfi vysokém piekmitu je vhodné pouzit
2DOF regulatory.

4 Navrh a serizeni 2DOF regulatoru

Pozaduje se nekmitavy regulac¢ni pochod pro integracni regulovanou soustavu. Soucasti
regula¢niho obvodu je integracni soustava s dopravnim zpozdénim. Pro sefizeni regulacniho
obvodu je zvolena metoda ndsobného dominantniho po6lu (déle jen MNDP).

4.1 Metoda nasobného dominantniho polu

MNDP je analytickd metoda pro vypocet stavitelnych parametra regulatori. Tato metoda
umoznuje urit hodnoty stavitelnych parametri konvencnich regulatori nebo regulatora
2DOF. Metoda umoziuje vypocet regulatoru pro regulacni obvod s integracni soustavou,
ktera ma dopravni zpozdéni. Metoda ptedpoklada aperiodicky regulac¢ni pochod, proto je
nutné, aby byl nasobny dominantni p6l stabilni a redlny. Dale se pifedpoklada, Zze
nedominantni poly a nuly nemaji vliv na regulacni pochod.

Pouzitim 2DOF regulatori vysledny pfenos fizeni ma tvar

G, (5)= G (5)Gly, (5),

(17)
pienos vstupniho filtru je G#(5) pro regulator PI 2DOF
bT,s+1
G (s) = Rl
T,s+1 (18)

a pro regulator PID 2DOF odpovida vztahu (10).
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Tabulka 1 - Staviteln¢ parametry standardnich a 2DOF regulator [VITECKOVA, M. a
A. VITECEK, 2011]

Analogm'j; Regulovana soustava i
regulator 5
. 2.2
53 _27V2 . psgel
'Td d
PI - 2 l";— 5 A
-&‘;r Me“‘r'_' :ﬂdl-ﬁ]_L
.{'1.?:-,1 th
I (342427, = 58287,
JDOE| &' 272 . 0293
7
[
54 _3=48 i—l,zﬁsi
Td I_d
- g ,'?_ =
K, —ﬁ(_ﬁ' 373) eV T = U,?S-’-I—]
PID Jii-1-?—;;1‘ .IL"_.TD'
I Q2 +3)T, =3.7327T,
Tp 3N 02637,
b 3733 L0423
2DOF _
¢ 3 __:" 3 20634

Pro integracni soustavu s dopravnim zpozdénim jsou analyticky odvozené vztahy pro
vypocet stavitelnych parametrii regulatord, jak standardnich, tak 2DOF regulatord, které jsou
uvedeny v tab. 1 [VITECKOVA,M.a A.VITECEK, 2011]. Pienos fizeni regulacniho
obvodu s integra¢ni soustavou (16) a PI regulatorem

1
Gr(s)=Kp| 1+— |,
omsfie)
Ktery je sefizen MNDP a je ve tvaru (19).

G (s)= kK (T,s+1) T T's+1 o s
" T,s* + kK, (T,s +1)e " [ i I (19)
s+1

*

S3

Pokud se pouzije regulator PI 2DOF se vstupnim filtrem (18), pak v souladu se vztahem
(17) a (19) lze psat
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G, ()= G, ()G (5) s T EL e
y Y 3
W(s) . (20)
TS
53

Viahu vstupniho filtru u Zadané veli¢iny b u proporcionalni slozky je mozné volit tak, aby
dvojClen v citateli pfenos fizeni (20) kompenzoval jeden dvojclen ve jmenovateli. Hodnotu
vahy b vypocitame nédsledovné

bT,*s+1=L*s+1:>b= 1 = 2-42 =0,293.
‘S 3‘ Y (1)

Pouzitim PID 2DOF regulatoru (5) 1ze nalézt vhodnou volbu vah zadané veli¢iny b a c a
kompenzovat tak dva dvojcleny. Ziskani vhodnych vah je stejné jako u vah pro PI 2DOF
regulator. Vysledné hodnoty vah Ize nalézt v tab. 1.

s

S3

4.2 Priklad pouziti 2DOF regulatoru

Pro simulaci regula¢niho obvodu s 2DOF regulatorem byla vybrana integracni soustava
redlného pneumatického pohonu. Piimou identifikaci se vstupnim skokovym signalem
u(t)jsou ziskany data popisujici vlastnosti regulované soustavy [Noskievic, P. 1999].

Piedpokladany tvar pienosu soustavy dle metody aproximace odezev integracnich ¢leni
ma zakladni tvar s dopravnim zpozdénim (16).

Dynamika systému (realného)
1.2 T

1L -
08 \ —

»(®),
u(t)

0.4 1 1 1 1 1 1 1 1 1

t[s]
Obrazek 7 - Dynamika realného systému

Identifikaci byly ziskany tyto parametry regulované soustavy:
T, =0,08s, k, =4,8077 mV's™. (22)
Vysledny pienos integracni soustavy je

G (s) = H8077 o

(23)
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V ptipadé, ze dopravni zpozdéni se nahradi setrvacnosti, bude pfenos soustavy uvazovan
ve tvaru
48077

Gy(s)=—"—.
(0,0SS + l)S (24)

Pii vypoctu stavitelnych parametri reguldtoru se vychdzi z MNDP pro integracni
soustavu viz tab. 1.
Vysledné hodnoty parametrii pro PI 2DOF regulator po dosazeni parametri soustavy jsou
nasledujici
+ 0,586 0,586 .

3 = = =-7,3250
T, 0,08 (25)
K, =0,461 I __ 046l 1,1986 (26)
kT, 48077-0,08
T1* =5,828T, =5,828-0,08 = 0,4662 (27)
Pro vypocet PID regulatoru jsou parametry nasledujici:
- 1,268 1,268 15,8500
T, 0,08 (28)
K, =0,784 1L __ 078 . 2,0384
kT, 48077-0,08 (29)
TI* =3,732T, =3,732-0,08 = 0,2986
(30)
TD* =0,2637, =0,263-0,08 = 0,0210 (€2))

Viéhov¢ konstanty b a ¢ pro PI a PID 2DOF regulétor jsou uvedeny v tab. 1.

5. Simulace regulované soustavy

Aby bylo mozné porovnat chovani regulacniho obvodu se standardnim a 2DOF
regulatorem s dopocCitanymi stavitelnymi parametry PI a PID regulatoru bylo vytvoieno
simula¢ni schéma v prostfedi Matlab/Simulink obr. 8. V regulacnim schématu je integracni
soustava s dopravnim zpozdénim (23). U regula¢niho obvodu s PI regulatorem je ve schématu
derivacni slozka D nulova.

cTIFTDs 25" Tls+1 il
> . FID > w LRy |-
TIFTD.s=+Tl.s+1 5
Step PID Controller Transfer Fen2 Transport Scope
Transfer Fcn [with Approximate Delay
Derivative)

. .
| simout

To Workspace

Obrazek 8 - Schéma regulacniho obvodu s integracni soustavou s dopravnim zpozdénim

Pro zjisténi robustnosti regulatoru 2DOF, ktery je sefizeny metodou MNDP se provede
simulace prib&hu regulace pro integracni soustavu se setrvacnosti (24) viz obr. 9.
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CTIFTD s 20" TLs+1 k1 1
> - PID - — | g ' i L]
TI*TD.s=+Tl.s+1 E 0.08s+1
Step FID Controller Transfer Fen2 Transfer FonB Scope

Transfer Fen [with Approximate

Derivative)

simout

To Weorkspace

Obrazek 9 - Regula¢ni schéma pro integra¢ni soustavu se setrvacnosti

Pro porovnani vysledkti simulace regulace v regulaénim obvodu byly zvoleny 3 typy
regulatorii. Prvni typ je standardni regulator. Pro standardni reguldtor plati, ze m4 vahové
slozky vstupniho filtru b=c=1, ¢imz se vliv vstupniho filtru rovnd 1 a vznikne tak
standardni PID regulator. Pro regulator PI je pouze vahova slozka b =1. Druhy typ regulatoru
je pro véhové slozky vstupniho filtru b=c=0 (pro regulator PI je vahova slozka b =0).
Tento typ odpovida reguldtoru I-PD s pfenosem (11) a schématem znazorfujici obr. 5. Dojde
tim k odstranéni prekmitu, a také k malému zmenseni doby regulace. Tteti typ regulatoru nam
umoznuje potlacit pfekmit a zdroven mit dostate¢né rychlou odezvu systému, tim Ze vhodnym
nastavenim vah odstranime ¢len stabilniho pdlu.

Doba regulace pro jednotlivé priibéhy regulace pro regulator 2DOF PI podle nastaveni
vahové slozky vstupniho filtru podle obr. 10 jsou nasledujici (je uvazovana 5% tolerance
regulace):

Tabulka 2 — Doba regulace pti pouziti PI regulatoru

Vahova konstanta b Doba regulace [s]
b=0,293 0,72
b=1 0,99
b=0 0,93

b=0.293
h=1
b=0

08

04|

Obrazek 10 - Prubeh simulace pro regulator 2DOF PI

Doba regulace pro jednotlivé pribéhy regulace pro regulator 2DOF PID podle nastaveni
vahové slozky vstupniho filtru podle obr. 11 jsou nasledujici:
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Tabulka 3 - Doba regulace pti pouziti PID regulatoru

Vahové konstanty b, ¢ | Doba regulace [s]
b=0,423,c=0,634 0,36
b=1,c=1 0,59
b=0c=0 0,54

T T I
: : [——b=0423 c=083

0sH : : : : : e

Obrazek 11- Priibéh simulace pro regulator 2DOF PID

Pribéh simulace pro integracni soustavu se setrvacnosti 1. fadu (24), u které je pouzit
regulator PI 2DOF setizeny metodou MNDP s parametry (25) a (26) je na obr.12. Doba
regulace je uvedena v tab.4.

Tabulka 4 - Doba regulace s uvazovanim pfenosu soustavy (24)

Vahové konstanty b Doba regulace [s]
b=0,293, 0,62
b=1, 0,96
b=0 0,82
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Obrazek 12 - Priibéh simulace pro regulator 2DOF PI se soustavou se setrvac¢nosti

Zobr. 10 je ztejmé, ze 2DOF reguldtor PI jednoznacné potlacuje vysoky pirekmit
zpusobeny skokovou zménou polohy zadané veli¢iny w(f), oproti pouziti standardniho
regulatoru b =1. Dale lze vidét vliv vahy b, kterd upravuje rychlost odezvy. Pii pouziti
nenulovych vah podle tab. 1, vidime rychlejsi odezvu nez u pouzité hodnoty vahy 5 =0.

Z obr. 11, kde ptisobi 2DOF regulator PID, lze vidét podobny vysledek jako u PI
z pohledu nastaveni hodnot vah. Rozdil je pouze v plisobeni derivaéni slozky a vahy u této
slozky na vstupnim filtru, ktera regulacni prabéh urychluje.

Simulace pribéhu regulace pro integracni soustavu se setrvacnosti se sefizenym 2DOF PI
regulatorem pro soustavu ¢isté integracni s dopravnim zpozdénim obr. 12 dokazuje robustnost
metody MNDP pro sefizeni 2DOF regulatort.

6 Zavér

V ¢lanku jsou souhrnné popsany zékladni typy 2DOF reguléatora a jejich nejpouzivanéjsi
piipady. Dale je uvedeno pouziti 2DOF regulatorti na simulaci regulace u pneumatického
pohonu jako integracni soustavy. Cilem simulace regulacniho obvodu s 2DOF reguldtorem a
integracni soustavou bylo odstranit pfekmit odezvy pii skokové zméné polohy zaddané
veli¢iny. Nejrychlejsi pribéh regulacniho pochodu, ktery byl bez ptekmitu, se podatilo docilit
u regulace s optimalnim nastavenim hodnot vah b a ¢, jak pro PI, tak pro PID 2DOF regulator.
Dale bylo mozné pouzit 2DOF PI regulator sefizeny pro soustavu integracni s dopravnim
zpozdénim do regula¢niho obvodu s integrani soustavou se setrvacnost misto dopravniho
zpozdéni, kde simulace regulacniho pochodu dokazuje, Ze metoda MNDP pro sefizeni
regulatorti je robustni.
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Simulacia pneumatického aktuatora vyuzitim roznych
aproximacii statickych charakteristik umelého svalu
Simulation of Pneumatic Actuator Using Different Approxima-
tions of Static Characteristics of Artificial Muscle
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Abstrakt: Pre modelovanie a simulaciu pneumatickych aktudatorov na baze umelych svalov je
potrebna znalost matematickej zavislosti sily svalu na jeho kontrakcii pri roznych tlakoch vo
svaloch. Za tymto ucelom boli aproximované statické charakteristiky pneumatického umelého
svalu typu MAS-20-250N firmy FESTO pouzZivaného v experimentoch. V prispevku su
zobrazené simulacné vysledky pneumatického aktuatora v antagonistickom zapojeni umelych
svalov s vyuzitim Hillovho modelu, v ktorom boli pouZité rézne aproximacie statickych
charakteristik.

KUPucové slova: pneumaticky aktudtor, umely sval, modelovanie, aproximacia

1 Uvod

Vlastnosti, tvar achovanie pneumatickych umelych svalov (PUS) st porovnatelné
s l'udskymi svalmi, ¢o umoziiuje ich Tahké vzijomné prepojenie do zlozitejSich
manipulacnych mechanizmov [Pitel' akol., 2015]. Vel'mi zaujimavou vlastnostou PUS
(podobne ako u biologickych) je ich schopnost Cinnosti v antagonistickom zapojeni, ¢o
umoznuje regulovat’ ich vlastni tuhost/poddajnost. Na obrazku 1 je zobrazeny princip
pneumatického aktuatora na baze Hillovho modelu umelého svalu, kde dva PUS pdsobia proti
sebe svojimi tahovymi silami (7, F3), ktoré su prenaSané pomocou prevodového retazového
mechanizmu. Vysledna poloha aktuatora je uréend rovnovahou oboch tahovych sil a je dana
uhlom (@) ramena aktuétora so zat'azou (m) [HoSovsky a kol., 2012].

PUS 1
AAAIN
—d /\ +
,A_l] m
NP U =0ty
i
prd

PUS 2
Obrazok 1 - Princip pneumatického aktuatora s Hillovym modelom umelych svalov

Pouzitie PUS v praxi ma mnozstvo vyhod, z ktorych najzaujimavejSou je ich mimoriadne
vysoky pomer vykonu a sily k hmotnosti a objemu. Medzi zékladné nevyhody ich pouzitia
povazujeme problém s polohovym riadenim svalov vdaka znacne nelinedrnym
charakteristikam a preto je potrebné modelovat’ tieto pohony [Pitel’, 2008].
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2 Modifikovany Hillov model umelého svalu

Jedny z najjednoduchsSich modelov PUS st jednoduchy a pokrocily geometricky model
svalov, ktoré moézu byt relativne 'ahko pouzité v ramci urcitého zjednodusenia pri ziskavani
statickych a dynamickych vlastnosti umelého svalu. Matematické vztahy popisujice zavislost’
medzi veli¢inami zavisia od geometrickych charakteristik danych svalov a fyzikalnych javov
prebiehajucich vo vnutri svalu [Pitel’ a Balara, 2009]. Trojprvkovy elasticky Hillov model je
jednym z najstarSich modelov umelych svalov, ktory vyuZziva inziniersky pristup k tvorbe
modelu; presne a jednoducho popisuje fyzikdlne vlastnosti umelého svalu [HoSovsky
a Havran, 2011].

Dynamicky simula¢ny model pneumatického aktuatora na baze modifikované¢ho Hillovho
modelu umelého svalu, podla ktorého je sval reprezentovany ako paralelné zapojenie
nelinearnej pruziny a nelinedrneho tlmica (obrazok 1) bol vytvoreny v programovom prostredi
Matlab/Simulink. Obrdzok 2 znazoriluje model jedného PUS, v ktorom subsystém
»N_PUS F1¢ predstavuje nelinearitu sily svalu (obrazok 3), kde PUS vytvara dva druhy sil,
a to aktivnu F; a pasivnu Fy, ktorych sucet tvori vyslednu silu svalu. Vstupom do subsystému
je rychlost’ pradenia vzduchu vo svale a tlak vo svale, vystupom je sila svalu.

—»| P1
» Pk Qi1
Uit Uit Vi P1
» Ui »
Qs1 Q1 dV1/dt P1 »{ P1 . a1l . v1 . s1
N_SV_it D%{ » Q1 —>I§—> sl s
»| Pa Dopravné N_PUS_P1 N PUS F1 m1
L ol P2 Qo1 oneskorenie 1 -7
Uo1
> »{ Uo1
A\l
N_SV_o1 sile F1 uhol
L— dV1/dt
-C- v PUST b p| F1-F2 uhol
Pk - 7 (|
P1 F2 i N_prevodu
-C- A

Pa

Obrazok 2 - Model jedného PUS na baze modifikovaného Hillovho modelu
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100/11
Aproximacia
statickej sily

Obrazok 3 - Subsytém nelinearity sily svalu

Podl'a druhého Newtonovho zdkona je mozné modifikovany Hillov model popisat
pomocou nelineéarnej diferencialnej rovnice [HoSovsky a Havran, 2012]:

j=—[F, - F.(.P)- F, (&, P)], m

kde y—posunutie svalu [m],
m — hmotnost’ tahana svalom [kg],
Fr — vonkajsia sila posobiaca proti sile vyvinutej svalom [N],
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F, (K, P) — sila pruziny [N],
F, (%, P) —sila timi¢a [N],
P — absolutny tlak vo svale [Pa],

x — kontrakcia [-] (definovana ako x =« + Y 7 kde xy— pociatocna kontrakcia a /) —
0

pociatoéna dizka svalu),
& —rychlost svalu vyjadrena cez kontrakciu [s].

V pripade antagonistického zapojenia predstavuje clen F silu proti posobiaceho svalu,
pricom touto silou mdze byt tiazova sila zavazia, alebo trecia sila. Oba Cleny F; aj F,; zavisia
nelinearne od tlaku vo svale (a od kontrakcie resp. rychlosti pohybu svalu). Clen F; odpoveda
zavislosti na obrazku 4, z ktorej vyplyva, ze sila PUS je funkciou dvoch premennych —
kontrakcie svalu a tlaku vo svale.

2000 e LA B
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Obrazok 4 - Statické charakteristiky PUS typu FESTO MAS 20-20xXX [Festo, 2016]

Clen F, zavisi okrem koeficientu tlmenia aj od tlaku vo svale. Tento ¢len je teda tieZ
nelinedrny:

F,(k,P)=R-P-k, (2)

kde R - koeficient tlmenia [m’s],
& — rychlost’ svalu vyjadrena cez kontrakciu [s™],
P — absolutny tlak vo svale [Pa].

3 Aproximacia statickych charakteristik PUS

Statické charakteristiky PUS reprezentujii zavislost’ sily svalu na jeho kontrakcii pri
roznych tlakoch vo svaloch (obrazok 4). Pre praktické pouzitie je rozsah kontrakcie tohto typu
svalu ohrani¢eny zdola 0 % a zhora cca 25 %. Pri niZSich kontrakciach je hodnota sily uz
vel'mi vysokd a spdsobuje nadmerne zat'azenie materidlov svalu. Pri vyssich kontrakciach je
pokles generovanej sily uz vel'mi vel’ky, hoci teoreticky kontrakcia svalu by mohla dosiahnut’
hodnotu az okolo 50 %. Z obrazka 4 vyplyva, ze umely sval typu FESTO MAS 20-20xXX
modze pri tlaku 600 kPa vyvinat silu o velkosti az 2000 N. V d’alSom boli aproximované
statické charakteristiky tohto typu svalu pouzitim programu Matlab Curve Fitting Toolbox.
Pre porovnanie boli vykonané aproximacie vyuzitim Styroch réznych pristupov.
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Na zaklade fyzikéalnych zakonov (zdkona zachovania energie, Bernoulliho rovnici, atd’.)
a geometrickych parametrov svalu (polomer, uhol vldkien) bol odvodeny vzt'ah pre silu svalu.
Nasledne bol doplneny ¢len &(P), ktory popisuje trenie medzi jednotlivymi vlaknami a medzi
opletenim a trubicou a ¢len u(x), aby bolo mozné ziskat’ korektné aproximacie aj pre mensie
hodnoty tlaku. Vysledny vzt'ah ma tvar [Borzikova, 2008]:

Flx,p)=pli)- 712 - p-la-(1-2(p)- <) =)=

3)
= (aK et —b,()-7z'~r02 -p-(a~(1—ag e’ -xk—b, ~/()2 —b)[N],
kde p—tlak vo svale,
x — kontrakcia svalu,
o — pociato¢ny uhol medzi osou svalu a vldknami.

Nezname koeficienty a., b, ay, by, cx boli vypocitané pouzitim Matlab Curve Fitting
Toolbox [Téthova a kol., 2015]. Hodnoty a= 32 -], p=— 12 [-] zavisia od
tan“«, sin“«,
parametrov daného PUS (pre nas typ PUS: a = 5,4, b = 2,8).
Celkovu silu svalu, ako funkciu F(x,P) zavisli na kontrakcii svalu pre rézne hodnoty
tlakov vo svale je mozné vyjadrit pomocou maximalnej sily svalu F,,,, nasledovne:

F(K,p>=me<x>—<pm-m(wj N @

kde  pma — maximalny tlak,
p —tlak vo svale,
x — kontrakcia svalu,
ao[N], @ [N-m"'], a2[Pa] — nezname koeficienty, ktoré boli vypo&itané pouZitim
Matlab Curve Fitting Toolbox [Téthova a kol, 2015].

Potom maximalna sila svalu F,, mdze byt vyjadrena polynémom S§tvrtého stupiia pri
maximalnom tlaku p,,, = 600 kPa:

F._ (x)=b, +bx +bx* +bi’ +bc* [N], (5)
kde  x— kontrakcia svalu,

bo, by, by, b3, bs — nezname koeficienty, ktoré boli vypocitané pouzitim Matlab Curve
Fitting Toolbox [T6thova a kol., 2015].

Zavislost’ sily svalu F(x, P) od kontrakcie svalu pri konStantnom tlaku vo svale je mozné
s dobrou presnostou aproximovat aj exponencidlnou funkciou so Siestimi nezndmymi
koeficientmi v tvare [Sarosi, 2012]:

F(K,p):(al-p+a2)-e“3'K+a4-K-p+a5~p+a6[N], (6)

kde - kontrakcia svalu,
p — tlak vo svale,
ai, az, as, as, as, ag — nezname koeficienty, ktoré boli vypocitané pouzitim Matlab
Curve Fitting Toolbox [Tothova a kol., 2015].

Stvrta metoda aproximécie statickych charakteristik na obrazku4 je aproximacia
polynomickou funkciou. V tomto pripade je na dosiahnutie ¢o najlepSej aproximacie tychto
charakteristik zvoleny polynom piateho stupiia s dvadsatjeden koeficientmi:
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+al4-1<-p4+a05-p5 [va

kde - kontrakcia svalu,
p — tlak vo svale.

Hodnoty ostatnych koeficientov zo (7) boli vypocitané pouzitim Matlab Curve Fitting
Toolbox [Toéthova a kol., 2015].

4 Simulaéné vysledky

Simulacie boli vykonané na simula¢cnom modeli pneumatického aktudtora na baze
Hillovho modelu umelého svalu vytvorené¢ho na zéklade obrazka 2. Pre porovnanie boli do
bloku ,,Aproximdcia statickej sily* (obrazok 3) postupne vlozené =zavislosti pre Styri
aproximacie statickych charakteristik F; umelych svalov typu MAS-20-250N firmy FESTO
uvedené vyssie. Vysledky simulédcii zmeny polohy ramena aktuatora pre rézne aproximacie
statickych charakteristik umelych svalov st zobrazené na obrazku 5. Priebeh ziskany
aproximaciou vyuzivajicou parametricky model svalu bol vytvoreny na zaklade (3); priebeh
ziskany aproximéciou vychadzajiicou z maximalnej sily svalu bol vytvoreny na zéklade (4) a
(5); priebeh ziskany aproximaciou exponencidlnej funkcie bol vytvoreny na zdklade (6)
a priebeh ziskany aproximaciou polynomickej funkcie bol vytvoreny na zdklade (7).
Z priebehov je mozné vidiet, ze rozdiel nastdva v dynamickych stavoch pri napustani
a vypustani vzduchu do azo svalu, priCom v ustidlenom stave poloha ramena aktuatora
dosahuje priblizne rovnaku hodnotu.

poloha ramena aktuatora [°]

Cas [s]

——aproximacia vyuzivajuca parametricky model svalu
-=-aproximacia vychadzajuca z maximalnej sily svalu
--= aproximacia exponencialnou funkciou

----- aproximacia polynomickou funkciou

Obrazok 5 — Simulované priebehy pneumatického aktuatora pre Styri rdzne aproximacie
statickych charakteristik umelych svalov
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5 Zaver

V prispevku boli prezentované simulované dynamické priebehy pneumatického aktuatora
na baze Hillovho modelu umelého svalu ziskané simulaciou jeho dynamického modelu
v prostredi Matlab/Simulink vyuzitim Styroch ré6znych aproximacii statickych charakteristik
umelého svalu typu MAS-20-250N firmy FESTO. Prezentované priebehy s znacne
nelinearne, ¢o kladie vysoké naroky na algoritmy riadenia takéhoto aktudtora. Z porovnania
tiez vyplyva, Ze pristup k tvorbe jednotlivych aproximacii statickych charakteristik umelého
svalu bol spravny.

Prispevok bol vypracovany s financnou podporou projektu VEGA 1/0822/16 ,,Vyskum inteligentného
manipulacného zariadenia na baze pneumatickych umelych svalov s troma stupniami volnosti*.
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Abstract: This article deals with development and testing of a newly designed tool for
engineering work during commissioning of control systems in process industries. The control
systems are very sophisticated software and hardware solutions, which require engineering
tools for administration of large amounts of data and the knowledge of engineers
corresponding not only to the production processes, but also to events and alarms received at
a certain period of time by an operator of the process workstation. An analysis of received
events and a better understanding of a process at the level of human - machine interface of
the control system brings a feedback to a knowledge cycle and new knowledge, which can be
built in and implemented into configuration and settings of a control system. By automating
this process the data processing becomes faster and highly effective. This newly created tool
extends the possibilities of the control system settings and its testing before its implementation
in a real time process.

Keywords: development, testing, .NET, algorithm, research

1 Introduction to software tools used in automation projects

Consistency, reliability, availability and lower costs are the main goals of all automation
system users. The key to achieving these goals is the ability to reuse knowledge or “best
practice solutions” across multiple projects or organizations. Systems provide a scalable,
modular framework, in which applications can be easily built from a comprehensive library of
standard reusable components without having to be “re-engineered”. In this way the tools
address the largest single cost element of most of today's industrial automation projects - and
that element is software.

Engineers use several software tools, which ease and enhance the project implementation.
Especially when straightforward routines cannot be applied, these tools provide a user-
friendly and easy-to-use approach for the selection, commissioning and use of equipment.

Tools and the integrated software suite for machine builders and system integrators
wanting to automate their machines and systems in a productive way combine the tools
required for configuring, programming, debugging and maintaining automation projects from
a common intuitive interface.

Engineering tools can also be used by operators for checking recent system and process
events. For example, where the protection equipment has tripped and what the conditions
were that caused the tripping. The tool we are introducing in this contribution is an
engineering tool designed for helping application engineers to analyse the alarm control
system settings.
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2 Alarm system settings for process control

Alarm system capabilities of the control system allow us to evaluate the operation of a
controlled process or a control system from several points of view [URBAN, P., 2015c]. The
control system functions provide the alarm processing and alarm display functionalities at the
operator workstation. The function of alarm systems is prescribed and its design is
recommended mainly by ISA 18.2 [ANSI/ISA, 2009] and EEMUA 191 [EEMUA, 2014]
standards. Together with the definition for specific process areas these standards also set the
average number of alarms per day, and the maximum number of received alarms per 10
minute period by each operator workstation.

From the EEMUA 191 standard these alarm performance parameters for the 10 minute
period of a real time process represent:

* Average alarm intensity

¢ Maximum alarm intensity

»  Percentage of alarm intensity beyond reasonable target.

Having these parameters defined and standardized in a process industry it is possible to
analyze data logs in several ways, for example looking at the problems occurring during
implementing control systems into operation and during the FAT (Functional Acceptance
Test), the acceptance testing conducted at the site to determine if the requirements of a
specification or contract are met, which involve performance tests. By collecting data from
the control system during this phase of a project, the commissioning engineers realize that the
same data logs indicate and provide much more information about the real time operation.

After data acquisition from the technology system structured according to ISA95
[LANDRYOVA, L., OSADNIK, P., 2008] we use created log files that contain items that
hold information about each triggered alarm. The Figure 1 shows individual parameters of
specific equipment, on which alarm settings are configured for process control and the
analyzed information from the log files can be divided accordingly:

Maybe made up of

O.n 3\

Equipment 00| Equipment

Class I0.n Defined by

pmpertie:'?} Has values forT
O.n
O.n
EquipmentClass | Mapsto | Equipment
Property Property
Is tested 1.n
by a on| | Eauipment Capability
on on Records Test Results
Equipment Capability

Test Specification execution of

Defines a procedure
for obtaining a

Figure 1 — Model equipment by ISA 95

o FElement information — the main information is the name of the element that caused the
alarm with additional information about the technology it is connected to and its
description entered by the operator (it may not always be given in proper English
language, sometimes the description can even be in operators slang). [MESA, 2013]

e Alarm information — is the source of data reading information about the alarm for each
element. Data includes combinations comprising a description of an event, conditions
for display, reason of alarm. [MESA, 2013]

e Display information — there are options for which control systems save such
information for each technology. One option is by implementing a counter showing
the number of displays for each alarm labeled by the last counter reset date, other
option is to show the date of an event display. [MESA, 2013]
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3 Design and development of the algorithm

For the performance analysis of alarm systems data logs structured in exported files are
restructured according to the time periods defined by EEMUA 191, which will include the
names of alarm conditions along with the number of displays in the time periods.

The data logs analyzed in this work consist of 500 entries, which vary in time for the first
and last alarm. From o; time difference the equivalent of 1595[min] is used for the
specification of the number of time slots — 160 - needed for 10 minute time intervals. The
manual restructuring of daily entries of data logs can be quite time consuming and a boring
activity leading to human errors.

O = tAlarm)-tAlarmy={1 day,2 hour,35 minute} (1)
For this reason a tool is proposed and designed to automate the analyses structured into time
intervals. The tool is built on the .Net framework with a working cycle for one analysis shown
in Figure 3.

Import . . . Export
:]—» file(dsx) [—>| Creating desired interval [— (xlsx) D

Figure 2 One working cycle for time period creation

The data log is stored in a worksheet with file name.xlsx for further upload/ export. The
data structure in the form of a matrix, is downloaded from a worksheet, where the size of a
row vector indicates the number of parameters for the element, and the size of a column
vector indicates the number of entries in a data log. We have the data structure in a universal
format, in which the line parameters are defined as text strings, and for the following steps
they will be mapped into a list of line objects consisting of these parameters:

,,public class ObjectModel

{
public string ObjectName { get, set; } /*element name™/
public string Condition { get; set, } /*condition triggering the event™/
public string Message { get; set; |} /*message to an operator*/
public DateTime Time { get; set; } /*event display time*/

e

From the structure list of object models the not duplicated list of conditions causing
events is created. The list will be further used for counting the different displays of given
conditions triggering the events. Producing time periods at the beginning of its algorithm
takes the condition from the not duplicated list, for which the time period is calculated. An
algorithm continues by reading s7ime for the first displayed event followed by comparing the
time difference d7ime between the times for displaying each object from the list and the first
object. If the result of the time difference d7ime is bigger than 10 minutes, then s7ime
decreases by 10 minutes.

By decreasing d7ime under 10 minutes the algorithm browses other events. An algorithm
adds individual events in intervals and when dTime is over, it calculates a number for the
given initial condition and adds the results into the list. This is repeated for all initial
conditions.

4 Testing the speed of data processing

For the speed testing of one working cycle, shown in Figure 2, the Stopwatch .Net
Framework tool was used, which provides a set of methods and properties to measure elapsed
time accurately. The measurement was done on the hardware specified in Table 1, [Notebook
ThinkPad T530, 2013], [ACER ICONIA W700-6465 REVIEW,2013]

The measurement was repeated for number of alarm logs processed by the tool, and
different power supply schemes of the systems. The results are shown in Figures 3 and 4.
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Table 1. Hardware parameters of test systems

Lenovo T530 Acer Iconia W701
Processor Intel Core 17 3720QM, 2.6Ghz Intel Core 15 3427U, 2.8 GHz
Ram 16GB, 1600Mhz 4GB, 1333Mhz
HDD(R-W) 256 GB, 555 MB/s - 500MB/s | 128GB, 500 MB/s — 250 MB/s

Power supply scheme High Performance Power supply scheme Energy Saving

300 300 ——— Acer lonia  —— Lenovo T530

10000 12000 14000 16000 13000

10000 12000 14000 16000 18000 o 2000 4000 6000 8000
No. of events received

Figure 3 Power supply scheme 1 for both Figure 4 Power supply scheme 2 for both
systems systems

2000 00 6000

5 Conclusions

This contribution deals with development of control system operator tools used for the
processing of large amounts of alarms and events according to ISA 18.2 and EEMUA 191
standards. Underestimating the development phase in alarm management of a control system
can lead to events such as the 1994 explosion at Texaco's Milford Haven refinery, where the
operators had to deal with the recognition, acknowledgement and responses to 275 alarms
during 11 minutes.

Alarm logs acquired in real time operation shown issues about effectivness and speed of
data processing in alarm management modules of control systems. To increase the
effectiveness a tool was developed for analyzing logs and their intervals defined by EEMUA
191 standard. The methods and tools of .NET Framework were used to test the developed tool
and its accuracy for the elapsed time.

The results show that the algorithm can be further developed and optimized for other
hardware configurations of testing systems.
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Abstract: The article deals with evaluation procedure in the extension of telescopic rod
Tricept. This procedure consists of generating pseudo - random numbers and their
evaluation, determination of probability distribution, calculating of deviation function
coefficients, measurement uncertainty estimation and determination of confidence interval for
95% coverage probability.

Keywords: Tricept, Monte Carlo method, deviation function, measurement uncertainty

1 Introduction

In examining evaluated processes that are subject to random influences, there is an option
for examination, and that is processes and systems simulation. In these simulations,
the possibility of Monte Carlo method application, which generates pseudo-random numbers
with known probability distribution of input value so that the density of probability
distribution is determined for an output value. Once probability distribution function reaches
our chosen output value, is also known its mean value, which is applied as standard
uncertainty estimate for 95% confidence interval.

There are many domains for Monte Carlo method application. One of them is
mathematics, physics, computer graphics, metrology (an expression of measurement
uncertainties) and next. MCM algorithm evaluation method was applied to PKS type Tricept.

Procedure for calibration evaluation by means of the spread of the distribution by Monte
Carlo method is elaborated in the paper in accordance with Annex 1 and GUM.

Advantages of MCM method:

software implementation that provides information on measurement mathematical model,
probability distribution of output variables estimation,

use for strong non-linear models too,

no need to do math operations model (partial derivatives, calculating of degrees
of freedom number),

output value may to be symmetrical,

e creation of measurement vector for n input values.
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Disadvantages of MCM method:

e failure of the requirements for pseudo-values generators (statistical tests, simulation
repeatability and repeatability a. 0.),

¢ long simulation computational time,

e sensitivity coefficients cannot be calculated automatically.

2 PKS type Tricept

Tricept on STU (Fig. 1) belongs to a groups of parallel kinematics structures where
positioning is provided of parallel kinematics, which has three degrees of freedom. At the
other end there is end effectors having a kinematics in series. Tricept consists of fixed
platform on which are mounted with the help of primary joints three telescopic rods and one
central rod. On the other hand there is a mobile platform, on which telescopic rods are
mounted with using of secondary joints. Central rod passes through the centre of fixed
and mobile platform, it is fixed hard to the mobile platform and articulated to the fixed
platform. Tricept telescopic rods are actuators, that are driven by own servomotor
autonomous. Tricept has three telescopic rods, the arms with variable length. The transfer
of ball screw is allowed by disengagement of individual telescopic rods. Joints allow
telescopic rods winding against fixed platform and thus the change of mobile platform.
The servomotors are controlled by frequency convertor and they are built-up with the help
of a motor, whose part is also integrated pressure brake. [1, 2, 3, 4, 5]

Figure 1 — Real model PKS - Tricept: 1 - fixed platform, 2 - central rod,
3 - universal (primary) joint, 4 - telescopic rod, 5 - spherical (secondary) joint, 6 - mobile
platform [4]

3 Distribution spread generally

Applied evaluation method of Monte Carlo method provides general approach
how to evaluate an approximation to selected function of probability distribution g,,

for the value of output value which is signed asY = f (X ),. The aim is to make the repetitive
choice of function values of probability distribution density for input values X;. These input
values are down in form of the vector X = (X Xy Xy )T. In our case, normal probability
distribution was selected. [6]
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Distribution function for selected output value is calculated from equation:

G, = _[g Y (Y )dz (1)
and probability distribution density is in form:

+00

G, = j---TgXS(u—f(X)dxl dy, )

()
where: g — Dirac function,
axi — the values of probability distribution functions for input
valuesi = (ln),

u — mean value of random value.

Measured value estimation which is indicated as ¥ is written in formY = f (X )
Proposed model for the case PKS type Tricept has 11 measured quantities and that
arex,,...,x;,.

X —

: Y =f(X1,....X 1) |y Y
X || ey

Figure 2 — The representation of Monte Carlo method for one output value

On said (Fig. 2) measurement model is shown. Suggested input values are considered to
be uncorrelated and one output value which is designated as ¥. Measured (simulated) input
values, that will be signed in the form of measurement vector enter to proposed model. In our
case the simulations for each measured value are evaluated by each model separately.

The effects determined by B method for each input quantity equal are also considered
[7,8,9and 10].

4 Monte Carlo method for one output value

In Monte Carlo method stochastic evaluation methods are used. This method works with
the best estimations of input values mean and pertaining to them standard deviation to express
the estimate output value (length).

GUM Annex no. 1 proposes numerical evaluation which is needed to determine
measurement uncertainty. This procedure can apply equally to our proposed model, which has
one output value and any specific value of probability distribution is assigned to it. This
procedure is based on probability distribution determination in such a way to determine
probability distribution function of one output value. In the evaluation can be problems with
the evaluation of the data that are: [10]

e partial sources of uncertainties are not of approximately equal size,

e complicated calculation of partial derivatives of model proposed (or approximation
of partial derivatives),

e asymmetric probability distribution,

e estimate output and standard uncertainty are almost identical,

e asymmetric probability distribution.
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5 Election of points on telescopic rod type Tricept

The figure (Fig. 3) shows the choosing of measurement points of telescopic rod Tricept.
These points are uniformly distributed along total length of eject, except of the end points
in regard to the construction and safe operation of Tricept. In this paper, the data were
generated and could have been approached as far as to end point. For our case were selected
points that are shown in picture.

60 mm
90 mm

120 mm
150 mm
180 mm
210 mm
240 mm
270 mm
300 mm

5mm
30 mm

Figure 3 — Layout measurement (simulated) points to telescopic rod

6 Evaluation and implementation of Monte Carlo Method
Evaluation of proposed method consists of following steps:

e yestimate of output quantity ¥,

¢ standard uncertainty #, and estimate of y,

e reference probability determination of 95%,

e determination of end points for 95 % confidence interval.

Evaluation of Monte Carlo simulation is based on the fact that each input quantity
entering to the model has the same weight. As a result is a set of points, which has
a justification for probability value of output quantity Y. [12]

Implementation of Monte Carlo method is schematically shown in (Fig. 4). Detailed
procedure is:

e number of repetitions (simulations) determination of Monte Carlo experiments,

e required number of samples generation with the same probability distribution needed
to realize input values X; ,

e cvaluation of proposed model for each measured quantity,

e system of simulated samples into non-decreasing sequence, and then utilize these values
to calculate distribution function of output quantity,

e y estimation identification of output quantity and assigning of standard uncertainty from
distribution function,

e determination of the narrowest 95 % confidence interval for output value of distribution
function.
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MCM

The calculation of the likelihood
v function of the input reading

and evaluation model

Determining the
distribution function
output quantity

The result

Figure 4 — Representation of Monte Carlo method for one output value

y estimation of output quantity Y-

=23, ()

) :Jli(” =) @

In analysing the data, it is necessary to analyse scattering of parameters (statistical value),

it is necessary to increase the value of n and then calculating of other values, i, ) For each

measuring point is required to calculate the values for lower and upper interval for 95%
probability. [13]

After each simulation is needed to calculated estimate parameters:

1 n
P=y==—>Dy (5)
nio
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S = J n(nl_l) S(5) ©)

i=1

Lower confidence interval is calculated:

- I &
ylow :;;ylow ’

(7)
1 3 ’
- - By 8
S(y) \/n(n _1) ” (ylow ylow) (3)
Upper limit confidence interval is calculated:
- I
Yhig = Z Yhig
nig
(€))
1< ’
= e 10
S(y) \/n(n—l) p (yhlg yhlg) ( )

For simulation of Monte Carlo method evaluation was used Matlab software, which have
been implemented pseudo-distance values of measurement distances of telescopic rod Tricept
eject.

Table uncertainties values are calculated for each simulated quantity. These mentioned
uncertainties came out very small what was caused by simulation in applied software.
The uncertainty determined by the method B was the same at each point.

Table 1 - Calculated values of uncertainties for Monte Carlo method

Position y " "
measurement A B ¢

5 0,078507 0,14363378
30 0,073105 0,11823192
60 0,086461 0,13158722
90 0,076461 0,12158742
120 0,063753 0,10887922
150 0,079101 0,045126 0,12422638
180 0,071380 0,11650643
210 0,064668 0,10979497
240 0,070883 0,11600987
270 0,062046 0,10717273
300 0,064218 0,10934518

On the figure (Fig. 5) histogram is shown for one output value and it was simulated
length of 90 mm. Drawn vertical lines represent 95% confidence interval. Likewise, it was
treated to others measuring lengths.
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Figure 5 — Histogram for one output value

7 Application of mathematical model by Monte Carlo method

Proposed mathematical model is based on the least squares method. On the base
of Akaike information criterion was calculated deviation function of 6th degree. Akaike
criterion estimates the degree of regression polynomial all that time when its values are
as the least as possible.

The form of polynomial regression in the polynomial form is:

P =by+b P +b,-P) +...+b -P' +e,

(11)
where: PB,...,n —polynomial regression,
b, — parameters for the polynomial i = (1,. .., n),
e — random error. [8]

This is the case of measurement with redundancy and therefore equation (11) goes to the
system of equations where our generated variations will be positioned in simulated points:

P =by+b P +b,-P’+...+b,-P" +e,
P =b,+b P +b,-P +...+b,-P' +e, (12)

In matrix notation the model will consist of correction vector, from matrix plan
of experiment P and from the vector of output quantities b, and it is in form:
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A=P-b (13)

Experimental plan matrix is calculated as partial derivative of the model according to
different input values: [8]

1 P ... P

P=i i (14)
lpnlﬂ L Pn}'n

Parameter estimation of regression model can be expressed if there is an inverse to the
experimental plan matrix P: [8, 9]

b=P' -4 (15)

Designed vector of corrections that are specified by a method B consists of matrix pitch
correction, incremental encoders, laser comparator Leica, cosine error, temperature error
and next. The corrections have been implemented in proposed model:

5STM

§IRE

§LEICA
A= (16)
§COS

5PRESADEN 1IE

o

Lstroj

Covariance matrix of parameters estimation for regression model has the squares
of uncertainties determined by method B on the main diagonal, other elements of the matrix
are the covariance between the elements: [8, 14]

Uoy o) o)
2
U, =|en) M) H(or.6,) 17)
b : : :
u(bm ’bl) u(bm ’b2) U u(zbm)
Deviation function is written in form of vector of type 6x1: [8]
2,7662
4,3264
. —-5,7634
-(p"-U,-P) -P"-U;" - a=| 18
»=(P"-;-P) ’ 4,3200 (19
—1,7481
29148
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8 Conclusions

Evaluation of Monte Carlo method is implemented in the paper. This method was applied
to KPS type Tricept, which is situated at the Faculty of Mechanical Engineering of Slovak
University of Technology in Bratislava. Monte Carlo method provides a lot of different
applications, how to evaluate the data, in our case was considered with only one input
and output value. Further search will also accede to the application which provides more input
and output values, thus identifying global uncertainty for entire length of telescopic rod
Tricept ejection.
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Abstrakt: Prispevek je venovan ndavrhu robustniho rizeni nelinearnich dynamickych systémii
standardniho typu s neurcitostmi. Pristup je zalozen na modifikaci metody agregace
stavovych promeénnych. Je jednoduchy a miize byt pouzit i bez presné znalosti matematického
modelu 7izeného systéemu. Popisovany pristup umoZzZiiuje navrhnout vizeni, které zajisti
dostatecnou kvalitu Fizeni i pri neznamych omezenych neurcitostech a neméritelnych
poruchdach.

Klicova slova: nelinearni systémy, neurcitosti, robustni rizeni, agregace

1 Uvod

Rizeni nelinearnich dynamickych systémi s neurditostmi patii mezi naroéné, ale
soucasné dulezité a aktualni problémy aplikované teorie fizeni, kterym je vénovana velika
pozornost [Cedro 2014; Kelly, Santibanez, Loria 2005; Lewis, Dawson, Abdallah 2006]. Je to
déno naro¢nou identifikaci jejich dynamickych vlastnosti, nesnadnym ziskdvanim informaci o
okamzitych hodnotach stavovych veli€in vyuzivanych pfii fizeni a velmi ¢asto nemétitelnosti
poruch. Piispévek je vénovan robustnim algoritmiim fizeni, které dovedou zajistit dostatecnou
kvalitu fizeni 1 pfi neurCitostech v chovani nelinearnich dynamickych systémt a pii
neméfitelnych poruchéach [Zitek 1999; Vitecek, Viteckova 2015].

2 Modely nelinearnich dynamickych systémi ve standardnim
tvaru

Je uvazovéan nelinearni t-invariantni dynamicky systém s neurcitostmi s matematickym
modelem ve standardnim tvaru [Zitek, Vitecek 1999; Vitecek, Viteckova 2015]

%= f(x)+ A (x.9) +[G(x) + AG(x.v)] . x(0)=x, (M
xz[xl,xz,...,xn]r, dimx=n, uz[ul,uz,...,um]r, dimu=m,

_[ ]T ey

V=1V, dimv=p,

fz[xz,..., ro X 12 s rz,xrﬁz,...,fn]T, dimf=n,

A =[0,.8F, 0,080, ] dimAf = n,
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0 0

AG =
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0 0
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xrl +2 = xrl +3»
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xr2 +2 = xr2 +3»

X, = fn(x)"' égnj(x)uj’

_Agnl AgnZ Agnm_
Nominélni nelinedrni dynamicky systém (tj. pro Af =0 a AG=0) ve slozZkovém

, dimAG =(n,m)

Xy (0): X105
Xy (0)= X205
xrl (O) = ‘xrl 0>

xrl +1(O) = xrl +1,0°

X +2(0) = X 42,00

Xn (0) = X005
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kde x je vektor stavovych proménnych (stav), u — vektor fidicich proménnych (fizeni), v —
vektor poruchovych proménnych (poruchy), f a Af — spojité vektorové funkce, G a AG —



matice spojitych funkei g, a Ag;, n — pocet stavovych proménnych (fad nelinedrniho
dynamického systému), n; — dil¢i fad, m — pocCet fidicich proménnych, p — pocet
poruchovych proménnych, 7 — symbol transpozice, dim — dimenze vektoru nebo typ matice.

V dalsim textu se rovnéz predpokladd i =1, 2,..., n; j = 1, 2,..., m a striktn¢ se
nerozliSuje mezi pojmy systém a model.

Vyrazy Af'a AG mohou napf. vyjadfovat neurcitost v chovani nelinearniho podsystému,
nepiesnost identifikace a vliv neméfitelnych poruch. Maji nulové slozky, resp. fadky, které
odpovidaji nulovym fadkiim v matici G.

Nelinearni dynamicky systém ma standardni tvar, pokud jeho nomindlni slozkovy
matematicky model ma tvar (2). V analogii s linedrnimi dynamickymi systémy se tento tvar
také nazyva nelinearni kanonicky tvar fizeni [Zitek, Vitecek 1999]. Pokud je splnéna
podminka

rank G(x) =m, (3)
kde rank je hodnost matice, pak dany nelinearni dynamicky systém s modelem ve
standardnim tvaru je fiditelny. Lze to snadno dokézat. Dynamicky systém (2) muze byt
vyjadien v agregovaném tvaru

%, = £,(x)+G,(x)u, (4a)
resp.
)
x(,"zl)
"= ()4 G (xu, (4b)
)]
£, = D=1, e, 1 = LT
fo=D,f =111 f, ], dim f, =m;
grll gr12 grlm
Ga :DaG: g"zl grzz cee gl‘2m , dlmGa :(m’m)’
gnl gn2 gnm

kde x, je agregovany stavovy vektor x, f, — agregovana vektorova funkce f, G,— agregovana
matice G, D, — zakladni agregacni matice typu (m, n), jejiz nezdporné prvky jsou dany vztahy
{1 pro  i=r;
d Ji = . . (5)
0 pro  i#r,
Agregovana vektorova funkce f, a agregovana matice G, mohou byt ziskany ptimo
vynechanim fadkd, které odpovidaji nulovym fadkiim v matici G.
Je zfejmé, ze pfi splnéni podminky fiditelnosti (3) plati
rank G(x)=rank G, (x)=m = detG,(x)=0, (6)

kde det je determinant.
To, ze splnéni podminky (6) zaruCuje fiditelnost daného systému, Ize snadno ukazat.
Pomoci fizeni

u=G'(x)u" - f,(x)]
u’ = [uf,ug,...,uz]T,dimuo =m
se ze vztahu (4) obdrzi
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=u’, tj. x,=u’. (7

X

L Fm-1 +1 |

Dynamicky systém (7) je linearni a vzdy fiditelny, protoze se sklddd z m autonomnich
dil¢ich systémi sestavajicich zn; sériové zapojenych integratord. Kazdy zm dil¢ich
autonomnich systému je fiditelny, protoze plati

x’j—l“ 0 1 0 0 x’j—lJrl 0
X, 0 0 I ... 0||X 0,
' = : ! + .U,
: e . ]
xr/ 0 0 0 0 0 xrj 1
A, b,
tj. je v kanonickém tvaru fizeni a jeho matice fiditelnosti je
0 0 ... 0
(A5 ) =6, AB.A b= O O DO detQ/ (A,,b,)|=1
1 0 ... 0 O

3 Formulace ulohy navrhu Fizeni
Ulohou syntézy Fizeni je navrhnout takové ¥izeni
u=u(x,x",t), (8)
které zajisti, aby standardni nelinearni dynamicky systém (1) sledoval pfedem zadanou

pozadovanou stavovou trajektorii  {x"(z)} takovym zpisobem, aby uzavieny systém Ffizeni
byl popsdn matematickym modelem [Zitek, ViteCek 1999]

e=f"(), e0)=e, (€))
e=x"—-x, dime=n, f" = [ez,..., rlw,erl+2,..., ,:V,er2+2,...,fnw]r,dimf”’ =n,(10)
kde e je vektor odchylek, f" — zadana spojita vektorova funkce se stejnou strukturou jako
funkce f. Predpoklada se, Ze pozadovany uzavieny systém fizeni (9) ma jediny globéalné

asymptoticky stabilni rovnovazny stav
e=0. (11)

To, ze funkce f" ma stejnou strukturu jako funkce f, znamend, ze funkce f" vystupuje

pouze v téch rovnicich, které odpovidaji nenulovym fadkiim v matici G.

4 Nerobustni Fizeni
Je uvazovan nominalni nelinearni dynamicky systém (2) v kompaktnim vyjadieni
x=f(x)+G(x) u. (12)
Po dosazeni (12) do (9) a vynasobeni agregacni matici D, [viz (5)] zleva se dostane po
uprave nerobustni fizeni

e(u)
D, [x" - f(x)-G(x)u]=D, f"(e) = (13)
¢ fd'(e)
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u' =G, (X)X, - f,(x)- £ ()], (14)
kde
xr:Daxw9 fa:Daf9 faW:DafW9 Ga:DaG'
ProtoZe se predpoklada, ze systém (12) je fiditelny, matice G existuje, viz (6).
Snadno se lze presvédCit, Ze nerobustni fizeni (14) skutecné realizuje agregovany
pozadovany model (13), ze kterého po dopInéni rovnicemi
€ =¢, pro i#r; (15)
se ziska model uzaviené¢ho systému fizeni (9). Rizeni (14) je nerobustni, protoZe vychazi
z ptesného nomindlniho modelu nelinearniho dynamického systému bez neurcitosti a
predpokladéd neptsobeni poruch. Bohuzel v redlnych podminkach pfesny matematicky model

nebyva k dispozici a poruchy jsou ¢asto neméfitelné a nepiedvidatelné. Proto vznika problém,
jak urcit fizeni pfi nepiesné znalosti matematického modelu a neméfitelnych poruchéch.

5 Robustni Fizeni
Pozadovany matematicky model uzaviené¢ho systému fizeni (9) mize byt zapsan ve tvaru
[viz také (13)]
m"(u)=0, (16a)
kde
m”(u)=é,(u)~ £ (e). (16b)
Rizeni u" 1ze uréit napft. iteraéni metodou pevného bodu [Zitek, Vitecek 1999; Vitecek,
Viteckova 2015]. K obéma stranam rovnice (16a) se pficte vyraz K 'ua po uprave se dostane
K'u+m"(w)=K'u = u=u—Km"(u) =
u,,,=u,—Km"(u,), u(0)=u,, k=0,12,... (17)
kde K je vhodn¢ zvolena nesingularni ¢tvercova matice typu (m, m).
Je ziejmé, Ze pro

K {M} -—G;'(x) (18)
ou

a nominalni matematicky model (12) se obdrzi Newtonova-Raphsonova iteraéni metoda.
V tomto piipadé se ziska feSeni v jednom kroku, tj. u" = u;. Je to dano tim, Ze matematicky
model (12) je afinni vzhledem k fizeni u.

Obecné pifi nepfesné matici (18) a neurcitostech ve vlastnostech nelinearniho
dynamického systému a neméfitelnych poruchéch, plati

llimuk:u’, k=0,1.2,... (19)
Itera¢ni vypocet musi byt dostateéné rychly, aby se negativné neprojevily casové zmény
proménnych.
Vztah pro iteracni vypocet (17) je vhodné zastoupit diferencidlni rovnici
0
? =0Om W[u(r)l u(O) =u,, (20a)
T
O=-]K, A— o0, (20b)
kde pro vhodné zvolenou nesingularni ¢tvercovou matici K plati
limu(z)=u".

T—>®0
Vzhledem k tomu, ze feSeni diferencialni rovnice (20) musi probihat zna¢né rychleji, nez
jsou ¢asové zmény promeénnych, je vhodné zavést dva Casy. Skute¢ny Cas ¢ a ,,rychly* Cas

=0t [>>1.
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Prubéh casu 7 je dan parametrem £, jehoz velikost je imérnd velikosti A ve vztahu (20b),
tj. absolutni velikosti prvkd v matici @. Pak rovnice (20) po uvazovani (16b), dosazeni
rovnice (1) ve tvaru

%,(1) = fL[x(0]+ G, [x(O)u(0) + z,[x(t),1], 21a)
2,[x(0),1]= D AAf[x()] + AG[x(t)Ju(t)} (21b)
bude
D) -G u(0)+ O, ~ £, ~ £ 2. )
.

Protoze Cas t probihd podstatné rychleji nez skuteCny Cas ¢, lze vyrazy zavislé na
skute¢ném case ¢ v (21) pfi vypoctu povazovat za ptiblizn¢ konstantni [viz (22)]. O stabilité
feSeni linedrni rovnice (22) rozhoduje jeji charakteristicky mnohoclen

N(s)=det(s] +6G,). (23)

Pokud matice K [viz (20b)] bude velmi blizka k matici (18), pak na zaklad¢ vztaha (20b)
a (23) lze predpokladat, ze kofeny charakteristického mnohoclenu (23) budou zaporné a
realné blizké k hodnoté — 4 a bude platit

limu(z)=u". (24)
Pro tcely fizeni je vhodné diferencidlni rovnici (20) zastoupit integralni rovnici
u' () =0[m"[u(r)]dr +u,, (25)
0

resp.

u'(t)=065)+u,, (26a)
kde

s() = [m"[u(z)]dz = [{e, () - £ le(r)]}dr. (26b)

0 0

Pii vhodné zvolené matici K fizeni (25), resp. (26) bude pro nomindlni matematicky

vvvvvv

v téchto vztazich nevystupuje explicitné matematicky model fizeného nelinearniho
dynamického systému (1), proto jde o robustni fizeni s vysokym zesilenim.

Pocatecni fizeni u, zajiStuje pocatecni rovnovéhu a lze ho urcit experimentalné nebo
odhadnout na zéklad¢ vztahu (4a) [x, =0]

-1
u, =—-G, (x,) f,(xy). (27)
Prakticky velikost prvkii v matici @ je omezena ztratou stability uzavien¢ho systému
fizeni zpisobenou nemodelovanou dynamikou a v praxi vzdy pfitomnym redlnym omezenim
tfidicich proménnych (jsou uvazovany pouze symetrickd omezeni)
‘uj‘ﬁu;.">0. (28)

Tento problém lze feSit uvazovanim nekonecné vysokych hodnot diagonalnich prvki
matice @ a omezenim (28). Pak fizeni (26) mlze byt vyjadieno vztahem

u' (1) =G, (x)Usign[s(1)] +u, , (29a)

U =diaglu" u2'....u]. (29b)

sign(s) = [sign(s, ), sign(s,),...,sign(s, )", (29¢)
1 pro ;>0

sign(s;) =40 pro s5;=0 (29d)

-1 pro s;<0

Robustni tizeni (29) je siln¢ nelinedrni a pracuje v klouzavém rezimu [Slotine 1991;
Utkin 1992; Utkin, Guldner, Shi 199]. Vztah
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s(t)=0 (30)
popisuje klouzavou plochu (varietu) [Utkin 1992]. Toto fizeni je vysoce robustni, ale také
vysoce aktivni, co se projevuje neustdlym ptepindnim mezi hodnotami u} a —u’’ .

Aktivitu fizeni (29) lze podstatn€ snizit zastoupenim nespojité¢ funkce (29d) spojitou
nehladkou funkci nasyceni [Zitek, Vitecek 1999; Vitecek, ViteCkova 2015]

S A
— pro M <1
. & &
sat[S—JJ _] ! 31)
& S . S .
’ sign[—jj pro M >1
€ €
nebo spojitou hladkou funkci
S .
asign(s;) = ——, (32)
ok,

kde & je vhodn€ zvolené malé kladné ¢islo.

Je ziejmé, ze pro ¢; — 0 obé€ funkce (31) a (32) konverguji k funkei (29d).

Minimélni hodnoty omezeni 7' zajiStujici stabilitu uzavien¢ho systému fizeni lze ur€it
analyticky pomoci Ljapunovovy funkce. Pocatecni fizeni up nemusime uvazovat.

Predpoklada se, ze matematicky model fizené¢ho nelinearniho dynamického systému ma
tvar (21). Model uzavieného systému fizeni (16) pak je

m” =0 (33a)

m" =x,—-h,(x,e,t)-G, (x)u, (33b)
kde funkce

h,(x,e,0)= f,(x)+ f,"(e)+z,(x,0) (33¢)
vyhovuje omezeni

| =, <x>0 (34)

ve smyslu normy

], = max{ || )s....| 1, ]} (35)
Pro Ljapunovovu funkci
VzésTs, s=jmwdr (36a)

0
1ze po uvazovani (34) a (29) psat

V=s"i=s"[x) —h,-Usign(s)] = >V, . (36b)
=
Aby uzavieny systém fizeni byl asymptoticky stabilni, postacujici podminkou je
zapornost kazdé slozky Vj , 4.
s;[x—uj sign(s;)] <0 .

Protoze plati

sign(s,-)j‘;—f‘:‘z—f‘,
j J
1ze psat j
s |k —ul) <0 = ul >k (37)

Z této nerovnosti vyplyva, ze pro dostatené vysoké hodnoty u' robustni klouzavé fizeni

(29) zajisti stabilitu uzavieného systému fizeni.
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Dalsiho zkvalitnéni fizeni a snizeni hodnot u;f’ Ize dosahnout kombinaci nerobustniho a

robustniho fizeni ve tvaru

ul)=u"()+u' (1), (38a)
kde

u" =G, (0%, ~ f,(x)= £, ()], (38b)

u' (t)= G, (x)Usign(s). (38¢c)

Ve vztahu (38c) mohou byt pouzity misto nespojité funkce (29d) jeji spojité aproximace
(31) nebo (32).

Podobné jako v pfedchozim pfipadé pro fizeny nelinedrni dynamicky systém (21)
matematicky model uzavieného systému (16)

m" =0
kde

m" =x;—z,(x,0)= f,(x)-G,(X)u, (39)
kde funkce z, vyhovuje nerovnosti

x;v—zaw<z<1>o. (40)

Pro Ljapunovovu funkci ve tvaru (36a) se pak dostane
V=s"§=s"[x)—-z,-Usign(s)]=>V,,
Jj=1

tj.
7 m _: m
V, =5,k —ujsign(s;)]<0 = u} >k <k. 41)
r 4
6 Zavér
V pftispévku jsou pro nelinedrni dynamické systémy s neurcitostmi a nemefitelnymi
poruchami odvozeny algoritmy robustniho fizeni, které ke své Cinnosti nevyzaduje piesnou
znalost jejich matematického modelu ani pusobicich poruch. Navrzené algoritmy fizeni
umoziuji zajistit sledovani zadané trajektorie s pozadovanymi vlastnostmi uzavieného
systému fizeni.

Prispévek vznikl v ramci reseni projektu SP2016/84.
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Abstrakt: problematika tvorby webovych informacnich systému je velmi rozsahla a pro tvorbu
techto systému se uziva cela rada nastrojii, prostredkit a technik. Ve svém prispévku se
pokusim tyto nastroje, prostredky a techniky popsat a vystihnout jejich poznané vyhody a
nevyhody. V prispevku je uvedeno kompletni reseni ukdazkového prikladu realizace webového
informacniho systému za pouziti rychlé tvorby prototypu. Tento systém bude slouZit pro
sdileni zdroju mezi univerzitami. DiileZitou soucasti prispévku budou také doporuceni,
vychazejici z mych nabytych zkuSenosti a védomosti.

Klicova slova: WIS, best practices, Nette, PHP, databaze, framework, MySQL

Uvod

Ptestoze je problematika tvorby webovych informacnich systému velmi rozsahld, rozhodl
jsem se na zakladé svych praktickych zkuSenosti a teoretickych védomosti zabyvat zejména
Sesti okruhy, souvisejicimi s tvorbou WIS. Webové informacéni systémy a jejich specifika,
analyza pozadavkt WIS, analyza néstrojii, sluzeb a softwarovych postupti pouzitelnych pro
tvorbu WIS, ptehled a zhodnoceni metod tvorby WIS, ukédzkovy piiklad realizace WIS a
navrh "best practices" pro tvorbu WIS.

K tvorbé kazdého webového informacniho systému je nutné zvolit vhodné nastroje,
usnadiiujici vyvoj systému a také podporujici budouci udrzitelnost systému podle charakteru
WIS.

1 Webové informacni systémy a jejich specifika

Webové informacéni systémy se od klasickych informacnich systémia lis§i predev§im
pouzitymi technologiemi a zptisobem prezentace dat a pristupnosti. Zatimco klasické pojeti
informacnich systéml odpovida prezentaci informaci pro uritou uzavienou skupinu jedincii
s ptistupem do systému lokalniho charakteru, jsou WIS dostupné prakticky odkudkoliv skrze
webové rozhrani prohliZzeci. Je nutné si uvédomit, Ze webové informacni systémy mohou
existovat samostatné nebo ve formé nastavby jiného informac¢niho systému.

WIS se bézné sklada z téchto casti:
e Dissatisfier (nutnost) - samoziejmost

e Satisfier (pozadované funkce) - spokojenost
e Exciter (funkce navic) — nadSeni
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1.1 Struktura webového informaéniho systému

Struktura webového informacniho systému se li§i dle jeho realizatora. Doporucenou a
nejcastéji pouzivanou strukturou podporujici znovupouzitelnost komponent a snadnou
orientaci ve zdrojovych kodech aplikace je architektura MVC (respektive MVP), coz je
zkratka pro strukturu Model-View-Controller (potazmo presenter). Na obrazku nize mizeme
vidét béznou strukturu webového informacniho systému s pouzitim MVC (viz Obr. 1).
Architektura MVC (MVP) rozdé€luje aplikaci na 3 logické ¢asti, aby bylo mozné kazdou cast
upravit samostatné a byly minimalizovany dopady na ostatni ¢asti

Databaze

(MysQL)

O

s il . .
3 Frontend Webowy server
[Apache)

/N «
- T # Interpreter

Q IPHP)
1 Backend
A% =
Admin

Model View Controler
(Presenter)

Obrazek 1 — struktura webového informac¢niho systému

g Controller
- 2

View . Model

Obrézek 2 — architektura MVC (www.zdrojak.cz)

1.2 MoZna bezpecnostni rizika

Skvela pristupnost webovych informacnich systémi ma své vyhody, ale také nevyhody,
které neni mozné piehlizet. Tyto systémy musi mnohem vice feSit stranku zabezpeceni,
autentizace a autorizace.

Autentizace: uzivatel prokdze svou totoznost prostiednictvim hesla, otisku prstu apod.
Autorizace: kazdy uzivatel je opravnén k urcitym ukonim odpovidajicim pfifazené roli,
kterou zastava. U WIS rozeznavame zdroje, akce, opravnéni a role.
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SQL Injekce

Jde o jednu z nejcastéjSich zranitelnosti webovych aplikaci, kterd umoznuje tto¢nikovi
ziskat piistup do databaze a tim ziskat nékteré specifické informace. Casto je cilem tohoto
utoku ziskat uzivatelska jména, hesla a emaily nebo aplikaci uvést do nepouzitelného stavu
(smazani obsahu databaze, podstréeni jinych dat). Pod timto pojmem se skryva podvrzeni
vstupnich dat z formulafti nebo jinych vstupd s cilem zménit vysledek SQL dotazu. Tato
chyba se nachazi v mnoha webovych aplikacich, a proto jsou ohrozeny.

Cross-Site Request Forgery

Tento typ utoku na aplikaci je zndmy pod zkratkou CSRF. Podstata utoku spoc¢iva v tom,
ze uzivatele naldkame na stranku aplikace napadené skodlivym kdédem, kterd provadi v pozadi
né&jakou akci, aniz by to uzivatel védél. Utok tak byva nejéast&ji veden proti aplikacim, kde se
uto¢nik mize sam prihlasit a zjistit tak strukturu aplikace, nebo proti aplikacim, jejichz
zdrojovy kod je vetejné piistupny (napiiklad redakéni systémy CMS atpod.). Ani ostatni
aplikace vSak nemusi byt dostatecné chranény. Nékdy je mozné nazvy operaci uhodnout a
poté neni nic snazsiho, nez je ptidat do odkazu.

2 Nastroje pro tvorbu WIS

Vramci usnadnéni prace a lepSiho pochopeni vztahti ve slozitych systémech,
prevySujicich mentalni schopnosti clovéka, se pii tvorbé WIS vyuzivd fada nastroji a
podptirného software. V této Casti jsou popsany nejcastéji pouzivané nastroje a nastinény
jejich vyhody a nevyhody.

Webovy server

Dulezitym nastrojem pro tvorbu webového informacniho systému nebo také prostiedkem
je software webového serveru. Bez tohoto softwarového prostfedku by tvorba nebyla mozna.
Diky ptedkonfigurovanym balickim webovych serveri mizeme lokdlné vyvijet celou
aplikaci a poté ji umistit do cilové destinace. Pfi vyvoji systému je aplikace piistupna pouze
z adresy: ,.http://localhost/* a nésledné je pfesunuta do produkéniho prostiedi. Nejsme vSak
vazani vyuzivat pouze predkonfigurované balicky, mizeme si webovy server nakonfigurovat
a roz§ifit sami.

Mezi tyto prostiedky patfi:

e Apache
o IIS

e Nginx
e GWS

e Ostatni

Editor zdrojového kodu

Pro zapis zdrojového kodu (PHP, HTML, JS, CSS) je vyuzivan preferovany textovy
editor. Zdrojovy koéd je mozné psat i v obyCejném poznamkovém bloku, ale ztrdcime tak
prehlednost a hiife se nachéazi chybny usek kodu.

Mezi nejcastéjsi zakladni funkce editort patii:
e Zména odsazeni bloku

e Barevné zvyraznéni syntaxe
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e Skryti vybranych usekt kédu
e Pokrocilé vyhledavani a nahrazovani
e Popis metod dané¢ho programovaciho jazyka
e Zvyraznéni chybnych vyrazi
e Zména kodovani dokumentu
e HIlidani neuzavienych tagi
Mezi nejpouzivangj$i patii napt.:
e PSPad
e Notepad++
e NetBeans
e Notepad
FTP klient

Pro ptistup k souboriim uloZenym jinde nez na lokalnim webovém serveru se pfistupuje
skrz FTP (anglicky File Transfer Protocol) klient nebo pfes webovy FTP klient. Téchto
klientd existuje velké mnozstvi, nize uvadim nékteré z nejpouzivanéjsich.

Mezi nejpouzivanéjsi patii napf-.:
e FileZilla

e Total Comander

e CuteFTP
e LeechFTP
e FireFTP

Case nastroje

Nazev téchto nastroji vychéazi zanglického spojeni Computer Aided Systems
Engineering, coz v piekladu znamena pocitacem podporované softwarové (systémoveé)
inzenyrstvi nebo vyvoj software s vyuzitim pocitacové podpory.

Pro analyzu a naslednou realizaci jsou tyto nastroje Casto pouzivany pro ujasnéni
pozadavkil a pochopeni souvislosti.

Spadaji zde:
e MySQL Workbench (modelovani relacni databéze)
e Navicat Premium (sprava databazi)
e Visual Paradigm (nastroje pro modelovani IS)
e Online generatory (rtizné pomicky pro tvorbu kaskadovych styll, Socialni pluginy,

Sdileni, Online mapy, Google API — Jsapi, API generatoru QR kodti a mnohé dalsi)

3 Softwarové postupy

V tomto bod¢ se zaméiim piedevSim na postupy pii realizaci WIS zthlu pohledu
realizatora, ktery ma podklady z analyzy pozadavka.

Ul
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UI neboli ¢esky uzivatelské rozhrani, tvoii strukturu, pies kterou uzivatel komunikuje se
systémem. Tato struktura by méla byt co nejvice uzivatelsky ptivetiva

a jednoducha na ovladani. Pokud bude rozhrani pfili§ slozité, bude znepiijemiovat az
znemoznovat praci se systémem.

Framework

Naprogramovana struktura nebo také ,kostra® systému postavend na konkrétnim
programovacim jazyce. Jde o nastavbu nad danym programovacim jazykem, ktera ulehcuje
realizatoriim praci a zaroveil podporuje budouci udrzitelnost systému (viz Obr. 9). Pouzitim
frameworku je mozné vyuzivat jiz existujici komponenty a integrovat je do aplikace namisto
jejich tvorby, coz ptiznive ovlivituje rychlost tvorby systému.

3.1 Vyuziti jiz existujicich komponent

At uZ se jedna o grafickou nebo funkéni stranku WIS, miiZze realizator vyuZit existujici
useky kodu. Témér kazdy problém jiz nékdo fesil, a proto je na internetu mozné nalézt
nespocet komponent plnici ndmi feSeny problém. V ptipadé funkéni stranky systému jde

o rizné tridy, kde staci znat a vyuzivat poskytované metody. Po grafické strance je
napiiklad moZné zdarma sehnat zpracované CSS menu, které si pfizpiisobime dle vlastnich
potieb. Pokud se rozhodneme vyuzit pro stavbu WIS framework, miizeme vyuzit existujicich
modula fesicich konkrétni problematiku. Kazdy framework poskytuje sva vlastni rozsiteni.

V ptipad¢ celych funkénich komponent je zde riziko spojené s vyuzivanim skriptd ttetich
stran (nikdo ndm nezaruci kvalitu a bezchybnost danych komponent.

V mnoha ptipadech se nevyplati vyrabét danou komponentu od zdkladu a lze se
poohlédnout po existujicim vhodném feSeni.

3.2 Tvorba uzivatelského rozhrani (UI)

Béhem analyzy jsou vétSinou vytvofeny takzvané draténé modely (wireframe), které
slouzi jako podklad pro tvorbu uzivatelského rozhrani. Tyto modely jsou doprovazeny taktéz
pfedstavami zadavatele na jejich funkci. Tvorba uzivatelského rozhrani se sklada z grafického
navrhu jednotlivych obrazovek, vychazejici z wireframe, nasledn¢ je navrh preveden do
HTML + CSS. V ptipad€ nutnosti se doda interaktivita prostfedi prostfednictvim Javascriptu
(dale jen JS) a doda se pottebnd dynamika systému serverovymi programovacimi jazyky (viz
Obr. 3).
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Dodani dynamiky
(PHP, ASP, Python, ...)

Obrazek 3 — Role Frameworku

3.3 Tvorba databazové struktury

ERD

Pii analyze je vytvofen entitné-relaéni diagram, ktery udavd podobu databazové
struktury. Tento diagram je postupné rozsSifovan o dal$i entity a jejich atributy. Je zédkladem
pro tvorbu RDM.
RDM

Relaéni datovy model vychéazi z ERD. Oproti ERD jsou zde jiz konkrétni datové typy
jednotlivych atributt. Celé schéma jiz neobsahuje diakritiku a vztahy mezi entitami M:N jsou
rozd&leny pomocnou entitou. RDM je vytvafen jiz v konkrétnim software. Pro SRBD
MySQL je zdarma k dispozici software MySQL Workbench, ze kterého lze po dokonceni
navrhu diagram rovnou pievést do databaze, kterd je soucasti software webového serveru. Po
dobu realizace systému se RDM méni a je potieba udrzovat aktudlni verzi ulozené databazové
struktury. Je nutné davat pozor na spravnost provedeni synchronizace modelu s databazi
z divodu vyskytu chybnych pienost. Rela¢ni datovy model popisuje databazovou strukturu a
jeji vlastnosti 1 manipulaci s daty pomoci matematickych pojmi pfedevsim z teorie mnozin a
matematické logik
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3.4 Tvorba Fidicich skripta systému (Backend a Frontend)

Po navrzeni podoby uzivatelského prosttedi a navrzeni databazové struktury je potifebné
vytvorit fidici strukturu, kterd bude zprosttedkovavat uzivatelské podnéty, vracet ptislusna
data a poskytovat Zadané funkce. Skripty WIS je mozné psat bud Cist€ ve zvoleném
programovacim jazyce (napt. PHP, ASP, Python aj.) nebo je mozné vyuzit néktery
z existujicich frameworkll, ktery tvofi urcitou nastavbu nad zvolenym programovacim
jazykem. Vyuziti frameworku nabizi mnoho jiz zminénych vyhod. Jednotlivé ¢asti struktury
jsou vytvateny ve zvoleném editoru zdrojovych kodii. Na obrazku nize mizeme vidét pozici
frameworku v popsané struktuie (viz Obr. 4).

Skripty napsaneé pro
dany framework

Serverovy programovaci
jazyk (Interpreter)

HTML

Obrazek 4 — pochopenti role
frameworku

4 Prehled a zhodnoceni metod tvorby WIS

Metod tvorby WIS potazmo vSech IS je mnoho, rozhodl jsem se popsat predevSim
nejpouzivanéjsi metody, a metody, s nimiz jsem se v praxi setkal. U WIS je velmi casté
nutnost co nejrychlejSiho nasazeni systému, proto je nejvetsi diraz kladen na funkce
s vysokou prioritou, které utvari jadro systému. Je nutné zdiiraznit, ze WIS z vétSiny piipada
nebyvaji tak rozsahlé jako klasické IS, a tudiz jsou pro né piili§ komplexni metodiky
nevhodné. Webové informacéni systémy se lisSi od komplexnich podnikovych IS rozsahem,
objemem dat a ucelem.

4.1 NapiS — oprav

Tato programatorskd metoda se da charakterizovat vyrazem ,napi§ a oprav®, kdy je
nejprve co nejrychleji naprogramovana dynamicka ¢ast sytému (fidici skripty), a nésledné se
vyhledavaji chyby, které¢ jsou opraveny. Tato metoda ma jednu velkou nevyhodu, kterad
vychazi z tvrzeni: ,,pfi opraveni jedné chyby vzniknout alespon dvé dalsi“. Casto se ukazuje
toto tvrzeni jako pravdivé. Dodavka systému byva formou tzv. ,,velkého tresku®, kdy i za
funkéniho nasazeni systému jsou stale nachazeny chyby ve funkénosti.
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Priklad:

Zjistime, ze mame vnazvu proménné SuserNme smnoha vyskyty (které si
neuvédomime) chybu, a opravime ndzev na $userName pouze v urCitém useku. Nasledné
zjistime, Ze v ostatnich usecich pocita skript se starym ndzvem proménné, a tato zmé€na nam
ve vysledku zptisobi nékolik dalSich chyb.

V priibéhu ptibyvani novych funkcnosti systému je nutné testovat vzdy funkce nové i
stavajici.

4.2 Vodopadovy model (waterfall)

Kazda etapa ma stanoveny ptesny cil a také ma nadefinovano, jaké dokumenty musi
v pribchu tvorby vzniknout. Pfi ukonceni dané etapy je vytvofeno vyhodnoceni a nasledné
dojde k ptepracovani nebo opravam. Nyni je zde moznost vratit se zpét do predchozi etapy.
Dale se pokracuje pouze v piipade, kdy je dand etapa zcela dokoncena a schvalena. Pokud jiz
je dana etapa jednou schvalena, neni jiz mozné se vracet. Vyhodami jsou jednoduchost
modelu ,,vodopad®, idealni vyuZziti pro fizeni a vnaseni discipliny do vyvoje.

Definice
poZadavkl
Specifikace
poZadavki
Systémovy
navrh

Implementace

Testovani

Provoz
A udrzba

Obrazek 4 — vodopadovy model (Roman Danel)

4.3 Striktni posloupnost fazi (Stagewise model)

Jak jiz nazev napovida, je tato metodika zaloZena na striktni posloupnosti fazi. Nejprve je
definovan problém a je ud€lana analyza. V dalSim kroku jsou specifikovany pozadavky.
Nasleduje navrh, zvoleni architektury, implementace systému, testovani a nasledny provoz.
Tato metodika ma absenci zpétné vazby, neprovadi se revize zadné faze, nereviduji se
pozadavky ani se nehledaji rizika. Vyhody této metodiky vidim ptfedev§im v jednoduchosti
pii pouziti u ucelovych systému beze zmény pozadavkil v pritbéhu tvorby.

4.4 Rychla tvorba prototypu

Jednad se o jednu z béZnych metod tvorby, kdy je po pocatecni analyze pozadavki
vyrobena ¢asteéné funkcni kostra systému, kterd je predvedena zadavateli a po konzultaci
upravena dle dalSich pozadavkl. Po pfedvedeni caste¢né funkéniho prototypu zadavatel ziska
mnohem lepsi predstavu o vysledném systému a je schopen 1épe formulovat predchozi
pozadavky nebo také vyvstanou pozadavky, které dosud nebyly zndmy nebo si je zadavatel
neuvédomoval. Prototyp je postupné rozsifovan o nové funkce, graficky ptizptisoben az do
doby, kdy jiz zahrnuje vSechny stanovené pozadavky. Vyhodou je postupna dodavka systému,
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kdy se zadavatel aktivné ucastni tvorby systému dle jeho pfedstav a predstav koncovych
uzivatelt.

Tato metoda se vyhybéa dodavkam ve stylu tzv. ,,velkého tfesku®. Jedinym zptisobem, jak
provétit spravnost navrhovaného systému, je co nejrychleji jej vyvinout, ptredlozit
zakaznikovi a na zékladé zpétné vazby upravovat. Oproti implementaénim scénaiim pred
desitkami let, kdy na projekt bylo dostatek ¢asu a finan¢nich prostfedkl, je dnes tlak na
kratkou dobu vyvoje a co nejnizsi investici.

4.5 Extrémni programovani

Jedna se o agilni metodiku vyvoje software, ktera predepisuje specifické ¢innosti v§em
ucastniklim zapojenym do vyvojového procesu tvorby software. Tradicni ¢innosti jsou zde
dovedeny do extrému. Diky tomu je extrémni programovani schopné ptizptisobit se zménam
pozadavkll zadavatele v prib&hu tvorby systému. Vyhodou je zde specifickd vlastnost
metodiky, a to sice dodavani software vyssi kvality. Je zde kladem ddraz na ¢tyfi hodnoty:
komunikace, jednoduchost, zpétna vazba, odvaha. Hlavni mySlenkou je pouzivani
osvédcené¢ho v maximalni mozné mife.

4.6 Vyvoj rizeny uzitnymi vlastnostmi (Feature Driven Development)

Vyvoj zde tidi samotné vlastnosti produktu a maji zde hlavni roli. Vlastnost neboli
»feature® je mald konkrétni funkénost uzite¢na z pohledu zadavatele. VZdy je brana v potaz
meéfitelnost, srozumitelnost a realizovatelnost téchto funkénosti. Tato metodika je vhodna
zejména pro mensi projekty.

Zhodnoceni

Pro tvorbu WIS se mi osvéd¢il jako nejlepsi piistup rychlé tvorby prototypu pro malé az
sttedni rozsahy systémil. V praxi se vSak mizeme setkat i s Castym vyuzitim metodiky ,,Najdi
— oprav®, coz odporuje zdkladnimu ptedpokladu dlouhodobéjsi udrzitelnosti realizovaného
systétmu. Vyuziti ostatnich metod a metodik se odviji od rozsahu a ucelu kazdého
navrhovaného systému. Ke kazdému systému je nutné pfistupovat individualng.

5 Ukazkovy priklad realizace WIS

Pro ukéazkovy piiklad realizace WIS, jsem si vybral systém pro sdileni zdroji mezi
univerzitami EARN. Tento WIS byl vyvinut, testovan a je nyni readln¢ nasazen. Mou ulohou
v tomto projektu bylo analyzovat poZadavky, vytvofit Ul vcetné grafického zpracovéani a
realizovat dynamiku systému vcetné¢ databazové struktury. Pro realizaci tohoto WIS byla
vyuzita metoda tvorby ,rychlé vytvofeni prototypu®, kterd spocivala v co nejrychlejSim
vyvoji prvni podoby systému a nasledné byly postupné upiesnény pozadavky a vize.

5.1 Analyza pozadavki a zhodnoceni stavajiciho stavu a posouzeni
realizovatelnosti

Sepsdnim seznamu pozadavki na zamySleny systém a stanovenim priorit téchto
pozadavkl, dostaneme pfibliznou ptredstavu o budoucim systému. Pozadavky se v prub¢hu
tvorby méni, upravuji nebo odstraniuji, nejsou tedy vSechny zndmy najednou. Teprve az po
vyvoji prototypu vyvstalo mnoho novych pozadavki a zmén. Celkem bylo

Po posouzeni realizovatelnosti vSech pozadavki, kdy jsou brany v potaz dostupné
technologie, Casovad naroCnost a uvadzeni piinosu pro koncové uzivatele, jsou nejprve
realizovany pozadavky s nejvyssi prioritou, tvofici jadro systému. Poté je Castecné funkcni
jadro systému predvedeno zadavateli a spole¢né s analytikem konzultovan dalsi vyvoj
systému.
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5.2 Volba struktury systému

Za normalnich okolnosti by byla struktura systému striktné rozdélena na oddéleny
frontend a backend, zde vSak spfihlédnutim na rozsah administrace a pozadavek na
multijazy¢nost systému, byl backend zakomponovan do frontendu. Tento krok pfinesl
vyhody, jako jsou: nutnost pouze jedné Sablony, jednodussi orientace ve struktufe a neustalou
pritomnost uzivatele ve frontendu.

Frontend

Menu itermns Login as admin

Content block

Backend

Obrazek 5 — backend umistény ve frontendu

5.2 Posouzeni dodanych podkladu

K pozadavkim na systém byl dodén jiz vytvoteny graficky navrh pfevedeny do HTML.
Po prvotnim zhodnoceni jsem se rozhodl zazadat o plivodni graficky navrh, ktery jsem
nasledné uvedl do nové podoby. K tomuto rozhodnuti vedlo nékolik dil¢ich zhodnoceni

dodané Sablony systému:

1) Nekonzistentni struktura — dtiraz byl kladen na $patné prvky a vzhled ptisobil pon¢kud
chaoticky.

2) Nekteré texty byly soucasti obrazkll, coz znemoznovalo manipulaci s texty v piipadé
ptekladi a rovnéZz to nebylo optimalni pro internetové vyhledavace.

3) Struktura nepodporovala vétsi rozliseni.

4) Pro zamyslené pouziti frameworku a jeho Sablonovaciho systému bylo jednodussi
vytvofit ndvrh znovu, nez upravovat stavajici.

5) Kazdy programator ma trochu jiné piedstavy a navyky, jak by méla struktura a
graficky vzhled WIS vypadat.

K pozadavkim byl rovnéz dodan koncept databdzové struktury. Koncept byl konzultovan,
a byly z néj pfevzaty nazvy atributii a entit. Poté byly mezi entitami vytvofeny vztahy a byl
vytvoien novy relacni datovy model zaloZeny na zjisténych entitach a jejich atributech.

Pti vytvareni nového RDM doslo k Spatné odhalitelné chybé¢, ktera vznikne, pokud nazev
nékterého atributu nese nebo obsahuje nézev stejny jako tzv. ,rezervovana kli¢ova slova“
jazyka SQL.
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Priklad:

Pokud nazveme atribut whenDate, bude si SRBD myslet, Ze je pouzito kli¢ové slovo
WHEN, které¢ je (stejné jako klicova slova: WHERE, FOR, IF atpod.) rezervovano pro funkce
daného programovaciho jazyka.

V dodaném konceptu vysledné databaze byly pro atributy spravné pouzity prefixy
(naptiklad: event whenDate), které zabranuji vySe popsanym konfliktim. Pfi pfepisu
schématu se vSak vytratily.

5.3 Tvorba databazové struktury

Tvorba datab4zové struktury se skléddala z analyzovani dodanych podkladd, a nasledném
zahrnovani potfebnych entit a jejich atributi s pfihlédnutim na zamyslenou strukturu systému
(jak bude systém naklddat s daty). V dalSim kroku byly mezi sebou entity provazany
prislusnymi vztahy, uréeny datové typy atributi a byly vytvoreny data, kterd budou nékteré
entity statického charakteru obsahovat (uzivatelské role, ndzvy zemi, typy sluzeb). V pribchu
tvorby systému se databaze edituje a rozsituje.

Priklad predpripravenych dat pro nékteré entity:

/lrole

INSERT INTO "earn . roles  ('role id', "name’) VALUES (1, 'user');
INSERT INTO ‘earn . roles® ('role id', "name’) VALUES (2, 'student');
INSERT INTO ‘earn . roles’ ('role id', ‘name’) VALUES (3, 'company');
INSERT INTO "earn . roles ('role id’, "name’) VALUES (4, 'partner');
INSERT INTO "earn . roles (' role id', "name’) VALUES (5, 'admin');
/Itypy sluzeb

INSERT INTO ‘earn’ . serviceTypes (' serviceTypes id’, ‘name’, “description’)
VALUES (1, 'Courses', 'Course, training');

INSERT INTO ‘earn’ . serviceTypes (' serviceTypes id’, ‘name’, “description’)
VALUES (2, 'Consulting', 'Consulting, how-know '");

INSERT INTO ‘earn’ . serviceTypes (' serviceTypes id’, ‘name’, “description’)
VALUES (3, 'Laboratory', 'Laboratory, measurement, prototype, product');
INSERT INTO ‘earn’ . serviceTypes (' serviceTypes id’, ‘name’, “description’)
VALUES (4, 'Networking', 'Conference, workshop, panel discussion');

INSERT INTO ‘“earn . serviceTypes ( serviceTypes id’, "name’, “description’)

VALUES (5, 'Equipments', 'Equipments, measurement, testing ');

//instituce

INSERT INTO "earn . institution’ ( institution id', "name’) VALUES (1,
'"JAMK University'):;

INSERT INTO ‘"earn . institution’ (" institution id", "name’) VALUES (2,
'Fachhochschule Vorarlberg');

INSERT INTO ‘“earn . institution® ( institution id’, ‘'name’) VALUES (3,
'"Hochschule Esslingen');

INSERT INTO ‘"earn . institution’ ( institution id", "name’) VALUES (4,
'VB-Technical University');

V prvnim kroku jsou vytvofeny entity souvisejici s jadrem systému, vSechny ostatni
entity jsou od téchto zdkladnich entit odvozeny.
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Obrazek 6: finalni RDM
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5.4 Realizace

Pro realizaci WIS Earn jsem se rozhodl vyuzit PHP Framework Nette. Diivodem tohoto
rozhodnuti byla existence potiebnych rozsifeni poskytovanych komunitou spojenou s
frameworkem a také existenci mnou jiz vytvofenych komponent a struktur. Framework
podporuje architekturu MVC a jeho integrovanou soucasti je i Sablonovaci systém s nazvem
Latte.

V prvnim kroku realizace prototypu bylo nutné rozbalit a zprovoznit zamysleny
Framework na lokalnim webovém serveru. Nésledné byla Sablona utvéiena ptimo ve struktuie
frameworku. Nejdfive byla vybudovana stranka @layout en.latte, kterd symbolizuje hlavni
Sablonu, do niz se budou nasledn¢ includovat (vkladat) ostatni pohledy
(vizObr.nize).

Item one Item two Item three Item four Iten

EARN FOR COMPANIES AND STUDENTS

Registration gives you access to detailed information about

services and way how to use if. more »>

You have successfully created your Nette Framework project.

5.5 Tvorba presenterii a modeli

vvvvvv

WIS. VSechny pozadavky uzivatele jsou kladeny pravé na piislusné presentery. UZivatel zasle
pozadavek a prislusna data, presenter ¢erpa data skrze model z databaze a nésledny vystup je
uzivateli poskytnut ptes pohledy (jednotlivé Sablony).

V této konkrétni aplikaci byla zvolena struktura slozena z Sesti fidicich presentert:
e BasePresenter
e ErrorPresenter
e SignPresenter
e SecuredPresenter
e HomepagePresenter
e MyAccountPresenter

Modely slouzi primarné pro ziskavani dat z libovolného ulozisté. Mize se jednat o
datové soubory nebo databazi, nejcastéji modely ziskdvaji data z databdze. Presentery
prostfednictvim modelii obstaravaji potfebna data.

V této struktuie bylo pouZito téchto modela:
e BaseModel
e UserModel
e MyAccount
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e Homepage

5.6 Oprava chyb a optimalizace

V priibéhu tvorby systému vzniké fada chyb. Chyby mohou byt logické nebo syntaktické.
Zatimco syntaktické chyby jsme schopni testovanim odhalit pomérné rychle, logické chyby
nemusi byt zprvu viibec patrné. Je nutné myslet na to, Ze pokud opravime nalezenou chybu,
muzeme tim zpusobit N dalSich chyb, aniz bychom si to uvédomili.

Béhem tvorby a pravidelného testovani funkcnosti bylo odstranéno pro WIS tohoto
rozsahu bézné mnozstvi syntaktickych a malé mnozstvi logickych chyb (logické chyby se zde
vyskytly fadové v jednotkach vyskyta).

Pokud bude, nebo by v budoucnu mohl byt kladen pozadavek na multijazy¢nost WIS, je
nutné s timto aspektem doptedu pocitat a navrhnout adekvatné strukturu systému. Pozdéjsi
doplnéni multijazy¢nosti prezentace je samoziejm¢ mozné, nybrz mnohem komplikovanéjsi.
Pfi znalosti tohoto pozadavku je nutné pfizplsobit zejména strukturu Sablon, dle oznaceni
ptislusnych jazykt jsou doplnény prefixy nazvu soubord hlavnich Sablon atpod. Ve mnou
realizovaném WIS, byl poZadovan jako hlavni jazyk angliCtina, pro systémové prvky jakou
jsou napiiklad formulafe a popisy datagridi. Pro ostatni jazyky byly vyrobeny konkrétni
Sablony s pielozenym obsahem. V tomto konkrétnim ptipad€ vznikl pozadavek na pteklady
obsahu do anglictiny, némciny, finstiny a Cestiny.

Optimalizace

Kazda jazykova mutace ma jiny pocet znakl ve slovech, to zpiisobuje ,,rozhozeni*
dizajnu UI. Po doplnéni piekladovych Sablon (pohledit) je dilezité vSe zkontrolovat a upravit
vzdy pro konkrétni jazykovou mutaci. Na ukazce nize mizeme vidét upravu hlavni Sablony
pro finsky jazyk. V lokacich, kde text vystupoval ze svého rodi¢ovského prvku, musela byt
modifikovana velikost textu.

6 Best practices

Dobu, po kterou vytvarim webové informacni systémy, jsem si osvojil celou fadu
zpusobiti jak aplikaci navrhovat a vytvaret efektivnéji. JiZz mam za sebou asi desitku realizaci
konkrétnich webovych informacnich systému a vzdy se mi oplatilo dodrzovani téchto zésad a
postupti.

6.1 Znovupouzitelny kod

Je dulezité zdrojové kody vhodné komentovat a vytvaret tak, jako bychom je chtéli znovu
pouzit v jiném projektu. Webové informacéni systémy maji vzdy spole¢né rysy, pro které je
vhodné vyuzit jiz existujici naprogramovany kod. Tento znovu pouzivany koéd ma mimo jiné
vyhodu v tom, Ze jiz proSel funkénimi obdobimi a prosel zcela jisté mnoha zdokonalenimi. Ne
vzdy je toto tvrzeni pravdivé, v nékterych ptipadech mizeme zavést do systému napiiklad

zapomenutou chybu.

6.2 Navrhovy vzor KISS

Pristup KISS vychazi z anglického spojeni Keep It Simple, Stupid! (tj. ,,Zachovej to
jednoduché, hlupaku!*). Timto pfistupem je feCeno, ze ¢im vice jsou systémy vytvoieny
slozité, tim hiife se udrzuji a tim vice jsou poruchové. Je zde snaha vytvofit kazdy modul,
kazdou jednotlivou funkci vytvofit nejjednodussim, nejvice transparentnim zptisobem.

Mnohdy jsem naptfed vymyslel velmi slozité¢ fungujici modul, ktery poctem tadka
zdrojového kodu piipominal Bibli. Kdyz jsem se na problematiku podival zjiného uhlu
pohledu, pfiSel jsem na feSeni, které je mnohem jednodussi a bezproblémové.
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6.3 Vyuziti vhodnych softwarovych prostredki

Pro uspésnou a kvalitni realizaci je vyuziti vhodnych softwarovych prostiedkl
rozhodujici. Nestaci mit pouze dobry piehled o zamysleném systému a znalosti k jeho tvorbé.
Aktivni podpora tvorby systému vhodnym software urychli dobu realizace, pomahé vytvareni
kvalitnéj$i struktury a zjednodusuje praci realizatorim i analytikiim.

6.4 Vyuziti existujicich komponent a API

Témeét vSe jiz nékdo pred vami fesil, je zde tedy predpoklad, Ze se mlzete jeho feSenim
inspirovat, piipadné, pokud autor poskytuje hotové feSeni napiiklad v podobé tiidy
s metodami nebo rozsifujiciho modulu, miizete zvazit jeho vyuziti.

VyuZiti ,,polotovara* Ul

Tvorbou uzivatelského rozhrani se zabyva obrovské mnozstvi designérti z celého svéta a
poskytuji zdarma ,,polotovary* riiznych CSS menu, Sablon, formulai, tabulek atpod., které je
mozné jednoduse pfizpiisobit potfebam zadavatele a neni nutné je vytvaret celé znovu. U
tvorby UI jde o velmi Casto se opakujici ukony, tvorba menu patii mezi velmi frekventované
¢innosti.

VyuZziti API

At uz se jedna o aktualni ménové kurzy, tvorbu javascriptového UI, pocasi, mapy nebo
generovani QR kdédu, mizeme v dnesni dob€ vyuzivat zminéné software tietich stran skrze
API (zkratka pro Application Programming Interface) oznacujici v informatice rozhrani pro
programovani aplikaci. Prostfednictvim API tedy ziskdvame pozadovana data.

6.5 Predvidani pozadavkii

ZkuSenosti z pfedchozich realizaci jsou velmi pfinosné a pomdhaji analytikovi i
realizatorovi pfedvidani nékterych budoucich pozadavki. Tento nadhled zabranuje
nenaplnénym ocekavanim zadavatele a upeviluje davéru zadavatele v dodavatelskou
spolecnost.

6.5 Modularita systému a tvorba Sablon

Pro podporu kontinualniho vyvoje a rozsifovani systému o nové funkéni celky je velmi
vyhodné koncipovat systém jako modularni. Modularni systém také podporuje
znovupouzitelnost komponent. Téméf vSechny CMS a frameworky aktivné podporuji
modularnost aplikace. Pro zadavatele i realizatora je vyhodné&jsi napsat aplikaci, kterd bude
rozSifitelnd v budoucnu, nez monoliticky systém, ktery bude obsahovat vSechny mozné
funkce.

Pro tvorbu Sablon se mi osvéd¢ilo pouzivani Sablonovacich systémt, které zpiehlediuji
vysledny zdrojovy kod a zaroveii oddéluji logiku aplikace od jejiho dizajnu. Sablonovaci
systémy muzeme pouzivat jak samostatné, tak jako soucast nami preferované¢ho frameworku.
Sablonovaci systémy pouZivaji pro nahrazovani aplika¢ni logiky specifické symboly pro
otevieni a uzavieni tagu.

6.6 Zménové rizeni béhem vyvoje

Aby nedoslo k nenaplnénym ocekavanim a byly eliminovany logické a syntaktické chyby
v aplikaci, je dilezité¢ po pfidani novych funkénich bloki jak nové vzniklé funkce tak ty
stavajici. Je zde totiz moznost, Ze nove¢ pridany funkcéni blok narusi funkce jiného funkéniho
bloku. Dal§im diilezitym krokem je vyhradit si dostate¢né dlouhy zaloZni interval na testovani
celé aplikace zadavatelem a budoucimi uzivateli po odevzdani aplikace. Nikdy neni aplikace
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po dokonceni stoprocentni. Nékteré logické chyby odhali zadavatel az po delSim prozkouseni
aplikace.

Zadavatel

Zna problematiku své spole¢nosti a umi popsat prabch
a stavy vyrobniho ¢i jiného procesu, jez se vni vyskytuji. Nerozumi technologiim a
prostiedkiim pouZivanym pfii tvorbé WIS.

Realizator, analytik

Znaji dostupné prostredky i technologie, neznaji v§ak know-how zadavatele.

Zavér

Pro ukazkovou tvorbu WIS bylo vyuzito metody ,,rychla tvorba prototypu“ za pomoci
softwaru pro tvorbu RDM MySQL Workbench, Nette frameworku, Notepadu++ a ostatnich
pomocnych softwarovych nastroji. Tvorba WIS je velmi rozsdhlou a komplikovanou
disciplinou a nelze ji shrnout pouze n¢kolika vétami.

Pouzita literatura

BURIAN, P. Webové a agentové technologie. Praha: Grada Publishing, 2012. 376s. ISBN:
978-80-247-4376-9

BOREK, B. Uvod do architektury MVC. [online]. 7. 5. 2009 Dostupné z:
http://www.zdrojak.cz/clanky/uvod-do-architektury-mvc/

BECK, K. Extreme Programming Explained: Embrace Change, 2004, 190s, ISBN
0201616416, 9780201616415

DANEL, R. Vyvoje IS a vod do metodik vyvoje SW. [online]. 1. 3. 2012 Dostupné z:
http://homel.vsb.cz/~dan11/is2011/4%20Informacni%?20systemy%20-
%20SW%20inzenyrstvi.ppt

DANEL, R. Pofizeni a implementace informa¢niho systému. [online]. 4. 5. 2011 Dostupné z:
http://homel.vsb.cz/~dan11/is_skripta/IS%202011%20-
%20Porizeni%20a%20implementace%20IS.pdf

DANEL,R. Bezpecnost informacnich systému. [online]. Dostupné zZ:
http://homel.vsb.cz/~danl1/rd_bis.htm

DANEL, R. Vyvoj a implementace IS. J[online]. 1. 3. 2012 Dostupné¢ z:
http://homel.vsb.cz/~dan11/is2011/2%20Informacni%20systemy%20-
%20vyvo]%20a%20implementace%20IS.ppt

FREEMAN, J. Webov¢ stranky - Pét set rad, tipii a technik. Slovart 2008. ISBN: 978-80-739-
1091-4

JANOVSKY, D. Editory HTML stranek podrobng. [online]. 3. 4. 2014 Dostupné z:
http://www.jakpsatweb.cz/editory-detaily.html

KAJZAR, D. Tvorba informacnich systému II. Slezska univerzita v Opavé, FPF, 2005

MERUNKA, V. Metody tvorby informacnich systémua. [online]. 2014 Dostupné z:
http://etext.czu.cz/img/skripta/64/pef 226-1.pdf

NAKHIMOVSKY, A. - MYERS, T.: Google, Amazon and Beyond: Creating and Consuming
Web Services. Apress 2004. ISBN: 9781590591314

NOVAK, D. Uvod do databazovych systémil. pbl54-cesky-02.pdf [online]. 21. 9. 2005, 26.
9. 2005 Dostupné z: http://www.fi.muni.cz/~xnovak8/teaching/PB 154/

162




XLI. Sevminar ASR '2016 “Instruments and Control”
© 2016, VSB-TUO, Ostrava, ISBN 978-80-248-3910-3

Motion States of Nonlinear Unstable System Simulation,
Connections between SolidWorks-Matlab/Simulink-
SimMechanics-3D Animation

ZATOPEK, Jifi
Ing., Univerzita TomaSe bati ve Zlin¢, Fakulta aplikované informatiky, Nad Stranémi
4511, 760 05 Zlin, zatopek@fai.utb.cz, @ http://www.utb.cz/fai

Abstract: This text discusses the using and integration of various support software tools for
the purpose of design the motion control law of mechanical structures with strongly nonlinear
behavior. Detailed mathematical model is derived using Lagrange equations of the second
type. The physical model is designed by using a 3D CAD software SolidWorks and library
SimMechanics, extends Simulink by tools of modeling and simulation of mechanical "Multi-
domain" physical systems. Visualization of Simulink outputs is done using the 3D Animation
toolbox. Control law, designed on the basis of the mathematical model, is tested for the both
models (mathematical and physical) and regulatory processes results are compared to each
other.

Keywords: Motion control, simulation, Matlab/Simulink, SimMechanics, 3D Animation

1 Introduction

Nowadays, a large amount of support software tools is available. These tools facilitate
our work in analyzing, modeling, simulation and design control law of complex mechanical
structures. By connecting these funds can be achieved eg. a considerable simplification of
synthesis, clarity using visualization in 3D space directly in regulation process, or create a
physical model in Simulink directly from CAD software (SolidWorks), without the need to
derive the equations of motion.

A system which is object of our interest is called "Ball and Beam" and the description of
the dynamic behavior is derived as most general as possible for use in control of real model.
Ball and beam are mass objects, are thus placed in the 3D space, only the movement is limited
to planar. The system is located in the Earth's gravitational field and has two degrees of
freedom. Mass of the ball is chosen to have a significant impact on movement changes of the
beam, the beam may be unbalanced. Ball position is measured from the axis of rotation of the
beam (the axis of the shaft of the driving motor). To determine ball position in selected global
coordinate system is used Denavit-Hartenberg notation/method of placement coordinate
systems (DH).

The whole system is first sketched for the purpose of compilation a transformation matrix
to determine the position of the ball in the global coordinate system. Using this transformation
are derived equations of motion of the system, where are included the moments of inertia,
centrifugal/centripetal and Coriolis generalized forces or linear friction. After that, 3D model
was constructed in CAD design software SolidWorks, including all kinematic constraints and
the mass distribution of the whole assembly. This model is also useful to detect masses or
matrices/moments of inertia of complex objects, which already cannot be determined
analytically. Subsequent export of the CAD model to the format for SimMechanics in
Matlab/Simulink is received a physical model, including kinematic link and distribution of
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mass of the whole assembly. In this model also takes place subsequent testing of a proposed
control algorithm and comparing the outputs with a mathematical model.

2 ,,Ball and beam" — Mathematical description

2.1 Transformation of coordinate systems

Fig. 1) Ball and beam with the selected coordinate system placement

Fig. 1 shows the system drawn for the purpose of determine the transformation matrix
from the local coordinate system (x,,,,z2) to the global system (Xj, Yy,Zy). Rotation of beam is
possible only around the global axis Zy, rolling of the ball is ideal and only in direction of
local axis z;. A place of connection of beam with the frame is shown only schematically, in
this place acting torque providing controlled tilt of beam (first degree of freedom). Second
degree of freedom is movement of the ball on the beam.

The homogeneous transformation matrices between the coordinate systems are:

[ -singlo) i

cos[(p(t)+90° 0 cosw(t) 0 oo A
°T, = cosgo(t) 0 sm(p(t) 0 'T,= 0 1.0 0

0 L0 o 00 1 #()
I 0 0 0 1] 0 00 1
U

—sing(t) 0 cose(t) —h-sing(t)+r(t) cosplt) )

op - cosp(t) 0 sing(t) h-cose(t)+r(t) -singlr)
Lo 10 0
0 0 0
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For homogeneous coordinate ball position relative to the origin of the global coordinate
system is:

[ R+2)-sin o(0)+ +(2)- cos o(2)
[+3)

_ (R + ZJ -cos p(t)+r(t)-sin p(t) )
0

G

=0 T,

X
Y
=T, "7 =
VA4
1

- o o O

Square size of absolute speed vector (in the global coordinate system) is:

2
‘\7‘2 :()'cz +y2)={—(R+§]-cosqo~gb+f-cosqo+r-sinqo-gb} +

2
by . . . .
+|—| R+—|-singp-@p+7-sinp+r-cosg-
[ ( 2) Q- @ 4 60} 3)
2
92:(2R2+bj @ +17 " + 77 —(2R+b) i

Ball and beam is only planar in this model (processes takes place in 2D).

2.2 Motion equations

For use Lagrange equations of the second kind is therefore necessary to determine the
kinetic and potential energy of the whole system.

The kinetic energy of the balls is comprised of its translational and rotational motion:

2 i

ZMR? 2
5 R 2
_1 2 1 — 2_1 2R+b ) 2 .2 7.2 ..
Ep =MV +2 0 _EM-H > j UL —~(2R+b)-7-¢ &)
l,MA,:Z

5

Potential energy of ball is:

2R+Db
Eplml =ng=Mg|:(

j-cosqpﬂwsingo}
)

Beam is in the cuboid shape with optionally stored rotation axis as shown in Fig. 1. Its
inertia matrix has 3x3 moments of inertia, and is defined as:

2 2
Jo Sy Ju yo+z - Xy —zx
2 2
J=\J, J, J. zjjjp(x,y,z)- -Xy X +z -yz 6)
J.. Jzy J. B —zX —-yz x? +y2

in which p(x, v, z) is the density of the material body. If a new coordinate system will be
selected such that all the deviance moments will be zero, torques will be, to the individual
axes of the system, equal to the polar moments of inertia matrix with respect to these axes.
Already an established system meets this assumption, it is not necessary to introduce a new
coordinate system and the moment of inertia relative to the axis of rotation (axis Z) will be
equal to the polar moment J....
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Kinetic energy of beam is:
E :l(bz-J =— 1 m-@° [b2+4 (l —i-j+]J )]
ky, up 2 houp 24 (8)

The relationship between the mass element and the length element can be expressed as:

m m
-a-b-dr=—-dr
a-b-1 i )

dm=p-a-b-dr=

Potential energy of the beam element is:

m-g-sing
dE —dm sing-r=—-g-sing-r-dr =—=———=—-r-dr
. grsing:r =" g sing: Iy (10)
Potent1a1 energy of the whole beam is:
. 2 2
mgsmgo m-g-sing | j©—i 1 . ..
=|dE -dr= . =—m-g-sing-(j—i
Ep., J P =g J Py [ 5 j Sm-g-sing-(j—i) 1)

The total kinetic and potential energy of the system is the sum of their partial energies:

2
E,. =1M-K2R+bj g +%f2 —(2R+b)-r'.¢}+

2 2

12)
+im(p [b2+4( —i‘j+j2)]
E =M-g- 2R+b -COS@+r-sin +lm- -sin -(‘—i)
pex =M & 5 P g|tym g sngyy (13)
Calculation of the Lagrangian:
L=E~E =M. (ZR”’) AP L —(QR4D) g |+
2 2 5
2R+b (14)

+21—4-m-(b2 .[b2+4-(i2—i-j+j2)]—M-g-K )-cos¢+r-sin¢}+
+%m-g-sin(p-(j—i)

Into the system will be even added linear friction dependent on the generalized speed
(sliding friction with a friction factor k; and rolling resistance with a friction factor k).
Equations of motion are therefore:
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After modifying we can write:
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in which:

A:[ZR;bj B=[p>+4-(7 =i j+ ) (18)

For the state vector [r v ¢ o] =[x, x, x, x,]' and input signal Q=u will
state-space representation correspond to the shape of:

X,
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From these equations can be determined that the system has only one unstable singular
point and steady-state is given by only the ball position on the lever/beam (x;). All remaining
state variables are zero in singular point.

Singular (stationary) point is:

. . T
R XE’]T{—M 2(;4 D o o 0} (20)
Steady state:
A ()
Mg oM @D

| 1 o
w=M-gxi——mg(i-j)

Linearization in working point x;* (steady state) can be obtained transmission of linear
model:

X,(s) b,s* +b,
U(s) st +a,s’ +a,s’ +as+a, (22)

in which:
- 604
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Linearization is derived in the general position of the working point, so it is possible to
continuously recalculate it.
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3 ,.Ball and beam" — Support software tools

3.1 SolidWorks
The considered system consists of a three basic parts: base, beam and ball. All these parts
are material. Ideally rigid base is connected to the frame, so its physical properties are not

relevant for the dynamic behavior of the system.

Fig. 2) Complete assembly in SolidWorks

3.2 Physical model — SimMechanics

SolidWorks 3D CAD model was exported as SimMechanics Second Generation xm/
format and then imported into MATLAB Simulink as a Simulink scheme. Linkages were
revised because between SolidWorks and SimMechanics some are unknown or illicit.

x|ax

ulstion View Tools Window Help
K@@ G| [E]DE G| vewconvention[zwpovtop  v|| & |[B]e d QG| L & e B maeOl
1

F
&R

Connection Frames

%), MechanismConfiguration
b World

o Pin_Slot_Joint
o Revolute

() () ) [ [ ] (@) viek ~ | Tme [tz |

Fig. 3) Real time visualization using the SimMechanics Second Generation
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Fig. 4) Separate model in SimMechanics

3.3 3D Animation

This model is also exported from SolidWorks, but in a format wrl, which is through 3D
Simulation toolbox loaded into a special block. As inputs to this block are used outputs from a
mathematical model which are through the transformation matrix (HD notation) converted
into translational and rotational motions of the individual parts of the assembly. Visualization
has more options for visualizing, there is eg. used a Web browser.

Fig. 5) Visualization using 3D Animation toolbox in web browser

4 ,,Ball and beam' — Control

Large quantities of contained trigonometric functions and multiples of rounded state
variables generate cumulative numerical error. Thus, despite placing the ball into equilibrium,
the system will set itself into motion, as apparent from Fig. 6.

Ball and beam
T T T T T -

-50 1 1 1 L L L 1 1 L

t [s]

Fig. 6) Cumulative numerical error

The system is controlled by a linear regulator with 1DOF designed by the pole placement
with a continuous linearization. The controller parameters, resulting from the transfer
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function, are derived generally, so that they can be updating continuously. The final regulator
then has the form:

O(s)=

U(s) B q(s) _ q,8" +q.8° +q,8° +q,5+q,

1 I
05742541

- 3 2 (24)
E(s) p(s) S-(p3s + p,ST+pis+p,
= [ =
&b 0 )
] — ™ =) lonstl | fonst
;fe”“” @M 2 ) ) houpdcka rotation
ue omparison [
Q) e s [)
I 2 v (mis2) Vor
0 o -D l Concatenate
n o Convettl ™
reguacn i > '
odchylka 0)
- Zptg
QD s s R Comen3 e Eller parameters
\( p3.¢hp2 S4p1 Lapls Bal and beam )
Fiker “
- !
=
do
Introduction of
disturbance
Disturbance
‘Continuous linearization
ez

Fig. 7) Complete Simulink scheme with SimMechanics and 3D Animation

Ball and Beam - d ion of ball
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Physical model
——— Reference val lue

Disturbance

A

90

20 30 50

t[s]
Fig. 8) Control process for mathematical and physical model

100

After step changes in reference value will be followed by a step changes in the control
deviation, then a step changes in the torque - there would be a problem with physical

realization -

forces and

and thus to the rapidly changing the tilt of beam. In combination with centrifugal
inertia of the system will process oscillate, often will be put into unmanageable

state. Therefore, in the system was introduced a filter that prevents against these step changes.

As shown in Fig. 8, the control processes of both models (mathematical and physical) are
nearly identical. The controller is designed for compensation of disturbance and reference
value in the shape of a step change, so will appear lag fault in the transition part of the process

at the ramp-

shaped reference value. Trend of reference value however replicates very well.
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5 Conclusion

The article contains a complete control design solution of a system known as "Ball and
beam". A substantial part is the derivation of systems motion equations from their energy
balance. The model was, through to the definition of transmission, derived quite generally and
corresponds to motion equations linearized at the operating point. Therefore, it is possible to
carry out a continuous linearization efficiently and with low computational effort. This
description, however, applies only in the surrounding area of working point. When this point
changes, linearization is needed again.

Linking with 3D CAD software and Matlab/Simulink, with using toolboxes for physical
modeling (SimMechanics) and 3D visualization outputs (3D Animation) is very visual and
effective for control and presentation of results. In real time is possible to observe dynamic
processes occurring in the system and eg. a slow down/pause them, for the purpose of detailed
motion analysis or exploration of energy interactions between system components.

The designed control methods are tested on a unbalanced system with variable reference
course and disorders. For achieving the desired quality of regulation is necessary to eliminate
a step change in the control deviation and stabilize the course of the regulatory process.

6 References

[1] CRANDALL, Stephen H. Dynamics of mechanical and electromechanical systems.
Malabar, Fla.: R.E. Krieger Pub. Co., 1968, ix, 466 p. ISBN 0898745292.

[2] D. C Karnopp, R. C. Rosenberg. System dynamics. A Unifies Approach. Wiley & Sons,
1975.

[3] ROSENBERG, R. C. Multiport Models in Mechanics. Journal of Dynamic Systems,
Measurement, and Control [online]. 1972, [cit. 2016-02-18]. DOI: 10.1115/1.3426590.
ISSN 00220434. Dostupné z:http://DynamicSystems.asmedigitalcollection.asme.org/arti
cle.aspx?articleid=1401208

[4] UREDNICEK, Z. Robotika. 1. vyd. Zlin: Univerzita Tomase Bati ve Zling, 2012. ISBN
978-80-7454-223-7.

[5] UREDNICEK, Z. Elektromechanické akéni ¢leny. 1. vyd. Zlin: Univerzita Toméase Bati
ve Zling, 2009. ISBN 978-807-3188-351.

[6] Documentation: SimMechanics. MathWorks [online]. 2016 [cit. 2016-02-18]. Dostupné
z: http://www.mathworks.com/help/physmod/sm/index.html

[7] Dassault Systems [online]. © 1995-2015 [cit. 2016-02-18]. Dostupné z:
http://help.solidworks.com/HelpProducts.aspx

172



XLI. Sevminar ASR '2016 “Instruments and Control”
© 2016, VSB-TUO, Ostrava, ISBN 978-80-248-3910-3

Author index

B T
BALONOVA, Katarina............cocou....... 5 TOTHOVA, Maria.......cococvovevveeennnn. 117
BARANOVA, Vladena........c.coco....... 20 TUMA, Ji e 97
C
CZEBE, JiH oo, 30 U
URBAN, PatriK.......ccccooeovveieniennn. 123
D
DANEL, Roman........cccccceevvveivieeeennns 147 \Y%
DUBJAK, JAN ..o, 39,117 VAIJSABEL, Michal ......ocoovvveeeeen 128
DURIS, Stanislav ........coceeeveeeeennne. 5, 81 VITECEK, Antonin ........cocoeveveeuenne.. 138
VITECKOVA, Miluge............... 105, 138
F VOITEK, TOMAS ..o, 147
FARANA, Radim ...c.ovoeeeeveeeeeeen. 47
FOJTIK, David ......oeeeeeeeeeereererernen 54 W
WAGNEROVA, Renata ..........o.......... 68
G WALEK, Bogdan..........c.ccccocevvevennnnn. 25
GEBAUER, Jan ....oooeeeeeeeeeeeeeeeeen, 54
GRUBEROVA, Michaela ................... 62 Z
ZATOPEK, Ji ceveveeeeeeeeeeeereeen, 163
H ZBIHLEJ, JOZEF oo, 39
HLOCH, Sergej....ccccceevvvercvveenciieennennns 88
HYL, Radim c.voveeeeeeeeeeeeeeeeeeen. 68
J
JAVORSKA, Alexandra.................... 128
K
KLVACOVA, Simona..........cococovun.... 81
KRSIKOVA, Jana ......ococeeeeeeeenn.. 81
KUREKOVA, EVa...oooveevreernn. 128
L
LANDRYOVA, Lenka............... 20, 123
M
MOLITORIS, Mat(i§ ...oveeeeeeeevenn 88
P
PALENCAR, Jakub......covvveeeeerrrnn. 62
PALENCAR, Rudolf.......ccoovereeennn... 62
PAWLENKA, Miroslav .........ccccccoeuue. 97
PODESVA, Petr .o, 54
S
SLADKA, Karla .......cococoveeerrnnn, 105
SKUTA, Jaromir........ococeeeeveeeerrrenn. 30

173









Autor: Kolektiv autort
Editor: Ing. Pavel Smutny, PhD.
Katedra, institut: Katedra automatiza¢ni techniky a fizeni 352
Néazev: XLI. Seminar ASR 2016 “Instruments and Control”
Misto, rok, vydani: Ostrava, 2016, 1. vydani
Pocet stran: 113
Vydala: VSB - TECHNICKA UNIVERZITA OSTRAVA
Tisk: Katedra ATR-352, VSB-TUO, 17. listopadu 15, 708 33 Ostrava - Poruba
Néklad: 200 ks
Neprodejné

Text neprosel jazykovou Gpravou, za vécnou spravnost piispévkll odpovidaji autofi.

Tato publikace ani jeji ¢asti nesmi byt reprodukovany a prepisovany bez pisemného svoleni
vydavatele a autort ptispévki.

ISBN 978-80-248-3910-3




	Aaa_ASR16SbornikZacatek
	BALONOVÁ, Katarína, KLVAČOVÁ, Simona & ĎURIŠ, Stanislav
	BARANOVÁ, Vladena & LANDRYOVÁ, Lenka
	CZEBE, Jiří & ŠKUTA, Jaromír
	DUBJÁK, Ján & ZBIHLEJ, Jozef
	FARANA, Radim
	GEBAUER, Jan, FOJTÍK, David & PODEŠVA, Petr
	GRÚBEROVÁ, Michaela, PALENČÁR, Jakub & PALENČÁR, Rudolf
	HÝL, Radim & WAGNEROVÁ, Renata
	KRŠÍKOVÁ, Jana, KLVAČOVÁ, Simona & ĎURIŠ, Stanislav
	MOLITORIS, Matúš & HLOCH, Sergej
	PAWLENKA, Miroslav & TŮMA, Jiří
	SLADKÁ, Karla & VÍTEČKOVÁ, Miluše
	TÓTHOVÁ, Mária & DUBJÁK, Ján
	URBAN, Patrik & LANDRYOVÁ, Lenka
	VAJSÁBEL, Michal, JAVORSKÁ, Alexandra, KUREKOVÁ, Eva
	VÍTEČKOVÁ, Miluše & VÍTEČEK, Antonín
	VOJTEK, Tomáš & DANEL, Roman
	ZÁTOPEK, Jiří
	Zzz_ASR16SbornikKonec

