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EDITORIAL PREFACE

Process Engineeringnd Factory Automatiorbecamenowadays the dominaxtiving forces
behind key industries suchas Oil and Gas Industry, Chemical, Pharmaceutical, Food,
Machinery, Electronic Industry and Automobile Manufacturiidne aim of the currenssue
(Volume 41, Number 1)s to overview the latest developments in industrial process

automation and process engineering.

The papergresented hemwere selecteéfom contributionsat the Factory Automation
Conference heldn May 211 22, 2013. The objective of the Conferenzas to establish an
intemational forum for specialistboth from the industry and academidhe meeting
provided opportunities for the participamtspresent and discuss the latest developments and

up-to-date applications in automation.

This issuaepreserdgtheentire spectrunof process engineering as follows:

¥ Automation tools and solutions of manufacturing processes
¥ Industrial robots in automation

¥ Automation of quality control

¥ Industriatcommunication networks

¥ Automation safety

¥ Application fields of CAD/CAM, EDA

¥ Lifecycle management

¥ Production control, production logistics

¥ Monitoring and diagnostics of manufacturing processes

¥ Production design, optimization and simulation

We ae grateful for the authors for their contributions. ¥icipatethat thereadershipf the
Hungarian Journal of Industry and Chemistiit be inspired and benefit from the selected
good quality papers.

We plan to continughe tradition of the former Industrial Automation Confereneges You
are welcome to participate at the International Automation Condrépg/(vww.iac2014.hj
in BudapestQOctober29 31, 2014!

Je NOSABONYI AND ROZ¢LIA PIGLER-LAKNER
University ofPannonia, VeszprZm, HUNGARY
Guest Hlitors
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In order to satisfy the material supply needs of large scalefmns and production systemsriouslogistics solutions

are applied. In lean manufacturing enterprises, the material supply is pulled by the demands of manufacturing/assembly
processes; therefore nailkrun service is often applied to support the production without glitchesmiilkeun logistics

planning is a special cager vehicle routing problem (VRP), and requires effect@mproach tcsolutionin orderto

satisfy various constraints, and minimize the cost of servide.stidygives an overview abolgan logistics as well as

the most efficient VRP solver algorithms-urthermorea novel initial solutionwith generation heuristics proposed

which is specially focused on flexiblenilkrun planning. In order to demonstrate the capabilities of the solution, a
software environment islevelopedas a demonstratiothat focuseson the main industrial requirements of logistics
planning like effective layout definition, quick response of the delivery service and effective order handling

Keywords: vehicle routing problenmilkrun, local searchfactory logistics

The paper is focused on tlmilkrunOservice which
is defined asa manually operated, cyclic transport
system delivering raw materials (or saksemblies) and
The material provision of largeand mediurrscale disposng empties based on consumption usingxad
production systems requires prudent planning an@ute and time scheduld3]. According to this
control, since it influences the performance of théharacterizationm”krun SChedUlingiS considered as a
productionand affects the order management directlySPeCial vehicle routing problem with time windqwes
and storageassignment[1]. In order to manage limited capacity andnumber of vehicles. In thpaper a

effectively the material provision of the production,novel’ muitilevel planning approach is gosed which

ractical transport logistics and distribution tasks arecombines the advantages of existing algoritramsfor
prac P 9 . examplelocal earch for vehicle routing.

usually formulated as vehicle routing problems, whose First, an overview of the stat-theart factory
objective is to obtain a minimwtost route plan serving logistics is given, considering the recent sfiopr
a setof customers with known demanfdy. characteristics and planning demands. Then the main
In stateof-the art manufacturing systems, leansolution approaches and algorithms are introduced, as
processes are successfully applied to eliminate theell as the critial points ofmilkrun planning. In section
wastes on all the levels of production, and they raise tHe the proposed layout representation hierarchy and the
overall efficiency of the system by reducing the nonnovel initial solution generation heuristics method are
value adding activities in the process chaihe shop described The latter focuses on the real industrial
floor logistics processes have to be adapted to tﬁéite_ria and give af_easibhailkrun schedule. Irthe Ia_st
productionsystem:therefore the waste reduction in theS€ction, an industrial castudy and some numerical

material provision also has a key role in balancing tHESU/tS present the efficiency of timeilkrun planning

workload and ensuring a smooth running of productiorwemOdde\/mOp(Ed

A well-operating lean logigs system keeps the
inventories and operational costs on the most cost
efficient levels, viaby providing the materials whahat
areneeded, exactly when they are needrex satisfying
these requirements, concepts of the legmsticscan be  The shop floor logistics are part of the production
applied that are primarily aimed at controlling the |ogistics in the supply chains of companié#/hile
transport services duly to the pull strategy. logistics in general is about supplying a customer with

Introduction

Shop-floor logistics



necessary goods in time, with the goal of efficiency, and
the lowest possible costs, production logistics is the task
of bringing necessary material to workstations and
machines and transferring it to the next station. In the
realm of logistics planning methodologies the lean
approach, originating in the Toyota Production System,
of overall waste reduction has become a major planning
paradigm, constituting the lean logistics approach [4].

Principles of lean logistics

Of the seven waste categories, eliminating unnecessary
transports, waiting times, superfluous movement and
excess inventory are the most relevant in lean logistics.
KLUG identifies the following characteristics of lean
logistics [5]: synchronicity and a clocked material flow,
flow orientation, standardization, pull principle,
stability, integration, as well as perfection. Regarding
the pull principle, as the most relevant feature, material
is only transferred to a workstation if it is about to
process the material thus reducing inventory levels by
reducing shop floor stock to safety buffers only. Beside
the above principles of lean logistics, a relatively novel
issue in material provision of production is ‘green
logistics’ that is generally about establishing an
ecologically  sustainable  transportation  system
considering factors like energy consumption and air-
pollution [7].

While in the general external logistics context theses
planning principles are reflected in transport concepts
such as the just-in-time delivery, there are also
corresponding design concepts in production and shop
floor logics. For the supplier/source side, establishing
zones for decentralized incoming goods and
supermarkets in the vicinity of assembly stations is a
means of reducing transport lengths. On the receiving
side, standardized shelves and reusable containers,
replenishment schemes like ‘kanban’ are applied. For
the transport system between supply and workstations,
‘tugger trains’ (Fig.1l) with fixed time intervals,
standardized capacity, and transport lot sizes are
preferred over forklift transport in the context of lean
logistics; the goal of, which is the reduction of inventory
and avoiding erratic peaks in production known as the
bullwhip effect [8].

This transport concept of scheduled tugger trains in
the context of a lean-oriented logistics system is usually
combined with the milkrun transport concept that is in
the focus of this paper. Especially in production
environments with a high product complexity, variety
amid a complex and changing material flow, planning a
system of milkrun transports is a complex planning task.
Thus, an efficient system of milkruns could significantly
in-crease the efficiency of the overall production
logistics.

Milkrun as a vehicle routing problem

Vehicle routing (VRP) is a challenging combinatorial
optimization problem, introduced first by DANTZIG and
RAMSER in 1959 [9]. The general VRP is known as the
Capacitated Vehicle Routing Problem (CVRP), were the
aim is to satisfy the needs of all the customers at
different locations by having a given number of vehicles
with capacity constraints [11]. When milkrun is applied
as a material providing system, the time constraint of
the runs has also to be added to the general problem
(VRP with Time Windows — VRPTW). The general
objective is to minimize the costs either by minimizing
the total distance travelled, or minimizing the number of
vehicles applied. A specific type of VRP is the Pickup
and Delivery Problem (PDP) where the vehicles not
only provide the locations with materials, but also pick
up materials at the stations and deliver them to another
one. The milkrun problem is also a PDP, with time
windows and cyclic service [12].

Several approaches from the operations science are
used to solve VRPs, as for example constraint
programming that manages flexibly the various specific
constraints of the VRP [14]. Local search is one of the
fundamental approaches to find solutions for hard
computational — including constraint satisfaction —
problems. The basic idea behind local search is to start
with a randomly or heuristically generated candidate
solution, and to iteratively improve that by means of
defined functions [15].

Generating the initial solution is always a crucial
point when applying local search, since it significantly
affects the running time of the algorithm. Sophisticated
heuristics for the VRP are the two-phased ones, which
decompose the problem into a clustering- and a routing
problem, with possible feedback loops between the two
stages. Cluster-First Route-Second (CFRS) algorithms
perform a single clustering of the vertex set and then
they determine a vehicle route on each cluster. The best-
known CFRS algorithm is the FISHER-JAIKUMAR
algorithm, which solves the General Assignment
Problem (GAP) to form the clusters [17].

The local search starts from the initial solution and
subsequently moves from the present solution to a
neighbouring solution in the search space where each
solution has only a relatively small number of feasible
neighbour solutions and each movement is determined
by neighbouring operators [20]. When applying local
search, the combination of the neighbourhood operators
produces the next local optimum solution (Fig.1).

Although the most general forms of the VRP can be
solved effectively with the above approaches, the
milkrun planning problem is hard to interpret as a
simple graph-search problem, and the general initial
solution heuristics are difficult to transform for this
problem. The mapping process of the factory layout also
requires special processing; therefore general solution
methods cannot be applied easily for such a special
problem.
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schedule, since most of the routing algorithms duxs
Problem formulation calculate with the physical constraints determined by
the shogfloor. Most of the general solution approaches
Hereby,we provide a definition tahe milkrun planning  consider the problem as a gragparch, where the
problem. Consider a layout of the shitpor, whichis  stations are represented by vertices and the routes are
defined by a set of routes and stations. The routes canrggresented by edgfi].
either one or two-way ones, and each route endpointis |n many cases, this representation does not support
defined as &outenod@® Along a specift route, thee  effectively the planning processes with feasible results,
can be more stationgFig.2). The problem also unless the application of the following constraints.
considers demands that belong to the stations apgequeny, when representing a shéipor by directed
defined by the amount of the transported goods igraphs, it turns out that the structure of the layout results
standard units and the required cytifees of the some direct and indirect routing constraints. A direct
transportation. The goods are transportgdvbhicles case means that the additional equations can be
(practically bytugger traing which are defined by their formalized immediately when constructing theaph,
capacity and average speed. such as the asymmetric edge formulas, while the others
In order to plan feasiblemilkruns reatworld require further consideration. Indirect constraints are
constraints are considered, such as the capaciigually implied by the narrow and omey corridors
constraints of the vehiclesvhich limit the maximum  which limit the abilities of the vehicles from going to a
number of the transported goods. Another constraint éation directly from anotr, even ifa path connects
the time limit of the planwhich means the total time them These constraints are implied by the moving
consumption of anilkrun plan cannot exceed the cycle apilities of the common applietigger train since it
time of the demands. The loading and unloading poingannot turn in the middle of an aisle, and in many of the
can be reached frooth sides of théugger trainand cases it have to take a detour befordtinig the next
the train can approach the station from both endpoinégation (Fig.2). In order to handle the shdfor
of the route that the station belongs to. constraints effectively and be able to avoid impossible
A milkrun plan is builtup by paths, where each pathmovements of the vehicle, a novel hierarchical layout
is given as the list of the visited stations and the list gépresentation is proposed. The layout is defined by
the roues that the vehicle passes along. The plan dogfiee main different classegach having their own
not partition the demands, and a visit of a particulagpecific attributes. This structure can be handled
station only occurs in a specific path.milkrun plan is  dynamically during the path calculations, and the
characterized by its total time consumptiavhich is  asymmetric nature of the distance matrix is represented
required by the vehicle(s) to perform thEan. A together with the limitations ofiehicles movements.
milkrun plan is considered to be better than the othgtig.3 shows the hierarchy othe layout, defined by
one only if its total time consumption is smaller, while i©OroutenodesO, OroutesO and OstationsO.

satisfies all the demands. The goalufkrun planning To calculate the distance matrix of the layout
is to minimize the number of the required vehicles vigtoing the shortest paths between the stations,
minimizing the tme @nsumption of the plan. DIkSTRA® algorithm was applied that solves the

singlesource shortest path problemm logarithmic
running time [22]. In this case, the input of the
algorithm is a directed graph where the vertices are the
set of theQoutenode® and the edges are the resit

Layout representation for vehicle routing This graph representation is able to handle all the nodes

of the layout with their connections, and by applying

As it was mentioned in the previous section, solving thBlJKSTRAG algorithm the asymmetric distance matrix
general VRP is not enough to plan feasibddkrun can be calculated.

The proposed planning process
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Initial solution generation

In order to plan feasiblmilkrun cycleswith the lowest
operational costs, the shdipor constraints have to be
taken into consideration. To handle the constraints
effectively, the routing algorithm needs to select the
stations to be visitedlynamically Thus, a seaalled

while |Q| >0
while time (C,) >tcorload (C)) >c

triplet solution is pplied which helps to avoid remove randv from C, (V! i)
impossible movements of the vehicle. A triplet is foreachvin C,

consisted of three identical nodesrett current, the delete ¢, fromQ
previous and the next position of the vehicle. The next add C,tol

position is calculated dynamically when determining a delete C,fromC

particular @th of the vehicle. Themilkrun planning return |

method strongly focuses on the industrial requirements

of vehicle routing; therefore, a novel initial solution

generation heuristics was implemented. The goal IS t0 Local search strategy and neighbourhoodfunctions
generate a solution that is as close to the witeas
possible.

The proposed heuristics can be classified as a CF
type rule, and differs from & FISHER-JAIKUMAR
algorithm by the cluster generation method, since
does not require solving tirmonsuming GAP, but
defines the clusters based on pradtieason$18].

To generate a feasible initial solution, the algorith
calculates a path to each station applyiigksTRAG
shortest path algorithm. Then a greedy search algorit
is applied to calculate the next nodehich must be
visited by the vehicle before returning to the depot, S&.
as to avoid violating the turnaround constraints of th
vehicle. The greedy search itexatforward the nodes
applying abestfirst search strategf23], and finds the
first node from which the shortest path to the depot
does not contain the previousde. The Oroundtrip®
planning method is applied for each station, and detects
all the feasible tours on the shop floor. In order to
determine the set of paths for the initial solution, th&he milkrun planner softwarewhich includes both the
paths with most visits are selected one by one while thger interface and the solver algorithms were
set of usatisfied demands is not void. Performing theémplemented in a .NET environment using+€
services required by these cycles provides a feasible gafiguage. Within the performance evaluation of the
acceptable initial solution for the planning algorithm.  jmplemented software, a real production environment

The pseudaode of the proped algorithm is the as modelledin orderto analyge its capabilities. The

|J&order to improve the initigl generatedsolution,
neighbourhoodfunctions are applied. To be able to
i[each all the points of the search space, both-iate
Inter-route operators are necessary to calculate with,
although in this case the effect of the inteute
ngunctions is more significant since the initial sodut
heuristics could provide paths with stations in a rather
rﬁ’r?Od sequence. The algorithm performs the local search
to minimize the paths, and the cytime of them. Then,
simple birpacking problem is considered, to allocate
e paths to a minimal nurabof vehicles. To solve the
problem, first fit heuristics was appliedvhich is a
proven 11/9 OPT solution algorithja4].

Case study and test results

following: _ purpose of the implemented application is to offer user
vevr setof stations friendly and efficientmilkrun planning environment;
pi=viv! v} path therefore a graphical, pokandclick layout definition
P{ p} set of paths interface and XML communication have been applied

D :[drs]l(r,S)! Vv  distance matrix (Fig.4).



Figure 4: The user interface of the milkrun planner application

First the input parameters are processed and stored in

the memory, andksTRAG algorithm is applied to —Time req. of the plan  —3600's
calculate the shortest path between each station. The’”™"
distance matrix is built uprom vectors, each having o000 -
two distance elements. This data structanequired by — 1 vehicle f 2 vehicles
. . . . M, 15000
the applied triplebased path planning methodhich g
selects dynamically the proper distance parameter fro;ﬁ 10000
the vector, based on the location of the previously . |
visited station. =
The initial solution generation uses the distance 0 - 1o o

matrix to ceate the tours, based on the station loops
detected on the layout. The initial solution contains only
feasible paths that satisfy the time constraints as well as Figure 5: Test results of the case study

E)hveerclgggggyvgﬁ?cslgsmf c;;g;i ?&ggzzhlzﬁbjﬁ?ez\_/o@he analged system requires efficient planning process,
- ap b "..since the total length of the routes is oveés Rm that

i i Il the raw materials in th - . .
the vehicle is loaded by all the av aterials t. %ﬁects critically the total time of themilkrun schedule.
depot, and then all the other loading and unloadi o L .

) . he application of inefficientnilkrun schedule results
processes are calculated statiyastation to simulate i . .
. .. .. _low-utilized vehicles and high number of cycles.
the realmilkrun process. In order to calculate with time

traints. bothhe travedi ith tant In this case,he goal of the tesvasto minimize the
constraints, bothhe traveltime (with constant average number of vehicles required to perform the services via

speed) and the loading/unloading time (time/item) arginimizing the time of the mfes. The proposed initial
considered. The purpose of the generated initial pathsds) tion heuristially generatd eight feasible paths with

to satisfy all the demands by the lowest possible numbgg 409 seconds total time. First, the algorithm tries to
of feasible cycles.The local search algorithakes the optimize the plan by applying one vehicle, and increases
initial paths and reduces their total time consumption biye number of the vehicles only if the improvement
applying neighbourhoodunctions where it is possible. stepscannot decrease the time requirement of the total
The algorithm iterates through all the combinations gblan under the cyclime (3600 seconds). By this way,
the stations, and detects the possible insertions from oih@ test run could optimize the plan for two vehicles in
path to another. Adocal search iterates through thel77 iterations, and generated a schedulkich time
paths in a random sequence, different test runs cesquirement is only 5minutes(Fig.5).

result differentmilkrun plans. In order to approximate

the global optimum solution, the implemented

Number of improvement steps

application performs the local search several times and Conclusions
selects the most appropriate schedule from the
generated solutions. After an overview about the statf-the art shogloor

The capabilities of the algorithmeretested in a real |ogistics, and the general formulations of the vehicle
production environment This was a largescale routing problem, a solution was proposed that uses a
automotive production system with 2 factory halls, 6hovel layout representation and initial solution
stations and 96 routenodes. Thelkrun plan has to generation heuristics to solvihe milkrun planning
satisfy 193 various demands in 60 minutes cyicle. problem. In order to demonstrate the capabilities of the
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In this study the main feature of chemical injection systensed in gas industrgre detailedThe two main energy
sources of thessystemsare @ andelectric powersour@. The generaltsucture and main properties these injection
systens are discussedExamplesfor apneumaticcommercial and a newly developedectricsystemare compared

Keywords: chemical injection system, hydrateibition, solar energy, pneumatic system

In the first pat of thepaper,the main features of the
commercial injection systems are detaifetlowed by
the introduction ok newly developed injection system.
During the production of gag major problem is the
formation of hydrate crystals in the pipeline. A S
considerableamount of hydratecrystal can cause Chemical injection systems
hydrate plugs in the pipeline. The hydrate plug effect
lengthens production outages and results in loss Bf gas industry there are twapplications where
money for the maintainer [lpecause“minationof the chemical injeCtion is rentid. The firsoneis theabove
plug is a time consuming procedur®ne of the most described gas hydrate inhibition technology. The second
widely used traditioal solutions to prevent hydrate Oneis where usage of corrosion prevention chemitsals
formation is addition of methanol to the steaming ga$leededNew chemical injection technology appedin
The methanol helps to dehydrate the gas, thus, tgephisticated form using wideservice range as a result
growth of hydrate crystalis limited [2]. The methanol ©0f & change in gas production and distribution in the last
can betransported from the gas separator station or gé§cade.
colledion station to the gas wells via dedicated
pipeline. Thistraditional solution was the most popular
practicefor a long time in gas industry. This technology
is safe but has several drawbacksuch aghe cost of
additional pipe to the gas welkhe ®st of the methanol
regeneration [3] and methanol contaminain of the
environment.Regardlesshie methanol technologies are
still major solutions for hydrate inhibition for the
currently operating gas wells. The modénstallations

Introduction

Structure of pneumatichemical injection pump
systems

The most commonly used chemical injection urits
gas industryemploythe energy of gas for dosing. These
systemsare calledperating withoutauxiliary power
system§ In detaik, the energy of gas steam in the

usemethanol inlow concentrations for newly installed PIPEline is used as power source in the dosing of
gas wells.Thesebring the need for injectingiethanol  Ydrateinhibiting chemicalpump systemsThis method

locally at the site of the gas wells. Thus, an injection""_smemajor advantagihat the gass always available
unit is needed for this purpose. or it is notnecessary to provide separatpower source

The productiorrelated aspest such as the foréh_e e(;q_wpdmen:to op?ra:Le rechic is that .
consumers expeag increasedflexibility from gas 'Igd |sfa van ag$ 0 Z teh(?h!me 'S tha g?ﬁf ('jst
provider cannot be neglectedecause of the habits of required for operation an S gas I1s emitted 1o
the consumersand the appearance afompetitive enwron_m_en,t which is a r_\armful effect, moreover,_the
energysaving technologies. Therefore the differenfOSt of it is also ot negligible.There are some solutlpns
injection systems spread noticeably dynamically i 0 utilize the emitted gases, but these methods raise the
recent years. price of the pump.
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Figure 2: Chemical injection system on a gas well

Injection system

operation, such as check valves, ball valves and other

Tankof | || Injection Natural fittings. The hydrate inhibitor compound can be found
chemicals pump gas outlet in the tank

The main task of the control system is the

Technology / Pipeline monitoring of the injection system, so several

parameters are required to be measured, e.g. the level of
Figure 1:Block scheme of chemical injection system  chemical in the tank, the pressure of the after the
regulator and the ambient temperaturee ©@fthe most
ARIGAS substantial information about the injection pump is the

)
e o PRESSURE entry of the inhibitor to the pipeline. To measure these
- RaTe  FeovAToR N parameters, transducers are neeaédch require some
& GAUGE ) el solar energy for the operatiofig.2 shows a well
CONTROLLER ' organized, modern gasell in Hungary.The injection
system used employsthe gas of the well forits
CHEMICAL

oty operation.
CHECK VALVE
INLET
FILTER

- Injection system frorilASKELMILTON RoY
FLOWMETER o PROCESS FLUID

,,,,,, c -
TOTALIZER The HASKEL MILTON RoYy company developsand

manufactures variousjection systemsfor specialoil
and gasapplicationsor manyyears.Chemical Injection
Pump (CIP) series isone of the most widelyused
) . equipmentfor gas wells A pneumaticversion of the
__Fig.1 shows a common structure of chemicalyeyice is shown inFig.3, asa typical system. The
injection pump systems, which illustrates haWe  qjying gasor air is fedfrom the regulatoto the gas
actuated gas gets into the injection system through a %@Sing unit. The airis letinto the injectionpump which
preparation unit. This unit is typically a special tankincjydes the timer unitThe chemicalentersthe pump
which is filled with methanol. By using this type of y,rough the appropriatealves andilters. The dosage of
conditioning one can be sure that the gas is sufficienty,emicalscan be adjusted through tratesettinggauge
dry, thus, _the water does no_t disturb_ the ope_ration of theit (typically it is a burettd at, which the quantity of
pump. It is needed to avoid the risk of fre@gout chemical of onenjection is displayedThe strokes can
various components. The gas bubbles through thge counted by using tHéow meteron the system. The
methanol, so it loses a significant partvila_ter content.  check valve prevents the injection pump from the
The replacement of the methanol is needed @hcipressureof the process fluidThe company can

appropriate intervals of time as a technologyeliverthe complete uniin different versionsaccording
managementifter the gas leaves the conditioning unit, he quantityof injection, e.g. the givenseriescanbe
the gas steams through a tatage pressure re9“|at°r-adjusted from 0.27625.8dn* min’. The range of

This unit provides the required pressup the system operationpressure is also wigdeypically 1208600 bar.
for operation. The timer unit is responsible for

providing appropriate technological demands of the

schedule, i.e. sufficient number of strokes is needed to Structure of electric injection systems
operate the pumpThe chemical is injected with the

piston of the injection pump. HE injection system This categonjncludes systemsvherethe electricity is
includes other componente/hich are essential for the the only energy sourcén general, the site of the gas

Figure 3:Pneumatic injection system frolfaskeL MILTON
Roy [4]



Table 1:Main parameters of the injection pump designed

Management system
Asynchronous motor

: — Measurement Nomi_nal voltage 230 V(Y) /400 V (D), 50Hz
Comunication o Nominal power 0,12kwW
unit : PTB 07 ATEX 1058 X 112G Ex
units Ex class de IIC T4
Type DEx 63K/4K
o T Vendor HEW
Tankof —y | Tmection | __ | Technology Helical gear unit
chemicals pump Pipeline Gearratio 41,58
Ex class ExI12G clIC T4 X
. . . Type SKO2FIEC63 /2663 S/4 TF/2G
Figure 4:Block scheme of electric power injectisgstem Vendor Nord
Crank mechanism
Solar energy source ] [ Controller ] R;?ir(])g(t)? n(’)lfe?:tf:glr(]iecs 20;“ m
\ / Injection unit
Diameter of piston 5mm
Asynchronous motor Vendor of seals Trelleborg
* Ex motor Type of seals Turcon” Variseal”
* 120 W power
¢ create arnnjection systemwhichcan be used mainly at
Hungarian gas wells. Thus, the temperature requirement

of the system was in thel0 jC to 60 jC range. The

Helical gear unit X
l J system must be capable of working@xOenvironment

l with high efficiency. The power source of theéuwmator is
. solar energy to reach close to zero emission of the
IC"Z‘“}‘"’“I“‘“‘S“‘ | system. In the systentorrosive chemical has to be
l injected, thus, a corrosive resistant is required at critical
parts of the equipmentge piston, piston space, etc. The
Tanlf of _>l Double acting injection | maxi_m_al v_vorking pressre was 16Mars. A wide range
chemicals of injection volume was also a fundamental
i requirement. These requirements were the main
l - s parameters at the design phase of the equipment. The
echnology/ Pipeline I bl .
ock scheme of the developed system can be seen in
Fig.5.
Figure 5:Block scheme of new injection system The base of the systeisian Exclassasynchronous

i ) . . motor (Table 1) which is assembled with a helical gear
well is not equipped with electric power because of thgnjt from Nord manufacturer. The base of injection

rela_tively large distance fromhe processofseparator system is a crank mechaniswhich transforns the
station collector, etc.). Thus, hesesystems are not \qiary motion to alternating motion. The pump has two
commonly employedh thegas wellapplications. pistons to reacthigher injection volume and well-

Most of the electric chemical injection pump  hajanced load of the motor. The main parameters of the
systems arebasedon the principle ofdisplacement |,ochaniscan be found iTable 1

pumps These high-pressure pumps provide the The sealing of the mechanism is a critic@sign
chemical injection by usingpeed adjustment in a wide point The relatively high pressure, corrosive fluiaisd
range or with differentpistonvolumes. high stroke number redre special solution for sealing.

As shown inFig.4, the electrical injection pump A single acting, spring energizegal was selecte@he
system contains relatively few units. It cannot be ,ppjication conditions demanded the tight guiding of
ignored thathe electricoump does nobnly includea  neck of piston, to avoid the damage of seals during the
motordriven piston with frequency inverter, the operation of pump(Fig.6). The electromechanical
controller electronicds also an i_mportanpart of the gctuaor gives the opportunity to smoothly alter the
system.Solar energy can be applied as energy source @fected volume in continuous or in periodic operation.

this type of system. This_ source can feed the contrebpie 2 shows the injected volume of the pump at
electronic besides the main actuator of the system. gigrarent frequency of the inverter in continuous mode.
The power source of the systemdn array ofsolar
In-housedesigned injection system cells. The power of solar energy system w&d\2to get _
extendedservice and short recharge time. The capacity
The development of the injection system was a part of the accumulators was 8@(. The developed
bigger project with the Scada Lté companyfrom €duipment has a Pl-Based control system to monitor

automation industry. The aim of development was tH1€ main parameters of the technology emdhange the
behaviourof the injection system.



10

Trelleborg g@ADA e @ et — @ szecvomreny

Outlet
/ seals
Szeghalom 29 Kijetenthozés

Head from I
Stainless steel

I \\ Stainless steel

Inlet piston .09

Figure 6: Section of injection unit e

@ omnmscoran

Table 2:Injected volume of pump at 150 bars

Frequency of inverter, H _Injected volume, drhh™ = V' e
30 21.71 ; )
50 36.19
10 50.67 o]
90 65.14

Figure 7: Website of pump system

The measured parameters #re pressure of siphon
of well, drill pipe, injection pipe the temperature of
pipe of well, soil, chemicalg;ontroller,temperature of
inverter, the level of the chemical in the tankthe
currentand the voltagef theinverter The frequency of
the inverter can be changed in function of the conditions
of the well.

The injection system is able to communicate
wirelessly with a server. By using modern compute
technology, the main parameters of the system can be
monitored and change#ig.7 shows the website of the
system which shows, on one hand, the main actual
online parameters of the system, on other hand, the
trends and history of the parameters on diagrams. The
structure of the website is user friendly, simpke.
model technologyor an actualgas well was setip at
the ste of the Scada Ltd. near to Hajdoeszoboszl—
(Fig.8). At the test site main parameters like level of
the chemical in the tank, process gas pressure,
frequency of the inverter, etc. were monitored and Acknowledgement
measured. After the successful test of the model

technobgy, the equipment was movedaoeal gas well This workwas partiallysupported byhe framework of
atBZktsmegyer in October 2012. the Centreof Excellence of Mechatronics and Logistics

at the University of Miskolc.

Figure 8:Block scheme of chemical injection system

Conclusion
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The interest in theesearch and application of ionic liquids has been increased worldwide, especially in petrochemical
industry, nuclear industry, oil and gas industry, chemiead electrechemical industry. In the field of chemical
operations in microwave field with ionilequids (organic chemical synthesis, catalytic operations, etc.) new horizons
openedhat were supporteldy the dramatically increasing numberstfidiesdealing with this question and thénpact

Due to the highdurability of ionic liquidsas a functia of temperaturea wider temperature range of operations can be
accessedn addition, t offers environmental friendly solution in the replacement of the toxic solvents with generally low
volatility. The area of applicatioextends teelectrolytes of novel battery cells. The important prerequisite for application

of ionic liquids is the knowledge of their physical and chemical properties. Our aim was to test the dielectric properties,
viscosity, and temperature dependence of the electrical conductivitgidering our measements,t can be declared

that the aforementioned properties show significant temperature dependence in the case of ionic liquids. This knowledge
is important for the usabilitydesignand executionof production andelatedoptimizaton processes. It is particularly
important that energy storage cetian beexposed to large temperatutactuations This study discussethe sample
materials, the usage possibilities of the sample materials and the obtained results.

Keywords: lonic liquids, energy storage cells, conductivity, temperature dependence, viscosity

Generally, RTILs are well known to be thermally
stable and noflammable and their nature can hopefully
improve the safety of electrochemical devices with
The key parameters in the molle§ of microwave aprotic solvents, such as Li batteries and super
behaviar of ionic liquids are the dielectric constant,capacitors.
dielectric dissipation factors, in addition the parameters 1-Ethyl-3-methytimidazolium tetrafluoroborate
characterizing the polarizability and the microwavéEMIM-BF,) has a high ionic conductivity, which is
energy absorption. Traditional measurement methods eémparable to those of organic solvent electrolytes. In
the static dielectric constant of ionic Uigls fail, addition, the viscosity of EMIMBF, is low. Therefore,
because theyauseintense shortcut due to their highEMIM-BF, is expected to be a good electrolyte
electrical conductivity. According to literature, thesecandidate for Li battaies. We have found that a
contexts have not been studied systematically becausé.iCoO, cell with RTILs as an electrolyte base works
of the novelty of this subject. The significance of theseeversibly, indicating that QAimide RTILs are quite
results is critically mportant in the planning and stable even at the Li reduction potential. Clearly, RTILs
controlling chemical reactions. improve the safety of Lion batteries with carbon

lonic liquids (IL) opened new technological anodes To dae, RTILs are the most promising
possibilities at the end of the 1990s providingvidle electrolytes for improving the safety of -hietal
range ofapplicatiors, especially for areas of chemistrybatteries, which could be important for higher energy
and particularly in green chemistrylLs arebeneficial densitieq3].
due to their special chemical and physical A set of four imidazolium ionic liquids (solid at
characteristicsNowadays,the use of energy storage room temperature) and one imidazolium ionic solid
units, particularly mobile phoneslectricvehicles, and were screened for their potentials as electrolytes in
uninterruptible power supply systems has more amthianganese dioxide fraeECLANCHf batteries, equipped
more importance Recently, room temperature ionicwith azinc anode and graphite cathddg
liguids (RTILs) have been extensively studied as It should be noted that the ionic liquidethy}t3-
electrolytes ofithium ion batteries from cellular phones methylimidazolium hydrogensulphate (EMIMSOy)
to electric vehiclesThe unique properties make RTILssimilar to many other ionic liquids, such as those based
attractive candidates for the electroly@se of safe on nitrate and dihydrogenphosphate anions, have also
lithium battery [12]. been found they work well in this battery design. Novel

Introduction
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Table 1:The formulas of investigated ionic liquids

vy -
@ Compound R Y
R IR 1 CHs BF,
2 C2H5 BF4
3 CsH BF,
Figure 1: The structure of investigated ionic liquids 4 C4Ho BF,

5 CH; PFRs
batteries are designed using standard cathode materials 6 CHs PF;
such as Mn@ PbQ, NiO and AgO, and anode 7 CH; PR,
materials such as Zn, Sn and Pb. Additionally, by using 8 CaHo PR,

a solid polymer electrolyte composed of polyvinyl 9 CoHs cl
alcohol and anionic liquid, new types of solid state 10 CoHs Br
batteries were demonstrated with discharge voltages 11 CoHs SCN
ranging up to 1.8/, depending upo thetype of cathode 12 CHs N(CN),
and anode usg8]. 13 CHs N(SO,CFy)»

lonic liquids like Xbutyl-3-methylimidazolium
tetrafluoroborate (IMIMBF4) or hexafluorophosphate = ) _
(IMIM -PE6) and ibutyl-4-methylpyridinium Itis important to know that_durlng microwave treatment
tetrafluoroborate (PyBF4) were mixed with organidh® microwave energy interacts with the treated
solvents such as butyrolactone (BL) and acetonitril@aterial, and the material converte talectric energy
(ACN). The ecific ionic liquid used in the given study INto thermal energy according its characteristic of
is shown inFig.1. A lithium salt (LiBF, or LiPFs) was dielectric properties. During this conversion process, the
added to these mixtures for possible application in tﬂ”gacroscoplcally observable _ result is the mea'_surable
field of energy storage (batteries supercapacitory ~Increase of the temperaturg in the treated material. The
Viscosities, conductivities arelectrochemical windows rate of the temerature increase depends on the
at a Pt electrode of these electrolytes were investigatéBicrowave field and the treated material properties,
All the studied electrolytes are stable toward oxidatioWhich is described in the following equation:
and exhibit a vitreous phase transition, which has been
determined by application of the conductivity
measurementsMixtures containing the BF anion IT/'t=PR,/IC =iE*f"™/IC, (@)
exhibit the lowest viscosity and highest conductivity. [6]

where, the! T/! t is the velocity of temperature change

in Kelvin per secondP, is the absorbed power in the
Methods sample," is the density of the sampl€,is the specific

heat of the sampleE? is the strength of the

electromagnetic field in the sampfeas the frequency of

The essential precondition for the application of iom(f'he field and#O is the dielectric loss. means this is a

liquids in batteries is a preliminary examination of |tsC mplex value[4]. Eq.(1)shows that the temperature of

proplert::es. Therefore, d every megsurefmen_t IT“EFQCE e treated material is influenced by a number of factors.
available tous was used on a number of ionic liqui SThe separate testing of their effects is not an easy task,

examinel. We have carried out microwave g,.o ", # C, features themselves are temperature
measuremenjissuch as temperaturehange dielectric dependent, and this value is diffit to accurately

properties —at  25GHz  frequency, electrlcal_ measure insidea material. In case of strictly

)ﬁomogeneous series of examined compounds the
situation is more simplified, because some
simplifications areallowed

Assuming" andC, does not change significantly in
e function of temperature, the multiplicatiorC, was

changes depending on tteenperature.

The velocity of temperaturehangeof ionic liquids
wasmeasured in the CEM Discover unit. This is a well
known and commercially available apparatus Iarih

microwave chemistry. The dgwc_e has a_cylindric Imost considered to be constant, so that the rate of
operating space and on the cy_llndrlcahpleeral surface temperaturechangeis determined byE and # only.
there are many slots where microwave energy can el ther simplifications can be made if the device is

This solution provides a special high homogeneity 0éinglemode with the same volume and shape, and the

the microwave field. The temperature was me:_:\sured fcrowave energy is constant during the investigation.
the bottom of the compartment with an infrare

h Th £ theamol q he value oft is determined by and# and#' and the
t ermome_ter. € amoun_t of t AMPIESUSEd WaS 510 of temperaturehangeis essentially determined by
0.5g, which was placed in an inner diameter of

- L #' value.
12.5mm of borosilicate cylindrical glass flask. val
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Figure 2: Scheme of the experimental setup

Measurement setup

The schematic representation of the in-house designed
experimental set-up for automated online measurement
of dielectric properties of ionic liquids in a definite
temperature range is shown in Fig.2. It is composed of
the following devices and instruments; cylindrical
sample holder unit, thermostat, peristaltic pump,
waveguide, temperature sensor, displaceable piston,
stepper motor, magnetron, detectors, control unit, and a
PC.

The IL sample, which is placed in the thermostat to
be kept at the desired temperature, is passed across the
waveguide having a length of about 3! through the
sample holder tube with the help of a peristaltic pump.
The electric energy is transformed into microwave
energy by the magnetron. The stepper motor is
controlled by a microprocessor control unit equipped
with an Intel 8-bit microcontroller, a 12 bit A/D
converters for receiving the four diode-detector signals,
a stepping motor driver, and a RS-232 serial interface to
connect it to a PC. The control unit collects the detector
signals and the temperature data from the temperature
sensor and sends them to the PC. Furthermore, it
controls the position of the short circuit displaceable
piston on the basis of algorithm software elaborated for
this purpose.

The measurement method is based on the
compensation of phase change due to the microwave
energy absorption of the liquid sample. The short circuit
piston situated behind the sample must be actuated for
compensation. The energy conditions created by the
wave front in the waveguide are measured by four
diode-detectors.

Dielectric constants, dielectric loss factors and the
temperature dependence of the dielectric properties of
ionic liquids intended to be used in batteries were
determined by the above described self-designed
microwave dielectrometric apparatus (Fig.3) at the
frequency of 2.45 GHz and at different temperatures
(30°C, 40°C, 50°C, 60°C, 70°C, 80°C, 90°C, 100°C,
110°C and 120°C). The speed of the change in
temperature depends on the electrical field strength in
the material (E), the absorbed microwave power, (Py)
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Temperature (°C)
8

0 2 40 60 80 100 120
Time (second)

——— CH3-BF4 ——— C2H5-BF4 C3H7-BF4 C4H9-BF4

Figure 3: Temperaturerofile for 1-butyl-3-
methylimidazoliumtetrafluoroboratet 3W

density (1), the specific heat capacity (C,) and the
dielectric loss factor "Oand can be given by Eq.(2) [7].

Resultsand Discussions

The effects of R groups (Table 1)were examined in
case of two anions - BF, (1-4) and PF¢ (5-8) at 3 to 5
W of microwave energy. The results indicate that the
decrease of the number of C atoms in R increases the
rate of temperature change. By increasing the
microwave power significantly the temperature rapidly
converge and sometimes crossing over, but this is not
typical in Fig.3. Overall, the rate of temperature rising
follows the order of "' and "" suggesting that in a strictly
homologous series the temperature change of ionic
liquids is determined by "" [5].

After evaluating the rate of temperature change, we
investigated two additional properties of the ionic
liquids used in the advanced batteries. These parameters
were the viscosity and the electrical conductivity. Both
of these parameters are the functions of temperature.
They were examined between 20 °C and 100-120 °C
temperature range. The viscosity was measured up to 95
°C due to the sample material being heated by a water-
filled heat exchanger. The measurements were
performed in a SV-10 type of vibration viscometer
(A&D Ltd. Japan). Fig.4 shows that the viscosity at
room temperature is high, typically several hundred
Pa#b. It decreases rapidly with the temperature increase
similar to a reciprocal curve. At 100 °C, the value of
viscosity can be ten times lower then at the initial value
as can shown in Fig.4.

The investigation of the viscosity is important, since
it basically correlates with the mobility of ions in the
electrolyte, which can affect the conductivity, and thus
the internal resistance of the battery cell. By cooling
ionic liquids, the viscosity is increasing rapidly. Around
freezing temperature the ionic liquids were already
similar to a “honey density”” mass.

Since the energy storage cells are used in a wide
temperature range, it is important to know that the
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the temperature four of the studied ILs have similar dielectric constants

around 7. With the increase in temperatureAhealues
. . . . for DiEtMelm(BF,), DIEtEtIm(BF,) and DIiEtPrIin{BF,)
electrical conductivity othe electrolytes is a function of slightly increase up to 13, while the dielectric constant
tempgrature. . . ) . ... for DIEtBulm(BF,) shows a sudden break at 90;C and
Fig.5 contains five different electrical conductivity at 120;C it reaches the value as high as 27. This could
plots of ionic liquids in the fur_lction of temperature. [, explained with some sudden changes in the structure
can t;]e seenhthaL_trarelle)ovementlonc_ec_iBMIMI—BF4 does hof the ILs or in the physicechemical interactions
not have ‘the highest conductivity va ue, but theryveen the anion and the cation. Excluding the results
depending on the temperature the conductivity value gf, pietgyIm(BF,) the values at elevated temperature
this material increases with the greatest intensity [6]  ¢po  that the highestZ, value belongs to
A new and surprising result can be seenip.6.  piegveim(BF,), followed by DIEtEtIn{BF,) and then
The dielectric consint value of BMIMBF4 reaches a Fy the DEtPrim(BF.), hence the dielectric constant

value of 1 at close to 100 iC, similarly to the value o reases with the decrease in the alkyl chain length of
the vacuum and with the further raising of thethe cation

temperature this value decreases into the negative range. Taking into account the dielectric constant

This fact suggests_that b_y inc_rgasing the temperature t!i‘leelectric loss and electrical conductivity results of all
eledrical ' conductivity is rising greatly and this o jnvestigated ILs it can be concttithat the alkyl
compound is no longer an insulating matertalit a  pain jength of the cation and the structure of the anion
conductor. Therefore it is important to keep theyong)y influence the dielectric properties of the ILs
temperature in an adequate range when batteries affy that the highest value is exhibited by the
used and _espe_mally in the Chafg'r.‘g per_lod. DiEtMeIm(BF,) IL at 30jC temperature, hence it is the
The dielectic constant(E;), dielectric loss factor most suitable candita for battery applications.

"a'”.es of ILs bUi.It up of Fhe same 5&‘_’;1nion and six_ Furthermore it can be stated that implementing the
previously described cations containing alkyl Cha'nﬁnowledge about the connection between the IL

V[\)'!tg P Idniferendt D'.‘E”gtr}% (D'Et.?f/lelm DIEtEtm’, structure and the dielectric properties another ILs should
bl thr mé.an d '1; ulm) ath ' er};nt temperatures po sydied in order to select the ones most adequate for
etween BiC an 0iC are shown Fig.7. electrolyte aplication.



Conclusion

Due to the special characteristics of ILs, such as wide
electrochemical windows, high inherent conductivities,
high thermal and electrochemical stability, tuneable
physicochemical properties, etc., they are potentially
excellent candidates for environmentally sound, green
electrolytes in batteries. In order to predict their success
in a specific application, it is essential to gain
information about their dielectric properties.

However, several techniques have already been
published about determination of the dielectric
properties of ILs, so far no experimental methods were
introduced due to the fact that such measurements
cannot be realized by classical methods because of the
high conductivity of ILs.

Summarizing our results, we can conclude that when
ionic liquids in the energy storage cells were used, their
physical, chemical and electrical parameters are
significantly temperature dependent. In any case, when
they are applied, we should specify the range of
application temperature. Stepping out of this range of
the energy storage cell may not meet the expected
specification values, or in the worst case it may be
permanently damaged.
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Novel faultmodelling andintegration methodvere applied in the case when the faultless operation of the system was
modeled by a higHevel, colarred Petri net. In order to achieve realistic investigatiartsned colared Petri net model

of the system was constructeghere faultscan occur in the manufacturing line¥he faultless and fault containing
models were implemented in CPNTools both for-tiored and timed cases. The resulted model was investigated both
via simulation and using the occurrence grapbr &fficient analysis of the occurrence graph a software module called
OGAnalysemwasdeveloped.

Keywords: monitoring and diagnostics of manufacturing processesu@otimed Petri nets, probabilistic models,
occurrence graph

possibilities however, the standard occurrence graph
does not give information alt the probability of the
different occurring states of the system. Therefore, a
Models are often used for the description andpecial software module, called the OGAnalyzer has
investigation of complex systems even if they canndieen developed for solving this problem. Weights can
perfectly describe the investigated systéfhe course be assigned to the arcs of the occurrence graph and the
of a manufacturing system can be split up to distincgloftware calclates the probability of each node in the
steps ofserial or paralletechnological suprocesses. occurrence graph, i.e. of each operational state of the
This enableghe descrption of the systenby a discrete system.
event systems moddll] in the form of Petri nets.
During the design procesd a manufacturing system,
often only a model of the faultless operation is created Petri net model of a manufacturing process
The integration of possible faults intbe modelcould
give important information for more complex
investigation of the systenm our previous work2] we
have integrate fault events with different occurring
possibilities into lowlevel Petri net models of
manufacturing systems in such a way that the size of t
model remained almost the same.

In our recent work we appled the above fault
integration methodfor the case when the faultless

operation of the system was mdeel by a higHevel, S ) . .
) . original Petri net were developedith the aim of
coloured Peti net (abbreviated as Gfets)[3]. In low- blijlpproving the modeing capabiliies. One ofthe

level Petri nets the transitions fire instantaneously, aljlaproache's the coloured Petri net{CP-nets).We use
: :

?rﬁoﬁxfgﬁn?; iﬁflLeea;:c;ygSttig] otsg?atf)olicgf tfﬁ; Saysctirr;%ere the CRnets for modéing technological systems
Therefore, a timed coled Petri net model of the and their diagnosis, i.e. for the determination of faulty

) ) . - rational m f the investi m.
system is constructed in order to achieve reallstfocpe ational modes of the investigated syste

investigations.

CPNTools [4] offer tools for modding and
analsing of CRnets. There are two possibiéis for the
investigation of a manufacturing system in CPNTools:
the simulation and the analysis of the occurrence grapfhe CRnets combine the modelg advantages of Petri
In case of fault modkng using different occurring nets and the compactness of the functional

Introduction

Petri nets enable both the mathematical and the graph
representation of a discrete event system to be
modeled, where the signals of the system have discrete
ange space and time is also disci&le Petri nets can

& used for describing a controlledapen loopsystem

for modeling the events occurring in it, and for
anahsing the resulted model. For the feifent
application purposesvarious modifications of the

Coloured Petri nets
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programming language Standard ML [6]. A Petri net is
bipartite graph having circles and rectangles as nodes.
Circles refer to the ‘places’ in the net and rectangles to
the ‘transitions’. Places represent the state of the
elements in the modelled system, while transitions
correspond to the actions taken place in it. There are
‘arcs’ between places and transitions referring to logical
relations of the system. If an arc directs from a place to
a transition then the place acts as a precondition of the
given transition while the arcs in the opposite direction
represent consequences of transitions. Each place can be
marked with one or more coloured tokens representing
the state of the modelled element.

Here we emphasize two important novelties of CP-
nets only. The tokens describing the state of the system
have data value, the so-called foken colour attached to
them. In this paper these colours are used to identify
workpieces and to describe the operation to be
performed on them. Places, transitions and arcs can
have ‘inscriptions’. An inscription of a place determines
the set of colours that a token on the place can have.
Another place inscription gives the actual number of the
tokens on the place, i.e. the current marking of that
place. The inscriptions of transitions can contain
different types of functions. These functions determine
the type of the colour set of the incoming and outgoing
tokens and the operation performed on them. The arc
inscriptions can be used for evaluating the result of the
performed action at the previous transition. These
conditional expressions define the colour of the token
on the following place.

The original Petri net concept did not contain the
time; however, the firing of transition takes place
instantaneously. In case of real technological systems
the time has a great role during the occurring of events.
CP-nets also offer the possibility of adding time to the
operation of transitions. The firing rule of a transition in
timed Petri nets is as follows: a transition is enabled if
all of its input places contain sufficient number coloured
tokens defined by the arc functions and the allotted time
has elapsed.

One of the main advantages of modelling with Petri
nets is the ability of describing sequences of discrete
events that occur both in a serial and in a parallel way.
In case of parallelism, we can distinguish two different
situations. In the first case the two or more series of
events can take place independently of each other. This
situation occurs when workpieces can be elaborated in
different manufacturing lines in parallel way. In the
other case only one of the event sequences can take
place because these events exclude mutually each other.
These events have the same precondition, and the
occurrence of any of them makes this precondition
invalid. This kind of parallelism is called ‘conflict
situation’. In a Petri net the conflict can be recognized
when a place is the precondition of two or more
transitions. In this case it is randomly selected, which
transition takes place. The conflict can have two
different sources in technological systems. A conflict
occurs in a technological sense when two or more
processes want to use the same tool or resource e.g. a

robot. Usually it is worth to assign priority to each
conflicting transition in order to define their sequence.

When a fault occurs during the operation of the
system, it also causes a conflict situation. This can be
avoided by adding a special probability function to arc
expression functions. By evaluating this function, the
occurrence of the fault can be wunambiguously
determined during execution.

Analysis of Petri nets

There are two basic directions for the analysis of a Petri
net: (i) the structural method, which is independent of
the initial state of the net and (ii) the investigations
based on a given initial state (the behavioural analysis).
In this paper the latter is used for the investigation of
technological system behaviour.

Simulation is our primary tool for the checking the
correctness of a model. Starting from a given initial
state the user can check whether the operation of the
system terminates in the appropriate state. It can also be
investigated, which transitions become enabled in
certain steps, whether there is a conflict among then.
Simulation investigations do not give unambiguous
answers to questions of formal analysis formulating in
Petri net literature [7] but they complement them well.

Another Petri net analysis method uses the
‘occurrence graph’. The basic idea of the occurrence
graph is to construct a graph, which contains all of the
reachable markings from a given initial state. These
marking are the nodes of the occurrence graph and the
arcs connecting the nodes refer to the logical relations
realized by the firing transition between two markings.
Unfortunately, the occurrence graph even of a small
Petri net may become very large. Therefore, several
reduction methods were proposed in order to get a
relatively small occurrence graph [7]. Most of the
simulation tools, as the CPNTools [4] used by us, are
able to construct the occurrence graph.

Modelling and analysis of technological systems

In the following, we wish to demonstrate the use of CP-
nets and their occurrence graphs for modelling and
analysis of technological processes. Both for normal
faultless and faulty mode operation of the technological
system are considered in the non-timed and timed cases.
The analysis is performed via simulation and with
different investigations of the occurrence graph.

The manufacturing system and its operating procedure

A simple case study is presented here for a
manufacturing system containing two manufacturing
lines and a robot. The arrangement of the system can be
seen in Fig.1.
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Figure 1: The manufacturing system

The workpieces to be processed appear on the input
place !" . The task of the robot is to put them to the
appropriate input place of a manufacturing line M1 IN
or M2_IN according to operational instructions.
Assume that the two manufacturing lines perform
different actions on the workpiece of interest. When the
manufacturing process is over, the finished workpiece
appears at the output end of the line either on M1 OUT
or M2_OUT depending on the performed action. If the
workpiece has to be modified on the other
manufacturing line then the robot puts it onto the other
input place. If the manufacturing process is over then
the robot puts it into the product container OUT Assume
that one workpiece at a time can be on the input and
output places of manufacturing lines. It follows that the
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robot can only transfer a workpiece from place !" to the
input place of a manufacturing line if this place is empty
and the precondition of the start of a manufacturing
process is that the output place of this line should be
empty. As a general precondition of all transfer
processes the robot has to be free.

The CP-net model of the normal (faultless) operation
of the manufacturing system in the form of a screenshot
from CPNTools can be seen in Fig.2. The process starts
with a token at place START The transition
generator  generates the prescribed number of tokens
representing workpieces at place IN. The colour
assigned to a token contains an identifier of the
workpiece and a code referring to the manufacturing
process or processes to be carried out. Four kinds of
manufacturing mode are possible in this manufacturing
system: the workpiece has to be processed on line 1
(denoted by m1) or on line 2 (M2 only, or it has to go
through the line 1 and then through line 2 (M12) or in
reverse order (M21). As an example, the token (1, m12)
refers to the workpiece having identifier '1' and this
piece has to be processed first on line 1 then on line 2.
The state of input and output of manufacturing lines is
modelled with two places. The places Tin_empty ,
Tin_full refer to state of inputs and they are
mutually exclusive. The colour of tokens referring to the
state of these places consists of the identifier of the line
only. If the input place of the line 1 is empty then there
is a token having colour m1on the place Tin _empty ,
and there has not to be a token having colour m1on the
place Tin _full . The same applies for the places
(Tout _empty and Tout _full ) describing the state
of the output places of manufacturing lines.

e

Figure 2: The CRnet model of the faultless operation of the manufacturing system
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The transfer process are disintegrated into three
steps: to transitions referring to tfig start and(ii) end
of the transfer and to a place representing (e
transfer itself. Transitions Transfer# _start
correspond to the start of transfer processes fidmif
# = 1, fromTout _full if # = 2 or 3. The places
Transfer#  represent the transfer process 1, 2 or .
The transitionsTransfer# _end refer to completing
of transfer process to the input place of a litie{ 1),
to productcontainer # = 2) or to the input place to | 5"
anothe manufacturing line # = 3). The place
Manuf _line refers to two manufacturingines and
the colourof token showsheline being processed.

Assume that only a single fault can ocaorthe ‘ | oot
systemduring manufacturingthe identification label of o HIGH | ~ ifhijas
the piececan get damaged therefore it cannot b P HEmAD - aisalempty
identified Workpieceswith damaged label geéhto a """
separate containeepresented by plac@UT Fault . c (b
The repairing of the label is not handled in this exampl :(d.cma) =
The modified part of the Petri net model can be seen
Fig.3, where the occurring of fault is taken into accoun
The occurenceof thefault is forced bya check function I
built into arc inscriptions in the Petri net model
randomly. This check functionreturrs with a fault in ) ) ] ]
predefined probabilityThis probabilityof thecan be set ~ Figure 3 The Petri net model after integration of fault
in the definition part of the net andifferent fault

AEIHaASFob

I _ performed i.e. the label referring to the manufacturing
probability values can be assignedio the WO jine(s) of the tokens can be set in the definition part of
manufacturmg_lmeg _ the CPnet. As a resultthe colour of generated tokens
By comparingFigs.2and 3, it can be stated that & refers 10 the identifier and to the process(es) to be
new placeOUT_fault —appearsas a consequence of carried out. Becausef the highest priority of transition
fault modelling and integratioand the arc expression generator  the transitionTransferl _start can
functiors of arcs starting from transitioanuf_line only fire after the prescribed number of token appagrs

are extended with the fault checking. _ the place IN. As mentioned above, the transition
For realistic investigation dd technological system 1...<ter1 end refers to the completion of the
the timed version of the GRet model is useds acase transfer of the workpiece to the input place of a

study: A time point is assigned to the transitionshé manufacturing line.As a next step, the firing of
transition generator  does not belong to the yansitionmanuf line  corresponds to theompletbn
technological system closely, sdifes under zero time, ¢ anfacturing proceshe only fault in the system
|.e.mstantaneou_sl_yleferent time units are assigned to . occurduring this processif it happens then th
the (_)'Fher . tran_sn!ons.:rh(_as? tlme‘ I\'(algs appear as gyen getsnto theplaceOUT fault , whichrepresents
transition |qsprlptlons(@r| ! %%&& I 1S an INGEr 1o fault containerlf the fault does not occur then the
numbe_r defining the amount of time in secqmls)the system checks whether the manufacturing process is
net as it can be seen in thig. 3. During the simulation 0. or theworkpiecehas to bealso processed on the
investigations different time values have been applied [ jine.In the first case the robot putstitthe place
order to check the possibility of a deadlock. OUT representinghe product container, while in other
case it transfers the token representing the piece into the
input place ofanotherline. The modelling of the other
two transfer processé¢gansfer of avorkpiecefrom the
output place ofa manufacturing line either to the
As a first step, simulation is applied for the investigatiogroduct container or to the input place of the other line)
of the developed Petri net modafi the manufacturing is similar to the transfer from placdN to place
system. These were carried out assuming both faultlebs _full . If the appropriate input place and the robot
system operation and when fault can occur during tteeefree another transfer process can start.
manufacturing. Both netimed and timed operational The primay goal of the simulation is to check the
modes wereconsidered. correct operation of the modeRnother aim is the

The short description of the simulation is as follow investigation of possible deadloskuations In case of
The simulation starts with the generation okems deadlock the process stops without completing all the
representing workpieces The number of these tokensprescribed technological actions.can happen ircase
i.e. the number ofvorkpiecesto be processed can beof timed simulation of our investigated systemd it
modified in the arc expression function belonging to theefers to the wrong determination of the timing of
transition generator . The type of procgses to be actions.

Preliminary analysis by simulation
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Figure 4: The occurrence graptmo fault, no timing
The CPNTools generate automatically the

identifier of node occurrence grapHhut the checkfunctions used for the
> Ta fault generationhave to be removedfrom the arc
g expression®therwise the occurrence graphgenerated
- \ Eher  number only for the normal mode or for the faulty mode.
muvelet'Tin_empty 1: 1" m1 of incoming : of outgoing For the illustration of generation and analysis of the
bl S sl 4 arcs arcs occurrence graph let uassumethat there aretwo
muveletTin_full 1: 1°(1,m2,0) workpiecesto be processedone of them has to go
e through manufacturing line 2, while the other has to go
muveletOUT 1: empty first through manufacturing line 1 then through line 2.
muveletTout_full 1: empty Let the operation of the system be faultless and let the

muveletTout_empty 1: 1 ' ml++

1"'m2 - firing of all transition be instantaneous, i.e. the net is
mu.ele(‘ﬁ-?v:-t-v:vt:N number and color of tokens nontimed. The resulted occurrence graph can be seen in

velet'OUT_hiba 1: emp . . .
e I e of the place Fig.4. The expanation of numbers in the occurrence
New_Page'IN 1: 1° (2,m12) graph can be seen Kig.5. Theframesin theupper part

Me.-,:Pa-‘xe'OI,IT_th'vas 1: empty

NaW._Paga ol 13 ety of boxes are the identifiers of system statesThe

expressionx:y in lower part shows the number of
token distribution preceding and succeeding stafEse token distribution
belonging to a node can lmbtainedby selectingthe
triangle in left low corner. The opening window
contains the name of placaad the number ancblour

Simulation cannot ensure the thorough investigatioff tokens. _
of the modded systembut it complements well the  All the branches on the graph are explained by

further analysis. For the detailed investigations wkChnological reasons, as there is no built in rule for the
applied the analysis of occurrence graph. robot to start the transfer with any particulesrkpiece

The graph has only one terminal node (highlighted by
green) and it refers to the normal termination of the
Analysis based on the occurrence graph processi.e. all the prescribed manufacturing proesss
terminated properly.
The thorough analysis of thhavioual properties of a ~ Now we can repeat the simulation with the same
CP-net can be performedsing its ocurrence graph. initial conditon relating toworkpiecesbut assuming

The concept of the occurrence graps introduced that faults can occur during manufacturing process. The
above. resulted occurrence graph can be sedigr6.

Figure 5:Key for the occurrence graph

Figure 6: The occurrence graptwith fault, no timing
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Figure 8: The occurrence graptwith fault and timing
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Figure 9: The node numbers in occurrence graph

It can be stated that the occurrence graph hasamp of the token@he time stamp can be seen only in
become largeand the number of terminal nodes ha€PNTools with a detailed label for each node)
increased due the effect of the possible faulise Comparing this graph with the occurrence graph in
reason of branches on the graph can be eithBig.4, it can be statedthat the numberof parallel
technologicalat the node8, 9, 28, 51 and 54 due to branchess less and they have different terminal states
the fault.Only one of the terminal nodes refers to theAdding timing nformation tothe model reducethe
normal termination of the process (highlighted by greemumber of the possible different technological variants.
node 62), the others belong to the faultcases As the fourth casdet the simulatiorbe performed
(highlighted by rednodes22, 37, 43, 56 and %7In  with both timing and faults. The resulted occurrence
case of faulty operation the identification tag of at leagfraph (sed-ig.8) is a tree agairthe number of nodes is
one workpieceget damaged during thmanufacturing almost the saméut the number of terminal nodes has
process. doubled comparing to the occurrence grapRi6.

Next we repeat the simulation again but adding the It can be stated based @iigs4 and 688 that the
timing information to the net and assuming faultleseccurrence graph is relatively simpie case ofsmall
operation. Let the timdurationof transfer processése number ofworkpiecesand the analysis of nodes can be
equal to unit time, and the time of manufacturingdone manuallyThus it is easily to find the terminal
processes is equalot5 time units. The resulted nodeor nodesreferring to normal, faultless termination
occurrence graph can be seelfkig.7. of the process, and those terminal nodes where the

The resultedoccurrence graph is a tree and its twananufacturing obne pieceor of both pieces ends with
terminal nodegnodes28 and 29)differ only in time fault. However, the size of the occurrence graph grows
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Table 1:Comparing the structure of occurrence graphs timing

No. of faultless faulty

work- . e label N . operational mode operational mode
. (identifier, manufacturing information) a a

pieces nodes arcs TN nodes arcs TN
1 (1,ml) 7 6 1 8 7 2
1 (1,m12) 10 9 1 12 11 3
2 (1,m1)++(2,m2) 29 32 1 42 50 4
2 (1,m1)++(2,m12) 37 40 1 60 70 6
2 (1,m2)++(2,m12) 39 41 1 62 72 6
2 (1,m12)++(2,m21) 42 44 1 82 95 9
3 (1,ml)++(2,m2)++(3,m12) 145 173 1 306 409 12
3 (1,m2)++(2,m12)++(3,m21) 165 189 1 414 536 18
3 (1,m1)++(2,m1)++(3,m1) 107 123 1 210 273 8
4 (1,m1)++(2,m2)++(3,m12)++(4,m21) 631 772 1 2063 2900 36
4 (1,m1)++(2,m1)++(3,m1)++(4,m1) 340 404 1 949 1300 16
5  (1,m2)++(2,m12)++(3,m21)++(4,m1)++(5,m2) 2208 2797 1 9813 14420 72
5  (1,m21)++(2,m12)++(3,m21)++(4,m12)++(5m21) 3259 3839 1 23709 32939 243
5 (1,m2)++(2,m1)++(3,m2)++(4,m1)++(5m2) 1621 2165 1 5252 8051 32
6 (1,m2)++(2,m12)++(3,m21)++(4,m1)++(5m2)++(6,m12) 8698 10980 1 62751 93323 216
6 (1,m21)++(2,m12)++(3,m21)++(4,m12)++(5,m21)++(6,m1 12184 14562 1 146992 208602 729
6 (1,m2)++(2,m1)++(3,m2)++(4,m1)++(5m2)++(6,m1) 5638 7686 1 21630 38886 64
a

terminal nodes

exponentially if the number of pieces becomes larger, as The results of an investigation with timing
it can be seen ithe left part ofFig.9 assuming faultless information can be seen ihable 2 If the number of
or faulty operational mode, and ntimed or timecdhet.  workpiecesis less tlan four or theworkpieceshave to

In case of large number of simpleorkpieceswhen be processed on only one manufacturing, lthen the
the identification is not necessary for eatdm, the size of the occurrence graph depends on the number of
identification tag can be omitted from thelour of the workpiecesand the presence of fault. On the other hand
token. Assuming this situation all the simulationf there are at least fowrorkpiecesand at least two of
investigationgwith and without fault, with and without them have to be processed on both manufacturing, line
timing) is repeatedThe size bthe resulted occurrence but in reverse ordeghenadeadlock situation can occur.
graphs is less than an order of magnituslmpler A further condition of a deadlock that theanufacturing
compaedto the equivalent case with identifier as it cartime should be longer than the transfer time but it is true
be seen in the right part &g.9. Sincethe workpieces in general.
have to be processed on the same manufacturing line In case ofa deadlock the process stops because the
they have the same colour, thus they are precondition of transfer processes cannetfulfilled.
indistinguishable Since he robot selects among There arevorkpieceson input and output places of both
workpieceshaving the sameolour, there will be no manufacturing lines and therefore no further stege
technological branches on tlwecurrencegraph This enabled. If all thevorkpieceshave to be processed on
resultsin a much simpler occurrence graph especiallpoth manufacturing lineand there is no fauthen all of
when there arearge number ofworkpiecesand the terminal nodes ref toa deadlock as it can be seen
processes to be performed is one or two kind of sorts. the rows marked by footnotein theTabe 2.

As an examplelet us investigate the structure of  The identification tag can be omitted from twour
occurrence graphs in case when there is no timing in tbétoken in certain cases. If the numbemafrkpieceds
system the tokencolour contains the identification tag small and they have to be processed in differentsway
and both faultless and faulty operational mode isthen there isa significant changein the occurrence
assumedAccordingto data inTalde 1, the sizeof the graph. On the other hand in case of large number of
occurrence graph depends on the numberarkpieces workpiecesthe structure of occurrence graph becomes
the number of manufacturing procedures to beuch simpler if the identification tag is removed from
processedandthe presence of faultf fault can occur thecolour.
during the manufacturing procebsth the number of
nodes and the arcs increases dramatically. Theee
several terminal nodes, too, but only one refers 1@n,ysis of the occurrence grapising the OGAnalyzer
normal termination of manufacturing processes the
others belong to differentilty situatios. The labeling
of workpieces has alsoa significant effecton the As mentioned above CPNTools cannot use the
complexity of the occurrence graph. If there are on  jnformation about the probability of faults at the
more workpieces which should be processed on bothgeneration of occurrence graph. However, assigning this
manufacturing lines then the number of nodes and argglue to the appropriate edgeke probability of each
is doubledas it can be seen in thrrespondingowsin  node of the occurrence grapie. of each system state
Table 1 can be determined. For this purpose, software called
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Table 2: Comparing the structure of occurrence graphs — with timing

No. of faultless faulty

work- . . label L . operational mode operational mode

. (identifier, manufacturing information) a a

pieces nodes arcs TN/D® nodes arcs TN/D
1 (1,ml) 7 6 1/0 8 7 2/0
1 (1I,ml2) 10 9 1/0 12 11 3/0
2 (I,ml)++(2,m2) 23 22 2/0 41 40 8/0
2 (I,ml)++(2,m12) 29 28 2/0 59 58 12/0
2 (1,m2)++(2,m12) 29 28 2/0 58 57 12/0
2 (1,m12)++(2,m21) 35 34 2/0 87 86 18/0
3 (1,m1)++(2,m2)++(3,m12) 73 74 4/0 264 263 48/0
3 (1,m2)++(2,m12)++(3,m21) 86 85 4/0 392 391 72/0
3 (1,ml)++(2,ml)++(3,ml) 85 84 6/0 262 261 48/0
4 (1,m)++2,m2)++3,m12)++(4,m21) 173 172 82 1473 1472 258/2
4 (1,m)++Q2,ml)++@3,ml)++4,ml) 365 364 24/0 2121 2120 384/0
5 (1,m2)++(2,m12)++(3,m21)++(4,m1)++(5,m2) 574 573 24/4 9320 9375 1582/8
5° (1,m21)++(2,m12)++(3,m21)++(4,m12)++(5,m21) 154 153 24/24 12076 12075  2196/60
5 (1,m2)++(2,m1)++(3,m2)++(4,m1)++(5,m2) 514 513 24/0 5152 5247 780/0
6 (1,m2)++(2,m12)++(3,m21)++(4,m1)++(5,m2)++(6,m12) 1725 1732 80/40 71817 72336 12300/116
6° (1,m21)++(2,m12)++(3,m21)++(4,m12)++(5,m21)++(6,m12) 325 324 72/72 45541 45540 8280/432
6  (1,m2)++(2,ml)++(3,m2)++(4,m1)++(5,m2)++(6,m1) 2341 2412 72/0 39349 41076 5760/0

% terminal nodes/deadlocks, ° labels where all terminal nodes refer to deadlocks

OGAnalyzer has been developed. We assumed that faults occurring oe after the other in the system are
occurrence graph belonging to a given initial state of iadependent

CP-net model is finite and acyclic. The occurrencq | the graph isatree or only one route leads to the

graphs of Petrnets modelling manufacturing systems
fulfil this assumption in general.

Let the probability of faults be knowrfrom
technological consideratioand let the first stepof the

analysis bethe assigment of the arc weightsto the 5

edgesf occurrence graph as follows.

1. If a node on the occurrence graph has only one

outgoing ar¢ then the next state follows
unambiguouslythusthe arc weight is equal th

2. If there is more than one outgoing arcs from a giveg

node then it means that diffetestates can follow

from it. These states come into existence with

different probabilies depending on whether this
branch has technological or fault related reason.

a. If there is no fault in the system then ever
branch has a technological reason, bec#use
is no builtin priority rule for the robot to the
selection among thevorkpieces It means that

probability so all of the arcs starting form this
node have to get the same arc weighhich is
equal tothe reciprocal value of thaumber of
outgoing arcs.

b. The introduction of the fault into the model

causes the appearance of another type ﬁi

brancling in the occurrence graph. Let us assum
that only one type of faultanoccur in a given

every selection that is every arc has the samgé

given node then the probability of the state
representing by this node is equal to the product of
arc weights along the route leading frahre node
representing the initial state to the given node.

. If there are more than one route leadioghe given

node from the initial node then the probability value
of each route | to be determined with the
production of arc weights along the routeiaghe
first step thento sumtheseresulted values.

If the faults are not independent from each qther
thenthe probability of nodes can be calculatech
similarway butusing conditional probability values.

As described abovehis determination method and

the opeation of OGAnalyzehas beerllustrated using
Yhe exampleof two workpiecesto be processed and one
of them has to go through manufacturing line 2, while
the other has to go first through line 1 then trough line
Faults can occur during the manufacturing process
nd let the fault probabilitybe equal to 0.3 in case of
line 1 and 0.1 in case of line 2. As before, we consider
the timed case, when the transfer transitions have the
same transition time of 1 time unitwhile the
manufacturing time is equal to 5 for both lines. After the
mulation CPNTools generates the occurrence graph,
e structure gfwhichis the input of OGAnalyzer.

As a first ste@DGAnalyzerreads the structure of the

system statelt resultsin 2 new system states generated occurrence grafpbm the data file generated

one for the normal operation arahe for the
faulty mode Let the probability of faulbe equal

by CPNTools and visualizes it in its own window as it is
shown inFig.10. The user can get theken distribution

to P, Then the weight of arc leading to faultyPelonging to nodessait is shownat node lin Fig.10.

mode isequal to the probability dhefault while

The next step is the identification of branch@se

the arc leading to the normal operational modgoftwarecan distinguish between the two different types

gets the value-Py.

of branches on the occurrence graph (that are

Assigning these arc weights to the edges of tH€chnological a_nd fault caused branchd)r thist_he
occurrence graph the probability of a given state on ttserhas to definethe fault colour for the appropriate

graph can be determined in the following wifythe

branchesn a separate windaw
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@brigim

Figure 10: The occurrence graph of the example in the windo@@Analyzer

It is assumed that the technological branches have Using these probability values the OGAnalyzer
the same probability, so OGAnalyzer assigns thealculates automatically the probability of a node by
reciprocal of the number of branches to these edges. Tmeltiplying arc weights along the path leading from the
fault caused branches are cotkd into a table and the node representing the initial state to that node. If two or
user has to define the probability of faulty and normahore paths lead to the node then thebphility values
modes as it can be seeniy. /1. The occurrence graph belonging to these paths are summed. The calculated
with arc weights depicted in OGAnalyzer can be seen probability values can balso seen inFig.12 as red

Fig.12. The blacknumbers attached to the arcs Hre
arc weightsValues equal to werenot depicted.

numbers assigned to nodes.

In this manner the probability of all system s¢dte
the investigated system can be calculated. For example,
the probability of faultless completing of both
workpiecesis 0.28 + 0.28 = 0.56whichis equal to the
sum of the probabilitiebelonging to thenodes 55 and
57. The probability of that case wheéme firstworkpiece
is manufactured without faulbut the label of thether
piece gets damaged during the second manufacturing
process is 0.03 + 0.03 = 0.06 (sum of the probabilities
belonging to thenodes 46 and 48).

In case of timed nets the occurcergraph is often a
tree and the same token distribution belongs to different
nodes because of the different tinseamp For the
determination of probability of a given system stéte
probability values belonging to different nodes have to
be sunmedup.

Figure 12:The occurrence graph with arc weights and probability values
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Conclusion

State and the European Union under the TAMOP

4.2.2.A 11/1 KONV-20120072.

A novel occurrence graph investigation procedure for
discrete event systems described by Petri nets was
proposed in this paper for moedmhsed diagnostic
purposes that utilize the knowledge of the occurrence
probability of faults. The model othe investigated
system was defined in timecbloured Petri net form. [1]
The colours of tokens representing thveorkpieceswvere

used to distinguish them and to assign a label of the
processes to be carried out. The arc inscriptions ani@]
built-in probability functions were used for the fault
modelling andntegration.

The operationof the system was investigated via
simulation both in timed and ndmmed cases andn
faultless and possible fault operational m®deith
given number pieces and prescribeshnufactuing
lines. [4]

For the behavioual analysis of the model the
occurrence graph method was used. A special software
module, called OGAnalyzer has been developed for this]
handling of the probabilities on the occurrence graph
and for calculating the occurrence pability of system
states.

[3]

[6]
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A stochastic scheduling problem is investigated in this work that considers workpieces to be manufactured according to
individual recipes containing manufacturing steps performed by workstaéisnesources. Unexpected stochastic
breakdown of a workstation or the faulty termination of a recipe, when a manufacturingrizildeeshe workpiece out

of specificatios, forms the set of immediate events. A model and an algorithm are proposedasishef a scheduler,

which takes into account the possible immediate events, estimates their probability and suggests resource allocations
which provide the best overall weflow even when an immediate event happens. This model includes the possibility
handling alternative resources that can substitute each other in case of an immediate event, like sudden technical failure
of a resource. Immediate events are not exactly predictailesver, based on previous experiences, their probabilities

can be esmated. Our modelsesthe properties of the resources (including how they can substitute other types of
resources) and the required sequence of them during the workflow (i.e. the recipes). The proposed scheduling algorithm
constructs a solution workflothat reacts in the best way (in average) even for an unexpected event. The proposed model
and scheduling algorithm is illustrated on two industrial case studies.

Keywords: scheduling, resource allocation, alternative resources, immediateaavargness

Introduction possibilities that are enabled by the #émfunctionality
of resources in scheduling [7].
In this paper a scheduling method is proposed,

Scheduling is an important and widely used topic ofvhere resources may substitute each other and
operations research. Besides of its theoreticahmediate failures of resources may happen. After we
importance, industries can also benefit from optimahtroduce the problem and its main building blocks, we
schedules and resource allboa. Several different present our model and the algorithmieveloped Its
algorithns were estHished for organizing process operation and properties are demonstrated on a simple
elements on the time scale [1, 2], relatedotoexample and a more complex problem as case studies.
computer networks [3], business processes [4, 5] or
industrial processes [6]. The results are usually
represented on a Gawmhart.

There arealsodifferences between these algorithmsA general scheduler intends to determine the placement
related to their application timeSome of them are of activities of resources on théme scale. In an
applied offline before the scheduled processes startadvanced case one might consider additional features
others are applied retime. Real time scheduling given in the problemOs mod@l like substitution
techniques, and a special adaptigattime scheduler is possibility of the resourceBwhich help to redefine the
introduced inRef. [10]. For improving their resulfs classic scheduling problem to be usable in different real
there are cases when the methods use historical difi@ applications. Tis substitution may help in
during the creation of the schedule [11]. achieving a certain fault tolerance property in such a

The common scheduling methods usually handle theay that a technical failure causes the least possible
resources individually and do not take into account theegative effect. The basic aspects andtasks related

relationships, e.g. the similar functionality betweeno this extended scheduling problem are collected in this
them. Onlyfew publications investigate the cooperationsection.

Problem specification
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Cooperation P={p. E, p} )

In some cases more than one resource is able to cagtinds fothe set of product types;
out a particular activity (usugl with different
productivity). It means that when the appropriate R={ry, E, rn}, (3)
resource is busy, there can be another resdhatds
able to take ovea particular task if required. We shall stands fothe set of resources;
term this casea cooperative situatiowhen substitution
is possiblen other wordsthe resourcesancooperate O(ri) = {ow, E, oy}, (4)
with each other. Taking the cooperation aspect into
account during scheduling the performance mayands fothe set of the operation modes of resoliyce
incresse [8]. We introduced the so called substitution
vector as an element of our model to handle substitution A ={a, E, a, paus€i}, (5)
related sukproblems.

Any scheduler [1, 2] can be applied as a basis of thg;qs fothe set of basic activities, whepausét) is an
cooperative extension, which inputs the sequence anpty activity with length of hour:
resources as input presses and has to arrange them on
the time scale taking into account the availability and
temporal constraints. All the improvements are done on
this basic schedule.

ra:RxA! {0, 1}, (6)

definesa function for determining whether a resource is
able to perform an activity;
Improving fault tolerance
rap:RxAxP! {0, 1}, (7)
When a schedule is ready and the workflow starts, an
immediate gent (e.g. a technical failure of a resourcejefinesa function for determining whether a special

in a process may influence other processes, t0o, inagtivity of a resource can be applied for a product type;
negative way [9]. If the effects of that event are

calculated in the schedule, then the solution with the tRxAxPxO! N, 8)
best answer to immediate events can be selecbtead fr

the set of solutions with the same performance, and the,yidesthe suggested operation time of a resource in a
faultsO negative |r‘r_1pact_ on the schedule decreases. Qugn operation mode performing a given activity on a
model deals also with this aspect. given product type:

The model g:RxAxPxO! [0,100], ©)

. rovi ity information: how many percent of a
For the above mentioned problem set, we created nowdescapac ty Informatio 0 any p

. . r ity i i ne piece of a given
universal model and an algorithm to carry dbe esource capacity is occupied by one p g

. . . roduct type in a given operation mode of a resource
scheduling. The work intends to be the basis of sever%h"e performing a given activity:

different tasks withthe goal that the operation time W
should be minimalIn this section we introduce our

model and the scheduliératworks on this model. e&RxAxPx0O! [0,100], (10)

provides the probability of resowcfailure during
Main parameters, notations and functions performing a given activity on a given product type in a
given operation mode;
The model and its parameters are designed in such a
way that it can be applied for different kinds of sRxAxPx0O! {0,1}, (11)
scheduling problems (e.g. scheduling of industrial
production processes, test processes, scheduling agdults in a binary decision: whether a resource activity
managinghe resourcesef electrical networks, et). For in a given operation mode on a given product type can
this reason we collected the necessary parameters thatsuspended #iout restarting it from its beginning;
make possible the development of a general framework
which uses different kinds of resources in different rreq: R x A x P x O x DateTime! P(R,N) (12)
processeslt is able to handle different needs. In this
subsection we introduce thenain parameters and (powerset on pairs of a resource and a natural number),
functions we use in our work. These are as follows:  provides the additional resource need of a resourceOs
3 given activity on a given product type in a given
Process= {proc,, E, prog}, (1)  operation mode in a given hour

stands fothe set of processes;
P sbst(r,a,p,0)=[ h, .. h, 1, (13
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is the substitution vector, whema is the number of

resourceshy, is a natural numbers for all!ln! m, r;is

the i resource is a basic activityp, is a product Associate resources for the basic
type, 0; is an operation mode of resouriéy, denotes activities of the processes
how many percent of the productivity of resouicis !

needed in a given activity in a g_iven operation mode on Do the basic scheduling

a given product type to substitute totally resource

supposing unchained operation time. The substitution l

vector is calculated based on the functranand other Improve the scheduling for getting
functions (e.g. functiont in ca® of timebased more fault tolerance

optimization).
map R x DateTime" N, (14 Figure 1 The basic parts of our algorithm

provides the information on accessibility of resourceslgorithm can be separated into three main blocks, as it
how many resource of a given type is accessible inigshownin Fig.1.
given hour; In the first phasewe assoiate resources for each
basic activity of the processes. At the starbcesses
F:R" N, (15 are described only as a sequence of basic activities. We
have to turn it into the OlanguageO of resources. In this
provides the expected number of hours how long task we use the functioma for determining, which

given resarce is unavailable in case of its failure; resoures are able to carry out the desired basic activity.
Furthermore,we deal with the minimization of the
tsart Process’ DateTime, (16) operationtime; we select the resourchich has the
operation mode with the minimal operation time, i;e.
shows the start time of a process; with
tmaxend Process’ DateTime, 17 min(t(r, A, P,0,)),! 0," O(r)ra(r,A)=1 (22
shows the maximum finish time of a process; is selectd.
The first step of our algorithm results in a sequence
prev. Processl A! N*" {A, 7}, (18) of resources for each process. The second phase of the

algorithm is performed by the main scheduler task,
provides the prior basic activity of tm&' occurrence of taking into account the alternative resources.

a given basic activity in a given process; The first task in this phase is to select theasicO
process, which has the least robustn&¥s. do it by
next Processt A! N*" {A,7}, (19)  selectingprog with
provides the following basic activity of then™ min(t,_..(proc)! t..(proc)! TDUR), (23

occurrence of a given basic activity in a given process;
whereTDUR is the sum of the durations of all of the
maxdelayProcesss A! N*" N, (200 basic activities oprog.
After the determination of the basic process, the
provides the maximal duration of time out, which isalgorithm enters a loop, in which it selects a process
tolerated by the™ occurrence of a given basic activityfrom the set of the remaining processes and attempts to

in a given process; place all the basic activities of the selected process
elementby-element on the time scale. g this
dur: Processs A! N*" Q, (21) operation the algorithm handles the substitutability of

the resources. The insertion of a basic activity starts at
provides the time scale, which number the defauthe initial activity of the process and each activity is
operation time of the of the™ occurrence of a given inserted into the earliest possible time point. This
basic activity in a given process has to be multipliedssumption is a fundzental point in the method. The
with, for getting the real operation time of the activity. insertion of an activity at its earliest time may have two
possible outcomes:
¥ successful insertion
The proposed algorithm ¥ unsuccessful insertion, which means that there is
not enough amount of the resource to serve the

Our algorithm was created to take into account the activity which starts at itearliest time point. We

cooperation possibilities of the resources and to have | call thgcaﬁ@_colllion.l ith find
failure-aware behaviour during scheduling. The n case ol co Ision, the ggorlt m atten_1pt_s to fin
an alternative resource using the substitution vector
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1s it possible to
shift the collided
activity with the former
atart within the tolerated-
delay interval?

Is it possible
to shift the collided I
+<activity with the later start within ™~/
the tolerated
delay Interval?

<Is there a collision? =
‘V)OQ»S >
*<the shifted activity collide with the naxt——
_activity? — N

.
Insert the basic activity onto the time scale

Is it
possible to shift ‘
the previously shifted activity to a i3
place between two later activities.
without causing
collision?

Insert the basic activity
onto the time scale [*
. . '
Insert the basic activity

Chained shift on the activities
onto the time scale

which necessitate shift 2 +
f < . Impossible to insert the
{ activity without collision
Is it possible to ¥
shift the set of the
activities which follow the previously
shifted activity without
<ausing a collision?

Was the shifted
activity the collided activity
with the earlier start2

Figure 2 Activity insertion onto the time scale

which has enough leftover capacity to carry out the
activity at the desired earliest time point. If this is not
possible, because there is not enough resource at the
desired time, the algorithm tries to shift one of the
collided activities to solve the problem. The detailed
mechanism of the activity-insertion task is illustrated in
Fig.2. When the activity-shift resulted in no success, the
algorithm attempts to repeat the same process with other
alternative resources. If there is no success, the whole
process will be left from the final solution; otherwise
the initial scheduling is ready.

In the final, third phase of our algorithm the
schedule is tried to be modified in such a way that it
should have a higher fault tolerance than the original
one. This phase assumes that fault happens at the
processing of special activities of the processes and
calculates its effect into the schedule. We do not want to
hurt the time constraints of the original problem that’s
why one of the main parameters of this phase are the
maximum finish time values (tyaxenq) Of the processes.
We process the processes starting from their end in the
following way:

Let WP be the process list we work on. At the start
WP = Process For each element of WP, we create a
pointer, which points at the penultimate activity of the
process. The activities pointed by the pointers (let their
set be WA) are candidates for assuming them to have
fault. Starting from this initial state, this phase of the
algorithm works as follows:

1. Select the & activity from WA with the highest
error probability:

max(e(ri’ &, Py On))r & EWA (24)

2. If the start of the basic activity which follows
a; can be shifted by a’s duration plus by
F(R(a)), where R(a) is the resource which
carries out & without causing collision and
without exceeding taxend(ProcG), where prog; is
the process which belongs a; to, then
(1) the shift will be done, and
(i1) the basic activity, which precedes & in the
process will be added to WA and a; will be
taken out from there. It means that the pointer
of the process will be set one step backward.

aHa,a

a.

K
T
o35 -y

Figure 3 Activity sequence of the example processes

Else, a; is taken out from WA and its process is
taken out from WP, too. It means that the
activities of the process are not modified any
more.

This phase of the algorithm modifies the placement
of the basic activities of the processes on the time scale
in such a way that there is no need to change the
scheduled activities in case of failures with high
probability. It means that these failures will not cause
delay and exceed of the maximum finish time.

Case studies

In this section, the previously presented algorithm is
applied to two hypothetical manufacturing examples:
we show how it takes into account the substitutability of
the resources and how to make the schedule ready for
possible technical failures.

A simple problem and its solution

Let there be four processes with the same start and
maximum finish time (fi: = 0 and tpuenq = 65 are
identical in each cases). The sequences of the process
activities can be seen in Fig.3.

In this example, we work only with one product type
(P), and we intend to minimize the maximum operation
time. Let’s suppose that in this example there are two
pieces of resource I, while only 1 piece of the others,
and

ra(ri, ) = 1 only ifi=j, (25)
excepting two cases:
ra(ra, az) = 1 (26)
and ra(rs, a) =1 27
as well. Moreover, the substitution vector of I is:
subst(r,,a,P,0)=[ 0 100 125 0], (28a)
while the substitution vector of r; is:
subst(r,,a,,P,0)=[ 0 200 100 O ], (28b)
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process iprog. Its first activity can be placed onto the
4 ) 12 11 time scale without collision. The placement of the

proc,: (R TR T I T second activity collides with the basic processOs first
5 ; activity. The first reaction of the algorithm is to search
proc, | = | ,f‘ = = " for alternative resource. Resourcecan substute rj
R ] = ) B without collision however in this case the operation
g 1 = time will increase from 4 to 5 units. The third activity of
e T proc, can be inserted, since there are two pieces of
! —11 2 4 resourcer;. The fourth activity collides aggimowever
procs: SN (I T substitution solves this problem, and the probfese
placement of the final activity of the process can be seen
Figure 4: Sequence of the initial resource allocation in Fig.6.

The third process to handlepsoc,. Its first activity
which means that, can substituters, and rs can can be placed easjljiowever the second activity has
substituter,. However,the substitution results in 125 collision and there is no possibility to substitute it
percent or 200 percent more time, respectively. without collision either. This case requires the shift of

Another assumption iswhen only r; has two the activity as illustrated byFig.2. The activity that
operation modes: in one of its operation mode itshiftsthe later staris reason foa pause wadefinedin
operation time ata; activity on productP can be proc, The third and fourth activitiehave to bealso
reduced with 10%. As our goal is to minimize theshifted. The difference between the two cases is the
necessary time, we will use this operation mode @i  resourcethatis able to substitute gets free earli€his
eachcase Moreover, assume that all the resources aig why the fourth activity will be carried out byr,
unavailable for 2 time units in case of failure. instead ofr;, started after a short pause. After the

Based onthis information, thefirst step of our placement of the pcessOs final activity and all the
algorithm creates the sequence of the resources for eagliivities of proc,, this provided the schedule with
process. This sequence completed with the durationssfme activitiesof the previously placed processes
each activiy after usetbased modification of the default shiftednecessaly twice, asillustrated inFig.7.
operation times is illustrated Fig. 4. The second phase  The final phase of the algorithm is to make the
of the algoritm determines the basic process our schedule to be faudware. AStmaxens = 65 and the
case it isprocs with its 63 unit length. Its representationlength of proc; is 64, wewill not modify this process.
on the time scale is shown fig.5. Similarly, we will not modify proc; and proc, either.

After this selection a loop is started, choosing the@nly proc, lets the algorithm to prepare it tee fault
less robust process from the remaining sete Tlext aware, and the modification can be applied to all of its

3 rd ri r2 r

M r2 (Subst.) M (2) r3 {Subst.) r(2)

Figure 6: The schedule after handling procl

(2] r2 (Subst 2 3 (Subst ) 2

r” [ 2 r2 (Subst) t1{2)

Fioure 7: The schedule after the second nhase of the aleorithm

r3 rd n 2 (2]
r r2 (Subst) (2 r3 {Subst) rl(2)
r2 [ ri(2) r2 {Subst ) 2

r2 réd M2

Figure 8: The final schedule
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Table 1. Someproperties of the processes of the second

case study
process _start time/san Max. finish time fmaxend
L 0 30
P2 15 30
P3 7 30
Pa 3 25
Ps 0 23
De 6 29
proc, I a, } '[ a, } '[ ag | ’{ a ] —[ a4 ]
proc; | a, } '| a; } .I B |
proc, | ag ‘I ‘1 a, " '| ay l '1 ag ’ ’{ a; ‘
proc, | a, } '| a, r ‘1 a, t '1 ag r '{ a }
Proc. |Ta} ‘fT]
poce [ Cae LT m o]

Figure 9: The activities of the second exampleOs proce:

activities. The result can be seerfig.8.

A more complex problem and its solution

In this example we deal withix processesln contrast
with the previous examplehey differin their start and
maximum finish time ashown inTable 1 wherethe

values are represented in time unifhe activity
sequences of the processesillustrated inFig.9.

In the exampldorm Fig.9, eight different activities
are applied. The next questionvgich resources are

Table 2: The effect of failure on the second exampleOs
resources

Resource rl r2 r3 rd r5 6
Time of

unavailability 2 1 3 2 2 1
(F) [time unit]

oc; [T

poc: [y FLu ]

poc, [Ty - Lt
poce [ L H{n e e s
pocs [T —57]

. % 2. i X
e - —

Figure 10: Resourcesequence of the exampleOs proces

ra(rp, a;) = 1, (30)
ra(ry, a) = 1, (31
ra(rs, as) = 1, (32
ra(rs, az) = 1land (33
ra(rg, ) = 1 (39

Moreover, we suppodbat

ra(ri, &) = 1, ifi = J; (39
ra(rp, a;) = 1land (36)
ra(rs, ag) = 1 (37

able to carry out these activities. In this examtllere This means thaia; activity can be carried out by,
are six kinds of resourcessix resource typesr{ - rg).

Supposethat two pieces of resource type 2, 3 ahd

resource, ang activity can be carried out only by
resource. In case of failure the resources are

exist, while all the other resource types have only ongnhavailable agiuch as shown ifiable 2
representative. The substitution vectors of the resources \we supposehat each resource works only in one

are as follows:

operation mode and all of the resources have the same
error probability. In the example we work only with one

subst(r,a,,P,0)=[ 100 150 0 0 0 0], (29) Product type(P), and we intend to mimize the
| 4 maximum operation timeApplying thefirst step of our
subst(r,,a,P,0)=i# 150 100 0 0 0 O & (29%) algorithm we create the sequence of the resources for
| each process. This sequence completed with the
subst(r,, a,P,0)=: 0 0 100 0O 300 O S (2%c) durations of each activitafter usetbased modification
| of the default operation times illustrated inFig.10.
subst(r,,a,P,0)=i: 0 0 120 0 100 O & (29d) At this phase we apply theecondstep of our
algorithm and determine the robustness of each
subst(r4,a1,P,O):.!. 166 0 O 100 0 O & (29%) processesin the calculation we use the following
computation method, as we mentioned earlier:
It meansthatr; andr, resources may substitute each tomena (Proc)! t.. (proc)! TDUR (39

other, r; and rs resources are able to substitute each

other and 4 resource is capable to substituieesource.
Other substitutions are not possiblénese vectors show

that

The valuebtainedaresummarizedn Table 3
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Table 3 The robustness values of the exampleOs processes

process proc proc prog prog prog proc
robustness 16 4 2 0 11 8
I r2 ra3 r1 r5 r2 r5 I I 2 3 ~ 5 2 5 I
Figure 11 Placement of the second exampleOs basic pr | 5 2 M 2 ]

onto the time scale (prgc B
Figure 12 Placement of the second exampleOs second |
onto the time scale (prgc

I r2 r3 r 5 r2 r5 I
I £ 2 = i = l I 2 3 r ] 2 4] |
3 2 1
I ’ - I | 5 7] o 2 |
Figure 13 Placement of the”?exampleés third process | 3 2@ o |
onto the time scale (prgc
| M ' 3(2) 7] |
| s = - == o -5 Figure 14 Placement of theecond exampleOs fourth proc
' 5 2 r ) 7] I
| = e, | I 2 3 3 5 (7] 5|
| 1] % 3(2) 7] | I - n ” - 5 |
| 5 3(2) |
| 3 2@ o ]
Figure 15 Placement of the second exampleOs fifth proc
. | M '® o 132 71 |
onto the time scale (preic
| 5 3(2) ]

Table 3indicatesthat the basic process [Fo0c,
whichis the least robust process. We place its activitie] « « WE@N 2@ « ]
onto the time scalasa chart illustrate thisin Fig.11.
The black line represents the 0 time point and the redigure 18 Placement of all processes of the second exa
one signs the maximal finish time of the process. The onto the time scale (proc
second least robust procesgi®cs. The placement of resource type which can be used freely for the desired
its activities onto the time scale can be done easilime interval. It solves the problem and results a chart as
without any collision ashown inFig.12. The third least seen inFig.15.
robust process iproc,. During its placement there is At last, three problematic cases happen during
one collision: its second activity collides witlroc,Os processl: the collision of thethird andfourth activities
fifth activity. However, it doesnOt cause any problergan be solved by the second piece of the desired
because there are two pieces of resowc&he second resource typgshowever, in case of the final activity
resource br, resource type can carry out the activity inonly time shift can solve the collision, because there is
the originally planned time. The result is show  only one piece of, resource type and itan not be
Fig.13. substituted by any other resource. The reswh@vnin

Looking for the next least robust procepsocs is  Fig.16.
the next. Itsfourth activity collides thusthe second After placing all activities onto the time scalend
piece ofrz resource type has to be dsfr carrying it solving all collisions, only the faultolerancerelated
out. Moreover, its final activity also collides. improvementneedto be done, as the finatepof our
Unfortunately there is only one piece af resource algorithm. Ths phase intends to shift the activities of
type. However,r, resource type can substitute an the processes in time, starting from their end by the
resource. The problem ithat both r, resources are duration of their preceding activity plus ifs value.
occupied at the desired time. There is another resourBecause of the maximal finish time constraiptpc,
type, rs, which is able to substitute anresource with a andproc; (the first two processes dfig.16) canna be
bit more necessary time thap. As ry is free at the modified. If we look atFig.160s third process, its last
desired time, it will take over the task. The time ifactivity requiresF(r;) = 2 time units plus its normal
requires for itsask is 1.66 times more than an originabperation time in case of failurd we take into account
ri-type resource would need for th&ig.14 illustrates the maximal finish time of the procests place cannot
the results be modified.This is the casefor the fourth processs

The second most robust procesgrigcs. During the  well. The fifth process inin Fig.16 ends with rs
placement of its activities onto the time scale, we fingesource. In case df failure, it requires 8 time units
that the second activity collides twiproc,Os second until it reactesthe maximal finish time of the process.
activity. Fortunately, there is a second piece ref Taking this into account, only 3 time umsitremain,
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l |
| 15 r2 M 6 2 | |
| 3 2R o | I
| M [ ® 13 (2) r4 | |
| 5 132 | I
| n o SR 22 4 ] I

Figure 17: Building fault tolerance into the last process of the
second example

which is not enough for the previous activity. ThatOs
why we do not modify this process, either. Tzl
activity of thelast processproc; is carried out by an,
resource. In case d failure, it requires 4 extra time [1
units. In order to avoiccollision we shift this activity a
bit more forward ashown inFig.17. As F(r) = 1, and
a, activity requires 3 time urstto becaried out byr,
resource proc;Os fourth activity caalso be shifted in
time. Its previous activity would require 6 time units [3]
after itself. Its shift would result 1 extra time unit for
previous activity, which is not enough for making it
ready for tolerating faultThis hindersuilding in more

fault tolerance. The final result of the algorithm is
shown inFig.18, in which we havea schedule, which
took into account the possible substitutions, thd4]
capabilities of the resourcesioreover in some places

it tolerates faults of resources without the need of
rescheduling.

(2]

5]

Conclusion

We presented a model and algorithm for creating[
schedules which tolerate some resouréalures and (6]
utilize the substitutability possibilities of the resources.
Our goal was to establish a modeiich can be the
basisof applications in different segments of scheduling
problems and makes it possible to genestteedules
with the optimization criteriarelated to theoperation
time.

We introduced an algorithmvhich creates an initial
scheduleon the basisof the input processes and the [8]
substitutability of the resource$his can be improved
with prepaation for likely failures of resources. The
operation of the algorithm was presented on two
hypothetical case studies. [9]

[7]
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Megameter-111 is a special vehicle designed and constructed for international competitions by our team. A crucial part of
the vehicle is the internal combustion engine, which ought to have extremely low fuel consumption. The experiences of
previous competitions confirmed that it is necessary to develop a professional telemetry system, which allows tracking
and logging online important parameters of the engine and the vehicle. In this paper, we discuss results for estimating of
several parameters of the engine (angular velocity, angular acceleration, the Coulomb-Morin external friction torque and
the damping constant). In our work, injector-pulses and inductive sensor’s signals were monitored.

Keywords: internal combustion engine, extremely low fuel consumption, angular velocity, angular acceleration, external

friction torque, damping constant

Introduction

Since 2010, the racing team at Kecskemét College
participates in international competitions of fuel-
efficient vehicles. The vehicles were named after 1
Megameter being 1000 km. The first result with
Megameter-I in gasoline category was 1588 km L
(2010, Lausitz, Germany), and the best result of
Megameter-II was 2661 km L™ (2011, Nokia, Finland).
Megameter-III achieved 2696 km L (2012, Rotterdam,
Nederland. The team-photo can be seen in Fig.l). The
latest model, the Megameter-IV has exceeded the 3000
km/litre dream-limit (3082 km L™; 2013, Nokia,
Finland) [1].

Figure 1: Student team photo with the Megeter-111 vehicle
(Rotterdam 2010,seconcplace)

During the development of the Megameter series, it
became clear that in order to improve the technical
parameters of the vehicle it is necessary to establish a
telemetry system suitable for measuring, displaying and
logging the engine’s and vehicle’s parameters during
the race. This paper presents our recent results in this
work, which have already been utilized in developing
and construction of the Megameter-1V.

The measurements were taken using the Megameter-
IIT engine, which has the following characteristics:

* one cylinder, four-stroke, air-cooled

* overhead controlled, overhead valve, intake
manifold injection

*  Dbore/stroke: 31.5/45 mm

 displacement volume: 45 cm’

*  compression ratio: 14

e power: 700 W

¢ torque: 2.2 Nlm

+  specific fuel consumption 235 g kWh™!

There are different application areas and methods for
estimation of engines’ angular velocity. These
estimation procedures are based mainly on crankshaft’s
rotation angle [2, 3, 4]. In the problem of model-based
estimation of mechanical losses, the dependence of
instantaneous angular velocity on angular position plays
an important role [4]. A second-order spline-
interpolation-based method was proposed in [2] for real-
time measurement of angular velocity and angular
acceleration. Our telemetry system is related to this
latter work, and our results proved to be useful in
further developing our special vehicle.
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The physical model with its approximations and the ' d! —eq Ot 4)
parameter estimation e MH%-’ +M722', 2 G #
t 1 t 2

In order to achieve evalecreasinguel consumption it
is necessary to uncover the sourcesrargy losses. For The result of the integration #hown inEq.(5)
this purpose a suitable physical model ioternal
combustion engin€lCE) is needed5]. Moreover, with

- . . - 2" # 2c/ +b &
an appropriate physical model in hand, one can design t=1 % +
the measurement for estimating the parameters of the Vdac! b? $V4ac! b’ ®)
physical model. o #2c +b & ’

+ atan%
Jaac! b? $Jdac!

Physicalmodel for estimating the external friction
torque and damping constant where three new variablesere introduced for more

readabilityas shown irEq.(6).

The instantaneous angular velocity of the crankshaft is ,

changing even during only one crankshaft revolutlibn a=M,, b=—1, c=M:" (6)
is smaller on the compression stroke and greater in the ! ']

midst of powerstroke. The friction torque affecting the

engine, averaged for two crankshatft revolusidapends gy solving Eq(5) for " onecanget the final solution.
on the instantaneous angular velocity. By expanding thigowever, instead of doing so, wanalysed two

function up to the second order we &et(1): approximate solutions @&q(4).
As we will seebelow, these approximate solutions
e MH%-’ M, 1) fit real measurementsvell. In order to estimate the

!, 12 engineOs friction torque and damping constant long

measurement duration (e.g. 20 s) is necessary. The
where the indexed quariéis are constant and positive,felevant physical quantities can be estimated from the
and they have physical meanings as follos:is the ~measured injector pulses.
CoulombBMorin external friction torque, which is
independent of the relative speed of frictional surfaces
(in this case the relative speed is the angular velgcity) APProximation 1: the friction torque is independent
My/! 4" definesthe damping constant (the second term from angular velocity
corresponds to torque resulting from NewtonOs internal
frictionOs force, it is proportional to the first power oBy assumingthat the other two terms are negligible
angular velocity) M,// ;1" # stands forthe drag torque compared to external frictioN, the differentialEq(4)
characterizing the turbulent flows ipipes; it is in simplifies to:
proportion to the square of angular velocity and it is

resulting from the flow resistance in the intake and L ot
exhausting channels, in the valwage and in the air 'NT #l 3 (7)
pipe of the crankcase. fo Mo 0
Our task is the estimation of the external torque from
the measured data; therefore it is necessary to estimatal its solution is:
the angular velocity. The basic equation of rotational
motion isshown inEq.(2) PR MDt )
=1 =0t
M= & 2) | _
at where "o is the value of angular velocity at the
beginning of deceleration. 3
where dter substitutiorof Eq.(2)into Eq.(1)we get The angular velocity of the engineOs crankshaft has
to be measured as the function of time for parameter
M, M, ,_ .d estimation. Namely, after linfitting to measured data
M +—L) +—272=1" = 33 :
1 12 dt the intercept and slope can be computed from

relationship /6=A! Bt, so both the estimation of
LetOs assume that the initial value of the angulgroglom_bMo”n. _gxternal friction  torque _and the

estimation of initial value of angular velocity can be
determined’ ;=A, M,=B! .

velocity is ", By separating the variables and
integrating we geEq.(4)
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Approximation 2: the friction torque is independent
from thesquared value of angular velocity

When the engine is running with wide open throttle, an
the friction torque of pipdélow losses is negligible
comparing to external and internal losses, th
differential equation to be solved is the following:

g d 9)

‘oM +—M1! o $
oy
Tl

The solution oEq(9) is:

Figure 2: Arrangement for measuring the friction torque

! ot

./:#/1%.,.!0&3"-!1%, (10
" M1 % M1 U !

—=-—cos(Z t) . 12)

UO 'IO

where! =" 4#/M, is the time constant characterising _

the angular deceleration. By measuring the engineOsBy assumingthat during the pastime of one tooth
crankshaftOs angular velocity as the function of timgoothtime) the angular velocity is not changing
and after fitting a biased exponenitgbe curve we get significantly, the signal amplitude during the totithe

the estimationt= Ae¢ ® ! C, from which theestimates can be well approximated by a constant. That is, the

of physical quantities are the following: approximated sensor signal when passingZtheoth is
- the external friction torque 84, = BC#, given asJ/Ug = cos £" « t). The running irregularity is
- the damping constant is1,/" ; = B#, defined as a ratim Eq.(13)

- the initial value of angular velocity resulted from P

curvefitting is: " o = A-C. /= _mamn (13)

Estimation of the instantaneous torque ahd tunning

irregularity Measurements, estimations and evaluations

The instantaneous angular acceleratsthe derivative o easyrements were accomplished in the Student®s

Korkshop of GAMF Faculty using an AgileBtSO-X

estim_ation Of. the instantaneous torque._ MoreoveQOOZA digital storage oscilloscope. The oscilloscope is
knowing the instantaneous angular velocity, a_nOtth\?vo-channel type with upper input eaff frequency of
important parameter fothe engine the running

) . X . .70 MHz, maximum sampling frequency of 2 GS/s and
irregularity can be determined. From the point of view i sample storage of 50000 samples.

of measurementhe estimation of instantaneous angular The algorithms used for evaluation of measured data

veI0(|:|ty requires Tgo duraltzlon of twq cLa_mkshaft were intentionally different. In one case the data series
revo u_tlons (e.g. dms) or measuringthis, an \ere ot resampled and the differentiation was
inductive sensowasused. approximated by finite differences, and in the other case

When determining the running i_rregularity the oth resampling and smoothing derivative algorithm
engine and the dynamometer were disconnected and Ere applied. Moreover, the computatiorethod of the

flywheel ring gear teeth together with an inductive,.y of angular acceleration was also different.
sensor served as signal source. The induced voltage

from the sensor can be approximated as:

Estimation of the external friction torque and damping

;o
(F+"t (11) constant

1 "
) COS#Z! t+ Zztzéa

C‘c

0 0
In this setupan extra flywheel was driven by the engine
where U is the output signal of the sensdyy is the fixed on the test stand. The measurement setup can be
amplitude of the sensor corresponding to the constasgen orFig.2. The reduced resultant moment of inertia
angular velocity off o, ! is the angular velocity of the of synchronously rotating components with the
crankshaft,' is the angular acceleration of the lat®eis  crankshaft wag $0.0534 kg .
thenumber of teeth of ring gear. The dynamometerOs friction torque  was

In case of zero or small values of angular velocitypproximately constant with a value M aynamometerd
the relationshifgeq(11) simplifies to 02Nm
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puise [V]

~—

\.\\\.\‘
Figure3: Measured injector pulsesing a pwer MOSFET Figure 4:Linear model: the brake torque is independent of
angular velocity
Table 1:Results of the fitting of data shownkig.4 055 364-exp(.0 013) &
Resampling A,rads' B, rad & R? -
No 353.78 12.103  0.9954
Yes 346.75 10.952  0.9981 <
S
‘Ecti ; . - g M

Table 2:Estimation of physical quantities \-\\
Resampling ng, rpm Mg, Nlm  Mcg, NIm )
No 3378 0.650 0.450 Time [s]
Yes 3311  0.585 0.385 Figure 5:Biased exponential model: the braking torque is

independent of the square of angular velocity

The engine®s injector was triggered by a signal from From the above resultee external friction torque is
the crankshaft, one injection occurred in every twdlo=BTC%# $0.419 Nm; the average braking torque of
crankshaft revolutions. The oscilloscope was connectd@e egine iSMengine= Mo - Maynamometes® 0.219 Nm; the
to the injectorOs solenoid, and the solenoid®s signal damping constant dl,/! ; = B# = 6.9410 N!m!s. The
sampledwith a sampling frequency of 2kHz, that is initial angudar velocity and revolution areo =ABC $
the sampling interval wa3, = 400 ps. The part of 352rad s, no= 3358 rpm
measured injector pulssgnal can be seen odfig.3. We can conclude that the two types of models gave
The crankshaftOs angular velotity ! (t) as a function Similar results, but the biased exponential model fitted
of time was determied from the stored samples, withsomewhat better the measured data than the linear
duration of 20 seconds. At the beginning of thénodel,thusthe former are preferred Furthermore, hte
measurementhe engine was accelerated to 4p@®00 Presenteddata indicate that both the averdgeaking
rpm, then the injector wadisconnectedrom the intake torque of the engine and the damping constant are
manifold, and the engine was allowed to deceleraficceptable small, therefore the engine is acceptable
freely. By defining a suitable trigger level, the elapsedrom this point of view.
time T between two consecutive rising edges of the
impulse can be determined. The instantaneous . . i i
frequency is two times the reciprocal value ®f Estlmatlon_of the instantaneous torque and the running
(finstantancous= 2 / T), because every two revolution result irregularity from measurements
in one impulse. The instantaneous angular velocity can L ) .
be computed from this instantaneous frequency valu/hen the running irregularitwas measuredhe engine
As the resulting angular velocity value sequence is nofnd the dynamometer were disconnectete moment
equidistant, it has been-sampled using cubic spline of inertia of the parts runmng2 sync_hronously with the
interpolation. First, a linear modé was fitted (Fig.4). ~Ccrankshaft was =4000kg!mn. A ring gear fixed to
The results are summarised ifable 1 The two the crankshaft was used as signal source (number of

methods gave similar parameters, but the resampli th isz=66) togetler with an inductive sensor fitted
resulted in somewhat better goodnegdit. The from the teeth in a distance of 4 mm. An oscilloscope
estimation of the physical quantitiéeom parameters Was conne_cted to the sensor and the voltgge sig_nal was
shown in Table 1 can be seen inTable 2 The Sampled with 500 kHz sampling frequen@yg.6). It is
estimations resulted by the two methods are sinfilar N€cessary to use such a great sampling rate because of
case of model oEq.(7). the following. In order to acceptgblestimate the

In case of model oEq(9), the fitting has been instantaneous angular velocityif is necessary to

fulfiled on the resampled data series. The results afdéasureN samples during the tootime. In case of
demonstrated ofig.5. nominal revolution oh,, the sampling frequency fg=
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Measured data: scope09 xis

Inductive sensor signal [V]
i

Time (s)

Figure 7. The raw and smoothed signal of inductive sens:
case ofSaviTzky -GoLAY smoothing

Measured data: scope(S xis

Angular velocity [rad/s] average = 384.726 min = 379 max = 389 312 running irregularity: 0.02

Figure 6: Setup for measuring the instantaneous torque ‘ I (1 L I ) 93l oy

Measured data: scope09.xis

Angular velocity [rad/s]

Time [s]

ve sensor signal [V]

Figure 9:Instantaneous angular velocity values and the-F
based trend

Induct
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Measured data: scope(9 xds
Time [s) Angular acceleration ['ad«s:j max = 1113.0 min = -680 8
Figure 8:Inductive sensorOs signal labelled with the mf\
crankshaftOs angle and tooth number (angles are in de: ‘

5

eleration |
=
-
//
2
=
)
o

Ne'N!z / 60, that is incase ofng = 4000rpm andN = 100

samplesfs = 440000Hz. The nearest possible setting o \ - \“\ / \ / \

the DSO is 500 kHz. The capacity of the sample stora = \"\ ,/ \ \ ‘ L \ /

is 50000 samples, so the duration of the measural £ X/ ) / S

signal is 01 s. Asit is greater than the duraticf of \ 4 \

two crankshaft revolution, the measurement of at lec Time [s]

one full engine cycle is feasible using this DSD % Figure 10:Estimation of instantaneous acceleration as
2!(60/y) = 0.03 3. The instantaneous angular velocity smoothing derivative of the trerud instantaneous angular
is the reciprocal of the time between two falling edge of velocity

the sensorOs signal, so the raw signal had to
smoothed before the zeonossing detection.
Two  different  smoothing  methods were

tR% latter seeFig.9). In the first case the time of
averaging was around 2 ms. Using this value for the
implemented in this casas well: a10-point moving timecons_tant" of a lowpas filter for the FF¥based
average smoothing an8AvITZKY -GOLAY smoothing Computation, for the cuaff frequency of the lowpass
with tenth order polynomial and 3point length filter we getfy = 1/ (2#1) $ 80 Hz Following its
window (for the latter seé-ig.7). Because the number defmmon_, the running irregularity was computed using
of teeth is known, the exact value of the cranksha“?e maximum, minimum "%”d average values of the
angle also with the tooth number cae tracked (see 2ngular velocitirendshown inkq.(14).
Fig.8). As the angular velocity values are Ron Y
equidistant, cubic spline interpolativased re [ = me! " - 38931 379.7
sampling was applied as in the previous section. " e 384.7
Due to the fast sampling rateve can track very
shorttime changes in angular velocity values during The estimation of instantaneous acceleration was
100 ms. However our task is to estimate the computed with differences in case of moving average
crankshaftOs instantaneous angular velocity. For thissed trendn case of FFIbased trendthe SAVITZKY -
purpose the trend of the angular velocity curv&soLAay smoothing derivative algorithm was applied
estimated at teeth is necessary. Thend was (terth order polynomial, 3point length window).
determined on the one hand by using gpaiht moving Fig.10 illustrates the instantaneous acceleration as a
average filter, on the other with FiRsed filtering (for function of time. In this measurement the maximum

" 0.02. (14)
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value of angular acceleration was 11ad@s? so for tfe
corresponding instantaneous torque we get:

M, =! /" 0.004 kghm’#113 %" 45N#m. (15)

Nearby the power stroke instant higher value c
angular acceleration can be estimated. In th
measurement the corresponding instantaneous tor
was of 16 Nm (for details seeRef. [6]). The
crankshaftOs torque gets to wheel by a drive train wit,»r
reduction ratio of 7, so the maximal torque at the wheel
is 112 Nm. The wheel®s maximal slipless torquefigure 11: ECU is under development for motor control &

transmission is 460 N!m that is during the maximal telemetry

instantaneous acceleration théneel will slip on the development of hybrid and electric vehicl&se Project

MegametedlV, e.g. torquedamping torsion clutch

should be built in.
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The lifetime of aluminium electrolytic capacitors highly depends on their core temperature. Heat dissipation in general
applications happens by the extended cathode, which is in contact with the inner side of the can. In the case of heat sink
applications, the most important heat transfer phenomenon is the heat conduction through the bottom of the aluminium
can. The quantity of the dissipated heat is in direct proportion to the size of the heat transfer surface. The more dissipated
heat may increase the lifetime of the capacitor. Therefore, the flatness value of the can bottom is critical. This paper
presents a flatness measurement method, which can successfully replace the equipment for a more complex and more
expensive 3D measurement. It discusses an implementation of a measurement environment, where data acquisition and
visualization are automated by a LabVIEW-based software. In addition, this study deals briefly with the influence of
production processes on the flatness value of the capacitor produced by leading manufacturers.

Keywords: aluminium electrolytic capacitor, measurement automation, heat dissipation, graphical programming

environment, flatness measurement

Introduction

The aluminium electrolytic capacitor is the most
commonly applied capacitor type, due to the fact that
the capacitance and voltage range of the components is
wide. The rated voltages change from 5V to 550V,
while the capacitance 1 puF to 3 F. These are applied in
many fields of industry, such as energetics, power
electronics, automotive application, etc. and used for
energy storage, smoothing and filtering function. The
lifetime of the capacitor highly depends on its core
temperature. Each decrease of 10 °C doubles the
lifetime [1]. Operating temperature is determined by the
ambient temperature, by the applied ripple current, by
the used voltage, and by the equivalent serial resistance
(ESR). There are two ways for the reduction of core
temperature. The first one is the extended cathode foil
and the second one is the cooling of the capacitor can.
Cooling in general applications is realized by applying a
heat sink at the bottom of a capacitor can. This paper
presents the basic construction of capacitors and the
most important production steps, introduces the heat
conduction between the can and the environment and
describes the effect of the flatness of the can to heat
conductivity. It also presents the entire measurement
environment (measurement station, data acquisition and
evaluation software), the database behind the
measurement system that stores the results. At last, it
discusses the effect of production processes to the

measured flatness, and presents the flatness of
capacitors produced by leading capacitor manufacturer
companies.

Structure and construction of aluminium
electrolytic capacitor

The winding of an aluminium electrolytic capacitor
contains two foils and papers [1]. These are rolled
together tightly into a winding. The material of the
anode, positive foil is aluminium with purity higher than
99.9%. The foil has been etched [2] to increase the
effective surface area (and thus the capacitance of the
capacitor). As a result, the effective surface area
becomes typically 20—40 times larger than the plain area
of the foil. On the etched surface of the foil an
aluminiumoxide layer [3] has been generated
electrochemically. The forming voltage of the anodized
aluminium foil [4] is 30-60% higher than the rated
voltage of the capacitor. The material of the cathode foil
is also aluminium and itself has a thin oxide film (the
forming voltage is only a few volts regardless of the
rated voltage). It is typically etched to slightly increase
the surface area. The anode and cathode foils are
connected to aluminium tabs, which are coming out
from the winding and are riveted to the aluminium
terminals of the cover disk. The tab foils are not etched
but are provided with an oxide layer made by
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electrochemical oxidizatim Before being housed in a 1. The entire surface is compared with a known

suitable container, the complete winding is impregnated reference surface (holistic methods);

with electrolyte. After housing the edges of the can are 2. Points on the surface are compared to a
curled down. Before being sleeved and packed, reference plane;

capacitors are first aged. The purpose of this stage is to 3. Straightness of hie lines in the surface is
repair anydamage in the oxide layer and thus to reduce measured.

the leakage current to very low levels. During The holistic methods (e.g. holographic and
manufacturing there aréwo processes(curling and interferometric methods) are not suitable for large
aging processeswhich apply mechanical stress to thesurfaceswith more than90mm diameter of screw
casing of capacitors. terminal capacitorq]. The third method is too complex
and timeconsuming ér applying in serial production.
Therfore, a pointto-point method gecondtype) was
The effect of flatness ofaluminium canson heat  chosen for this investigation. Of course, the expensive
conductivity optical methodsmay be more precise (ithe order of
100nm deviation3 [8], but in our case this high

L ) precision isunnecessary. On the other hand, the point
In common applications with usage of extended cathoq(g_poim method is very fast, can be used easier and

(the cathode is wider than the anau®l exposed 10 the cqgtefficient. For pointby-point methodsthe gridsize
bottom of the winding) or different kinds of capacitoris 5 critical issugwhich determines the loweditnit for
cooling (for example air or water cooling) are applied tQ,cavable surface iregularities. In  our  case,
reducethe core temperaturéhat effects its lifetime. approximately 6&m? surface area needs to be
Earlier investigations showed that there Hreetypes  .paracterized The height difference was measured
of heat transfephenomenorbetween capacitor and the panyeen N points within the bottom. Trials were made
environment 5] (l) heat ConductiVity (mOStly at the to find the applicable gr|d Fina”y, a_rmlnt_g”d was
bottom), (if) radiation (mostly at the s# and (i) chosen with circular symmetry, because the

convection. This paper only deals with heat transfeqe,qrement time is shahoughand the accuracy of
from the bottom of the capacitor to the environmenty,o measurement is acceptable.

From the general theory of thermodynamics the heat | o545t mean squares (LMS) method was used for

conduction can be described Bg.(1) plane fitting, because the randomly distributed
measurement errors have the desdlinfluence to the
P= kAc:TT , (1) results [9. Eq.(2)wasused forthe LMS:
X
" N N N % " N 0/

whereP represents @wer of the heat flowW); A is the $ .
size of the tangential surfacém?; dT/dx is the % '
temperature gradient (Kn); and k stands for bat $ ,N ‘ v ,N '($b :=$| 2y )
conductivity of the materiafW Km™). In our case the $° : Lo N 2V
linear approximation is acceptable. As already g | | |
desribed, the rate of the heat flow depends on the size $ " L A
of the tangential plane. '

Definition of the flatnessvasadapted from Ref{6].
It is given asthe distance between the two closestvhere N is the mumber of the grid pointsx, y; are
tangential planes of the bottom of the aluminiunfoordinates within the measured surface [mmg]
electrolytic capacitocan In the case of capacitors with corresponds to the easured height compared z of
higher flatness the tangential surface of sheminium  thei" point(mm), a, b, careconstants for the fitting.
can is lower. The distance between the bottom of the The fitted plane islescribed byEq.(3)
capacitor and the heat sink is filled by air. It is well
known that the heat conduction coefficient of theisir x,y)=ax+by+c (3)
much lower than the aluminium. The aspect ratio
between thewo constants is in the order of magnitude By solving the system of linear equations, for
~10". Therefore the flatness of the bottom in the case @kample with Gausslimination the fitted plane is

regular heat sink applications is important value. given. The Gausslimination is not necessary if the grid
points are centrally symmetric. In this caséhe input
) matrix is diagonal, so the solution of theuation
Theoreticalbackground otisedmeasurement system is simple. The distance between the individual
method points and the fitted plane was calculated. The sign of
this distance describes the location of the point respect
There are several different methods for measuring tfi@ the fitted plane. The flatness is the distance between
flatness of a surface [4]: the farthest points alve and under the fitted plane. The
Fig.1 shows an example of measured points and the
fitted plane.
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Figure 2: Graphical user interface of the data acquisition

) software

Figure 1: Example of the measured points and the fitted plane

DATABASE SYSTEM

SYSTEM INTEGRATION, TEST AND DATA MANAGEMENT

Figure 3: Graphical user interface of the evaluation software Figure 4: Architecture of the electrolyte measurements

_ The implementechutomation environment fits into
Implemented measurementenvironment the measwement automation system (MAS) [1being
used at the Aluminium Electrolytic Capacitor

The base of the hardware was a measuring pad mdggveopmentDepartment of EpcotLC. The system
from stainless stegelwhich has an extremely smooth USES two frameworks: a LabVIEW based framework for

surface. By the LMS method, the erthatcomes from data acquisition and an ASNET basedramework for

the tilt of the steel padias avoided. To stay clear of the data management. _

effect of the temperature gfent, the measuring The measurement part contains automated data
equipment waskept undercontrolled environmental acquisition measurementa/hich are connected to the
conditions. The data acquisitiorprogramme forthe electrolyte (conductivity, pH, viscosity, etc) and
flatness measurementas written in LabVIEW with  different kind of capacitor tests. (Lifetime, surge voltage
contains twomajor parts. The first one collects tibata 2and $orage test, etc.).The experiments on the
from the controlled hardware (height meter) and storédlectrolyte are controlled by an {®XI, which is
them intoa local database irMS Excel format. This Cconnected to the databageig.4). PXI stand forPCl
software communicates througin RS-232 port with eXtensions for Instrumentation. These platforms are
the measuring equipment. The user sets the actit§ed as a basis for building of electronic test equipment,
postion, pushes a button and the module registers tR&ltomation system, etc. PXI chassis can handle many
results. The graphical user interfateveloped is shown modules for example pldm data acquisition (DAQ)

in Fig.2 with Hungarian annotationsThe software C€ards, communication cards like 232 and different
displays the number of aml measurement posand analogue and digital 1/O boards.The capacitor
controk the entire processFor example, fithe flatness Measurements ameontrolled bycomputers and ndby

value exceeds a predetermined lirtfie software sersd the NIPXI, because thecurrent implementation
a warning to the operator. measureshe low and high voltageseparatly.

The second module can extract the results from the The ASP.NET part of the systewasdeveloped for
database of an examined capa¢#por the user can data management and evaluatidrhis is a software
import the measured values from Excel. If the result§1odule that contains useful tools that facilitatata
are in the input table, the evaluation module cafiandling Data management module simplifies the

calculate the flatness of the capacitor can. The graphi¢ggistration of the constructive properties of the
user interface of the second module can be seen capacitor(like anode foil, cathode foil, type of can,
Fig.3. cover disk, etc.) and helps the data storage of applied
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[pcs)

ired Values

Number of Meast

Bottom Flatness of the Capacitor Cans [mm]

Figure 5: The measurement results from Incoming Inspection
Department

Table 1 Results of the ripple current measurement

Average Average of Temperature

Flatness (mm) at equilibrium state (°C)
0.102 90.6
0.259 90.9
0.509 91.5

voltage and current, ambient temperature, etc. The
evaluation part supports the evaluation process by
generating a standardized report. The user can tailor the
reports according to its needs by the Report Generation
tool. The desired data appear in a representative way
and even the trends of the parameters can be shown.

The goal of the MAS is to automate the previously
manual measurements and eliminate paper-based
registration. There are many advantages like making the
measurements more precise, more reliable and fault
tolerant, running multiple measurements in parallel,
which all contribute to speed up the research and
development of new component and devices.

Change of flatness value during the
manufacturing

The flatness of the capacitor can is measured at the
incoming inspection and at the final measurement of the
production. The initial value of the flatness of the
capacitor is determined by the incoming aluminium
cans. These parts are produced by cold extrusion of
aluminium slugs, so the irregularities of the cans is in
the order of magnitude ~10 pm, which is negligible for
our purposes.

The Fig.5 shows the flatness values measured at the
incoming inspection of the capacitors. It can be seen
that the mean of the measured flatness values is
0.09 mm. As mentioned above, the flatness is mainly
affected by two procedures: curling and aging. During
curling the can is closed hermetically by curling back
the edges of the aluminium can. This curled edge sinks
into the rubber ring of the cover disk. As a consequence,

mber of Measured Values [pcs]

Nui

Bottom Flatness of the Capacitors and the Incoming Cans [mm]

Figure 6: The effect of the production processes to the flatness
of capacitor

the cover disk presses down the winding. It can affect
the flatness value, since for example concave shaped
aluminium can turn into a convex shape. During aging,
the flaws of the anode foil are repaired by applying
voltage to the capacitor and placing it in an oven. As a
side effect gas is generated. The pressure of the
generated gas can change the geometry of the can. From
the distribution of the flatness values the effect of Epcos
production steps (coloured curves in Fig.6) can be
estimated. The results show that the different production
steps do not influence significantly the bottom flatness
of the capacitor at the Epcos.

Experimental results regarding to core
temperature measurements

Two experiments were completed for investigating the
importance of the flatness value of the capacitor can.
Sample capacitors were produced with different bottom
flatness values. The aluminium cans were made to be
convex. These were ordered directly from the supplier
and the used parts were sorted out. Regular heat sinks
were assembled to the bottom of the parts. The
tangential planes of the heat sinks were flat (~2 pm) due
to their grinded surface. The heat sinks were fixed to the
bottom of the samples with the bottom screw of the
capacitors. The mechanical stability of the fixation was
made with torque wrench. Also guaranteed the same
fixation level in each case. During the tests, forced air-
cooling was not used. Heat conductive wires were
applied to the core of the samples, which allowed us to
measure the core temperature of the capacitors directly.
The core temperature measurement system is shown in
Fig.7.

In case of the first measurement, sample capacitors
with very similar equivalent serial resistance (ESR) and
leakage current were selected. These parts were taken to
85 °C oven and rated voltage (450 V) was applied to
them for 100 h. This preparation is necessary to avoid
the different behaviour of the leakage current of the
capacitors (isolated from each other to avoid the heat
transfer). During the experiment a sinusoidal current
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Figure 8: The behaviour of core temperature in case of
different bottom flatness values

Table 2 Flatness results for products from leading
manufacturers

Company Capacitor Series Flatness (mm)

Figure 7: Core temperature measurement of a capacit Epcos B43586 0.095:77?
Hitachi FXR 0.158:77??
Kemet ALS 0.225:77?

was applied at 50 Hz. The current and the temperature  Nichicon NT 0.330

(the upper category temperature) of the test are specified
by the data sheet of the capacitor. this cag the

examined capacitonasB43586A5278Q (G- 2700uF,  productdevelopmentiepartment of Epcos. The faults of
UR = 450V, | (85iC, 100Hz) = 12A), the applied previously manual measurements have been lowered
current (ultiplying with the frequencyfactor) was with the help of automation and data acquisition
10.8A. The selected samples wepkacedinto an oven software. Thisstudy discussethe basic construction of
at85{C anda rated voltage 0450V was applied. The a capacitor and highligetl the critical construction
core temperature was measured during the test. T&eps from the aspect of flatness. In addition, it reveals

equilibrium temperature was measured and comparagle flatness values of other capacitor manufacturersO
Test was started with theemaining threeprepared products.

samples.In case of the second measurement the

behaviour of the capacitors was tessginst transient

heat. The parts were heated up toj85and removed Acknowledgments

from the oven after 1Bours.The coretemperature of

the capacitors wasmeasured duringool downtime.
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QUASI-POLYNOMIAL CONTROL OF A SYNCHRONOUS GENERATOR
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A simple dynamic model of permanent magnet synchronous generator, that is used for electrical energy generation is
investigated in this work using a nonlinear technique based on the quasi-polynomial representation of the dynamical model.
It is well known that dynamical systems with smooth nonlinearities can be embedded in a quasi-polynomial model. Quasi-
polynomial systems are good candidates for a general nonlinear system representation since their global stability analysis is
equivalent to the feasibility of a LMI. Moreover, the stabilizing quasi-polynomial state feedback controller design problem

is equivalent to the feasibility of a bilinear matrix inequality. The classical stabilizing state feedback problem for quasi-
polynomial systems has been extended in this work with the ability of tracking time-dependent reference signals. It is
shown, that the stabilizing quasi-polynomial servo controller design is equivalent to a bilinear matrix inequality. The results
are applied to the model of a synchronous generator.

Keywords: quasi-polynomial systems, Lotka-Volterra systems, stability analysis, state feedback control, synchronous
generator, wind turbine

Introduction reactive power control ability, avoiding the intricacy of
the controller designing.
Electrical power systems should operate in an economic
way with minimum possible operating cost under nor-
mal operating conditions. To ensure this, a preventive
controller for power systems has been presented in [1I .

It encompasses many types of control actions, includin be t ; dint Y 71 Thi
generation rescheduling, load curtailment and netwo £s can be transformed into a QP form [7]. This means,

switching reactive compensation. that any applicable methqd for QP systems can be re-
From the viewpoint of the power grid, the electricgarded as a general technique for nonlinear systems.
power generation can be characterized by the operation of
the electrical generators, the subject of our study. These preyious work in the beld of QP systems include [8],
power plants should not only be able to follow the timeyyhich proves that the global stability analysis of QP sys-
varying active power demand of the consumers and thgms is equivalent to the feasibility of a linear matrix in-
central dispatch center, but also keep th'e qgallty. '”d'c%'quality (LMI). It has been shown in [9] that the globally
tors (frequency, waveform, total harmonic distortion) ok;aplizing state feedback design for QP systems is equiv-
the grid on the expected level. This can be achieved Byjent 1o a bilinear matrix inequality (BMI). Although
applying proper control methods based on dynamic mogre sojution of a BMI is an NP-hard problem, an itera-
els of plant (see e.g. [2, 3]) and the involved generatorsye | M| algorithm could be used. A summary of linear
Because of the specialties and great practical impogn pilinear matrix inequalities and the available software
tance of the synchronous generators in power plants, thejy|s for solving them can be found in [10]. Another con-

modeling for control purposes is also well investigated igyq, synthesis algorithm for polynomial systems is pre-
the literature. Besides of the basic textbooks (see e.9. [4ynted in [11].

that describe the modeling, specialized papers are also

available that use the developed models for the design of

various controllers [5]. The goal of this paper is to formulate the servo con-
A wind turbine driving permanent magnet syn-troller design problem for QP systems based on the re-

chronous generator is proposed in [6] with current corsults presented in [9] and to design a servo controller for

trolled voltage source inverter, which is the best choica synchronous generator model using the QP controller

when the output power is small. The current control obynthesis methodology that keeps the active power at the

the voltage source inverter has bidirectional active andesired level.

The class of quasi-polynomial (QP) systems plays an
portant role in the theory of nonlinear dynamical sys-
ms because nonlinear systems with smooth nonlineari-
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Basic notions

In what follows, the basic modeling assumptions and def-
initions to be used in the sequel are summarized brieRy.

Nonlinear model of a synchronous generator

The modeling procedure of the synchronous generator is
mainly based on [12] and [13], therefore, only the result-
ing model is presented here.

The model is based on the following simplibcation
assumptions:

¥ a symmetrical tri-phase stator winding system is as-
sumed,

¥ one beld winding is considered to be in the machine,

¥ all of the windings are magnetically coupled,

Figure 1: The equivalent circuit of the synchronous

¥ the RBux linkage of the winding is a function of rotor generator.
position,
¥ the copper loss and the slots in the machine can be
neglected, wherevy, vq andiq, iq are the direct and the quadrature

¥ the spatial distribution of the stator Ruxes and apeicomponents of the stator voltage and current of the syn-
tures wave are considered to be sinusoidal, and chronous generator, whilg: andig are the exciter volt-
¥ stator and rotor permeability are assumed to be ini&ge and current of the synchronous generator. Further-

nite. more,R andL are the following matrices (sdég.1)
&
It is also assumed that all the losses due to wiring, satu- r 0 "Lq
ration, and slots can be neglected. Rgrs1 = 0 re 0 )

The four windings (three stators and one rotor) are " Lg !'" kMg r

magnetically coupled. Since the magnetic coupling be-

&

Lg kMg O (

(4)

tween the windings is a function of the rotor position, the _

: > T ) L="kMg Lg ©0),
Bux linkage of the windings is also a function of the rotor 0 0 L
position. The actual terminal voltageof the windings a
can be written in the form

13 13" #

wherer is the stator resistanceg is the exciter resis-

| gl tance of the Synchronous Generatog, andL  are the

(rj i) % =1 (1) direct and the quadrature part of the stator and rotor in-
j=1 dt ductance," is the angular velocity, an ¢ is linkage

inductances. The state-space model for the currents is ob-

gained by expressingigeq fromEq. (2) i.e.

j=1
wherei; are the currents, are the winding resistances,
and! ; are the Bux linkages. The positive directions o
the stator currents point out of the synchronous generator d. 1 . Lt
terminals. at oFa T L "Rrstiorq! L “Varg:  (9)
Thereafter, the two stator electromagnetic Pelds, botfhe purely electrical modeEq. (5) has to be extended
traveling at rotor speed, can be identibed by decompogjith the equation of rotational motiofq. (6) that gives
ing each stator phase current under steady state into t4¢gs mechanical sub-dynamics, that is
components, one in phase with the electromagnetic beld

and another phase shifted B9 . With the above, one i =1 La iqid + ' kMg iti +
can construct an air-gap beld with its maximal aligned to dt 34 34
the rotor polesd axis), while the other is aligned to the _ . La idi + Dy Tmeeh ©)
g axis (between poles). This method is called the ParkOs 3t q # #o
transformation. L8
As a result of the derivation in [12] the vector voltage . i'g %_
equation is as follows #og &
1
. d.
Varq = ! Rigrq ! L iarg, ) LN e o o ;
. $
with e wtioo o B, TV
$ % . f# VE P,
Virq = Va 'VE Vg w0 0 L o f Vq
$ % 3) : CE T
ig g i , 0 0 o L

idrq = g If g

=
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! r r ! $ . " "
LI 5E HEE I EL o o wherey " int(R?),A " R"™ B " R™ " L; "
. o N T
Do g | relg LkM £ Lg 0 w! g, 3 R,i =1,...,n. FurthermoreL =[L; ... L] . Let
wo " ﬁ iF % us denote the equilibrium point of interestod. (11)as
" ILyg L kM g r f# i ) | . .
A T e 0 % A y' =[yf v5 ... y*I". Without the loss of generality
" PIFRRTTTSP Laig o we can assume that raftk) = n andm # n (see [15]).
J ] J J
where - Lotka-Volterra models
H = kMg ! Lq4L
F F The above family of models is split into classes of
! ig $ equivalence [16] according to the values of the products
i ip ?g@: M = BA andN = BL.The LOTKA-VOLTERRA
'!E form gives the representative elements of these classes
$1 $ of equivalence. If ran{B) = n, then the set of ODEs
e : ! e o in Eq. (11) can be embedded into the following-
0 0 11,7000 0 oy, & dimensional set of equations, the so calledTkA-
0 0 o 0.0006 Trmeeh VOLTERRA model:
! 0.0019 0.0004 ! 3.4883! o ', ® ) *
0.0006 1 0.0042  1.2022! 0 g e % i 9 )
3.5888 1 2.6489 1 ! 0.0019 0 iq 4=z N+ Mz, j=1,...,m (12)
1 0.0004iq ! 0.0003iq 0.0004 iq4 ! 0.0011 ! i=1
® -
Altogether, the state equatiokss.(5) and (6) have four \ynere
state variablesy, ir, iq, and! . M =BA, N=BL,

The manipulated input vector of the generator is . )
U= v | Troeen T while the disturbance input vec- and eaclz; represents a so called quasi-monomial:

torisd = vq dg T . Realize that the state equations By _
Egs.(5) and (6) are bilinear in the state variables because z= oy, p=l...m (13)
matrixRrs 1 depends linearly oh. The obtained model k=1

is nonlinear and it has four state variablgs; ir , iq and o L o .
I [14]. Stability analysis using linear matrix inequalities

Henceforth it is assumed thgt’ is a positive equilib-
Output equations of the model: The output active rium point, i.e.y# " int(R?) in the QP case and simi-
power equation can be written in the following form:  larly z# " int(RT) is a positive equilibrium point in the

LOTKA-VOLTERRA case. For LV systems there is a well

Pout = Vaid + Vq (9)  known candidate YapuNnov function family ([8, 17]),
) ) which is in the form:
and the reactive power is +
9% z'
Gout = Vaig! Vgig. (10) V@)= 6 z! 7l (14
i=1 i
Eq§.(9) and (10) are the output equations of the genera- G>0 i=1..m,

torOs state space model. It is important to note, that these | "

equations are bi-linear in the state and input variablestherez# = = z# ... z! ' is the equilibrium point
Note, that although only the active power is to be coneorresponding to the equilibriup” of the original QP
trolled in this case, as a possible future extension of theystem Eq. (11). The time derivative of theYapunov
work, reactive power can also be controlled in order téunctionEq. (14)is:

follow an external reference signal.

Vi(z) = %(z! zZ)(CM +MTC)z! z%), (15)

Quasi-polynomial representation of nonlinear systems,ynarec = diagci,...,cn) andM is the invariant

. characterizing the &TkA-VOLTERRA form (Eq. (12).
Lgt us dgnote .the element o_f an.arb|trary maMg Therefore, the non-increasing nature of theakuNov
with row indexi and column index by Wj . Quasi- function is equivalent to a feasibility problem over the

polynomial models are systems of ordinary differentiafollowing set of LMI constraints (see [18] or [19]):
equations (ODE) of the following form

' T
# . CM+M'C $ O (16)
Yl & B cC > 0
Y]IYi$|—i+ Aj yk‘k( , i=1,...,n.
j=1 k=1 where the unknown matrix i€, which is diagonal and

(11) contains the coefbcients Bfy. (14)
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The derivation of global stability analysis for nonau-

The controller design problem for QP systems

tonomous QP systems from the autonomous case is

straightforward. The ¥apuNov function Eg. (15) also
depends on the equilibrium value of the input { and
has the form

Y(z) = %(z! Z)CM + M C)z! 2, @7)

where M depends on the coefbcient matrices of the

input-afPne IOTKA-VOLTERRA model Eg. (21):

1p
M = Mg+ Miu.
1=1

The corresponding LMI feasibility problem to be solved

in order to check global asymptotic stability is

CM+M'C " 0

cC > 0. (18)

Input-afbne QP system models

Globally stabilizing QP state feedback design problem
for QP systems can be formulated as follows (for a more
detailed desription, see [9]). Consider arbitrary QP inputs
in the form:
Ir
knd, |=1...,p,
i=1
where§ = @(y1,...,¥n), i = 1,..,r are arbi-
trary quasi-monomial functions of the state variables
of Eq. (20)and k; is the constant gain of the quasi-
monomial functiorgj in thel-th inputu,. The closed loop
system will also be a QP system with matrices
1P qr .
kKiAi, B,
=1 i=1
1P
@ =Lg+
=1 i=1

(23)

A.):Ao*‘

Kii L (24)

An input-afbne nonlinear system model with state vectquete that the number of quasi-monomials in the closed-

y, input vectoru and output vector

yi fy)+ oy
! h(y)

is in QP-form if all of the functiond , g; andh are in

(19)

loop system (i.e. the dimension of the matrices) together
with the matrix® may signibcantly change depending
on the choice of the feedback structure, i.e. on the quasi-
monomial functiongj .

Furthermore, the closed loop LV coefbcient matrix

QP-form. Then the general form of the state equation %, can also be expressed in the form

an input-afbn%QP system model Withné)uts is:

tm %

Yi=vidSlo+ Ay ¥+ (20
j=1 k=1
# &
P Im %
+oywdLt A W
I=1 j=1 k=1
where
i=1,...,n, Ag,A/#R™™ B #RM™",
Lo,Li#R", I=1,...,p.
The corresponding input-afbne OLKA-VOLTERRA
model is in the fO(m
tm )
Z;I =z Noj + Mojk Zy + (21)
k=1
P ( Im )
+ Z; N|J + |\/||Jk Zx U
1=1 k=1
where
j=1,....m, Mg,M; #R™ ™,
No,N;#R™, I=1,...,p,

N . 1P
M=BA=Mgy+
I=1 i=1
Then the global stability analysis of the closed loop sys-
tem with unknown feedback gailkg leads to the follow-
ing BMI

ki M . (25)

M C+CM =M"C+CM o+
1P Ir * +
Kil Mi|TC+CM i " 0.

I=1 i=1
The variables of the BMI are the$ r k; feedback gain
parameters and thg, j = 1,..,m parameters of the
Lyapunov function. If the BMI above is feasible, there
exists a globally stabilizing feedback with the selected
structure.

Note that (marginal) infeasibility of the BMI
(Eg. (26) means only that the closed loop system is not
proven to be globally asymptotically stable. However, the
solutionk; may still guarantee local stability, which is
enough in several cases.

(26)

Controller design using bilinear matrix inequalities

and the parameters can be obtained from the input-afbne

QP systemOs ones in the following way

Mo = BAO
No = BLO

22
M, = BA, =1 D (22)
N| = BL| e

A BMl is a diagonal block composed gfmatrix inequal-

ities of the following form

P 1P 1P
Xk le +

k=1 k=1 j=1

Gy + XK " 0, i=1,...,q

(27)
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wherex ! RP is the decision variable to be determinedThe QP coefbcient matrices of the input-afbne system

andGj,k = 0,...,p,i = 1,...,qgandK};, k,j = (Eq.(20) are
1,...,p,i =1,...,gare symmetric, quadratic matrices. ! | 2323 0 0 0 $r
The main properties of BMIs are that they are non- " 0.0004 0 0 0 %
convex inx (which makes their solution numerically v 05893 0 0 o%
much more complicated than that of linear matrix in- . | 3.4883 0 0 0?
equalities), and their solution is NP-hard [10], so the size 0 0.8 0 0 f
of the tractable problems is limited. However, there exist Ao = » 0 0.0006 0 0 f
practically applicable and effective algorithms for BMI " 0 ! 6.6918 0 0%
solution [20], [21], or [22]. In Matlab environment the " 0 12022 0 oé
TomLab/PENBMI solver [23] can be used effectively to ';# 8 8 ! 3?578%%1 8 é
solve BMls. 0 0 26489 0
Quasi-polynomial servo control ! 0.5893 0 0 0 $t
" 0 0 0 0 %
. . L0 o 0 0%
As in the linear case, the problem statement of the servo, " 0 0 0 0 ?
or reference tracking control is as follows. Consider a "0 | 6.6918 0 0?
nonlinear system in the form d&q. (20)and an external Ai=n 0 0 0 0 ?
reference signal which is to be followed by the system " 0 0 0 0 %
output! . " 0 0 00 f
It is possible to debne the tracking error signal o0 0 0 Og
(Eq. (28) whose time derivative gives the tracking error # 0 0 0 0
dynamics which should be stabilized together with the 0 0 00
system Eg. (20). 900 o ¥
w0 0 0 0 ¥
!t"" w0 0 0 o?
z(t) = r¢")" r(")d". (28) "0 0 0 0 %
to Y000 o0 f
Itis easy to see that the differential equation of the track- Az=» 0 0 0 0 %
ing error has the formEg. (29). » 000 0 %
o000 B
4= r()" 1 (1), (29) O R
0 0O O 00006

by

ut) =" Ke 1) (DA Ky (1)
0

If the output equation is also in QP form, then the ex- Feedback structure

tended closed loop QP system can be written up in

LOTKA-VOLTERRA form similar to Eq. (25) and the There is a degree of freedom in the selection of the stabi-

BMI for the globally stabilizing controller design can belizing feedback structure. A wise choice of the feedback

formulated. structure does not increase the number of monomials of
the closed loop system. This way the size of the BMI to
be solved remains tractable. In our case, a linear full state

Quasi-polynomial control of the synchronous feedback is applied, i.e. the feedback law is in the form

generator Ve = ki1 (") Pou (")d"+
+K .d+k2i|:+k3iq+ kg # (30)
Quasi-polynomial form of the synchronous generator Trmech = Krz ér(") " Pou ()" ¥
+Kksig+ Keip + K7ig+ kg#.
The bilinear nature of the state equatioBig((8) enables Controller design and veribcation via simulation

us to directly apply the QP mechanism without QP em-

bedding [16]. The system has the following set of quaSiUsing the feedback lavEg. (30), the closed loop system
monomials: is also in QP form with 18 quasi-monomials:

#
1 e iq# 1 ig ig# 1 ia# ie# 1 iciq 1ig g # gt 1 Qg iq # ig# 1 ig#

id’id' id’iF’iF' iE ’iq’ iq’ iq HO# id’id'id'id' id’IF’IF'IF’IF’IF Iq iq
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15 — controller design problem. Another direction of future re-
a0 search is to apply graph theoretical techniques for con-
troller structure selection that applies the underlying con-
nections between QP systems and chemical reaction net-

works [25].
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A STRUCTURED MODEL-BASED DIAGNOSIS METHOD FOR DISCRETE
DYNAMIC PROCESSES USING EVENT SEQUENCES
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A novel model-based fault detection and diagnosis method is proposed that is based on following event sequences mea-
sured in a discrete dynamic process. The model of the nominal and faulty operation modes is given in the form of event
sequences, that are decomposed according to the components and sub-components present in the process system. The faulty
event sequences are debned using extended procedure HAZID tables. A diagnostic algorithm is also presented that uses a
component-wise decomposed form of the event sequences. The operation of the algorithmis illustrated on a simple example

of a process system consisting of three similar tanks.

Keywords: Process monitoring, diagnosis, discrete event systems, qualitative models

Introduction tion of typical process systems along their similar com-
ponents.
Fault prevention and mitigation in the Peld of process
system management is a task of crucial importance in Basic notions

avoiding serious accidents. Thus, numerous hazard iden-

tibcation (HAZID) techniques have been developed i @ complex system the full dynamic model that de-
the past decades to ensure the safe operation of proc&ggbes its behaviour under normal and faulty operation
systems and to relieve effects of faults (see [1] for &odels is rarely available, therefore one should base the
broad presentation of the beld). Among these techniquedagnosis on qualitative information both in terms of
the most important methodologies involve the functionthe dynamic models and in the measured data. Here we
driven HAZOP (HAZard and OPerability, see [2]) anal-brielly summarize the basic notions for qualitative model
ysis and the component-driven FMEA (Fault Mode andased diagnosis.

Effects Analysis). There have been results in the past
decade for automating the creation of HAZOP analysis
([3] with a concrete application described in [4]). Blend-
ing the component-driven and function-driven analyse€urrent values of continuous measurable outputs in pro-
also resulted in a novel hazard identibcation approach deess systems can be described using a properly selected
scribed in [5]. gualitative range space. For example, to describe the

Although the information collected in the HAZOP value of a level sensor in a tank, the following range space
and FMEA studies serve the purpose of hazard identilsan be used:
cation, these studies can be the basis of diagnostic pro-
cedures, too. A model-based diagnostic method based on
HAZOP and FMEA information is reported in [6]. Here,0 means an empty tank,, N andH means low,

It is important to note that the above techniques corormal and high Buid level, respectively, whi¢¢ and
centrate on the static case when the deviation from a ndg#+ refer to unmeasurably low and high Buid levels (this
mal steady-state behaviour is of importance. Therefor&)ight mean a failure in the level sensor itself). This range
the transient case when the plant is controlled by an ogpace will be used to describe system outputs during op-
erational procedure is not addressed in these results.esation.
recent study [7] tries to deal with the diagnostic task by
using a specially constructed P-HAZID analysis and a
diagnostic algorithm. In this paper, this diagnostic idea
is extended to be able to handle more complex diagno®perational procedures in process systems are detailed
tic tasks - by taking advantage of a possible decompodist of instructions for the plant operator personnel to

Qualitative range spaces

Qe = {e! ,0,L,N,H, e+}. Q)

Input-output event sequences
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perform certain operations on the plant. Procedures can¥ earlier: When the event happened in the character-
be formally described using Pnite input-output event se- istic trace, but at an earlier time instant.

quences where a single event describes a change in ei¥ greater: When a particular outputOs qualitative value
ther the inputs or the outputs of the system at a speciPc  was higher in the characteristic event than that of the
time instant. Therefore the syntax of a single input-output  nominal trace.

event (at time instart) is the following ¥ smaller: When a particular outputOs qualitative
) value was lower in the characteristic event than that
event; = (¢;input values; output values). of the nominal trace.

The input in an event always refers to a state of an actu&or the detailed description of ttgreater and smaller
tor component in the process system (e.g., in the case gialitative relations, please refer to [7].

a valve it can bepen (op) orclosed(cl)). On the other

hand, the output in an event refers to a value of an output

of the process system in the qualitative range space using Procedure HAZID

the qualitative set debned k. (1). Sequences formed

from these events are called traces and debPned as As a combination and extension of the widely used

FMEA and HAZOP analyses (for details, refer to [7] or
[1], and in particular to [5]), the procedure HAZID (ab-
breviated as P-HAZID) analysis can be used for fault di-
Separate events in a trace contain the same inputs ad@nosis during operational procedures in a given process

outputs. Note that the discrete event time instangcase  System. The result of this P-HAZID analysis is given in
abbreviated by their indexesin the description, i.e2  the form of a spreadsheet and it consists of deviations to-

T(t1,tn) = eventy,, ..., eventy, .

stands fott. gether with their implications and possible (root) causes.
Examples of single events for a two-input single outA cause is considered to be a root cause if it is a non-
put case include measurable failure mode of a system component (which
is an elementary part of the system). For example, a leak
(L;¢l,op;N) , (2;5¢l,0p; L) on atank is considered as a root cause. A simple example
of a P-HAZID table can be found ifablel.
where at time instancel§ andt, the two valve inputs Using the initial set of differences (deviations) be-

are held closed and open, respectively, while the level deveen the characteristic trace and the nominal trace, the

creases form its normal value to the low level. The tracget of possible root causes can be found using simple rea-

formed form the above two consecutive events is writteBoning. For details, refer faef.[7].

as The diagnostic algorithm uses this technique brst to
T(1,2) = ((1;¢l,0p; N), (2;cl,op; L)) . Pnd possible P-HAZID row(s) to start from (using the

: . set of initial deviations). Then, following the deviation

For every operational procedure there exists a traCcl?\ains debned by these rows, the algorithm proceeds to-

(called the nominal trace) which describes its behaviout

under fault-free conditions. The diagnostic method Comv_vards a possible root cause by traversing new rows based

pares this trace to other traces which may have be%?ath:n'g'ﬂal ;te ;Or];gte\é:ﬂf:sarL;f'ggr;wswﬁf%ee%ﬂgérzts
executed under faulty conditions (called characteristiﬁo% whichpit cannot proceed forward. because they are
traces), and the differences (called deviations) are later . . pro D y

. : . not contained in the initial set of deviations. The algo-
used to bnd possible malfunctions of components in the .
system rithm assumes that the root causes are static and they hap-

pened before the execution of the procedure began.

Deviations Component based diagnosis

Nominal and characteristic traces can be compared byig widely known that complex systems can often be

comparing their corresponding event fragments. The difjecomposed in a hierarchical way using simple non-
ference between two corresponding event fragments i idable elements that are called components. The con-
described by a deviation. Deviations are formed from Gection of these components is usually specibed in terms
deviation guideword and the nominal event from whichys 5 graph called Rowsheet. Such a decomposition can

the corresponding characteristic trace event is deviatings sed effectively for the operation of a reasoning-based
from. The following deviation types are used during di'diagnostic algorithm.

agnosis:

¥ never-happened When the particular event never
happened in the characteristic trace.

¥ later: When the event happened in the characteristithe above mentioned fault diagnosis based on the P-
trace, but at a later time instant. HAZID analysis is only developed for process systems

Component based structural decomposition



Table 1: A simple example of a P-HAZID table.
Inputs: op=open, cl=closed. Outputs: O=no, L=low,
N=normal. Deviations: NH=never-happened,
LAT=later, EAR=eariler, SML=smaller and
GRE=greater. Faults: TANK-LEAK is the leak of
the tank and POS-BIAS is the positive bias failure of the

tank level sensor.

’ Cause \ Deviation \ Implication
TANK-LEAK | NH(2;0p,c;L) NH(3;0p,cl;N)
NH(2;0p,cL;L) NH(3;0p,c;N) NH(4;0p,op;N)
TANK-LEAK SML(2;0p,cl;L) | SML(3;0p,cl;N)
SML(2;0p,c;L) | SML(3;0p,cl;N) | SML(4;0p,op;N)
POS-BIAS GRE(1;0p,cl;0) | GRE(2;0p,cl;L)
GRE(1;0p,cl;0) | GRE(2;0p,c;L) | GRE(3;0p,cl;N)
GRE(2;0p,cl;L) | GRE(3;0p,cl;N) | NH(4;0p,0p;N)
POS-BIAS NH(1;0p,cl;0) EAR(2;0p,cl;L)
NH(1;0p,cl;0) EAR(2;0p,cl;L) | EAR(3;0p,c;N)

consisting of different individual components in [7]; the
possible redundancy of such systems (e.g. multiple com-
ponents of the same characteristics) were not taken into
account. However, complex process systems in practice
can be decomposed into a connected network of more
simple components. For example, the process system in
Fig. 1 can be decomposed into three smaller similar com-
ponents each formed by an input and an output valve and
a tank.

When developing the decomposed form of a process
system it can happen that some elements are part of mul-
tiple subsystems as in the case of valves VB and VC in
Fig. 1. These elements are called boundary components,
and are assumed to be error-free during the diagnosis.

Traces affecting different components can also be de-
composed into a chain of trace fragments each referring
to a single component of the trace. Events in such a trace
fragment have only a subset of inputs and outputs of the
united trace (only the inputs and outputs of the particular
component that is present in them). Fragments also have
information about the next trace fragment (called the next
trace), and there is a starting condition (an event) that is
associated with them to help the diagnosis. Along with
the trace fragment, each component has its own associ-
ated P-HAZID spreadsheet.

The component based diagnostic algorithm

Applying the diagnostic approach described in [7] on
a decomposed process system, the components can be
diagnosed separately against faults, treating them as a
whole system during diagnosis. After the separate diag-
nosis, the root causes can be collected and the result-
ing set of root causes yields to the set of root causes in
the united system. Using the component decomposition,
the size of the HAZID information required can be made
lower in cases when similar connected subsystems form
the process system to be diagnosed. On the other hand,
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Figure 1: Process system consisting of 3 similar tanks

system-level deviations need to be converted into compo-
nent deviations by aligning their time and reducing the in-
puts and outputs in their associated events to component-
level inputs and outputs.

The diagnosis is then performed by comparing the
whole nominal trace with the characteristic trace, and
then distributing the deviations (differences) among the
components. Before distributing, time alignment and re-
duction of input and output states to component level
are performed (including the component’s boundary el-
ements). After the distribution, component-level diagno-
sis may begin to explore possible (root) causes on the
component-level.

The diagnosis proceeds along the flow direction by
starting from the first component, takes the deviations,
generates the set of possible root causes from them, and
then tries to proceed to the next component by checking
the starting condition of the next trace fragment - if there
is any. If the start condition is fulfilled, the diagnosis con-
tinues, otherwise it halts. For example, in the case of Fig.
1 the second fragment might have a start condition con-
taining a statement about the minimum level of fluid in
tank TA, and in the case of the congestion of valve VA
no fluid is coming into a system, therefore, tank TA is not
even filling up to the specified minimum level. In this case
the diagnosis stops. The result of the diagnostic algorithm
is always the union of identified and non-identified root
causes created by the consecutive diagnostic algorithm
that runs on the components of the consequent nominal
trace fragments.

For reference, the whole diagnostic algorithm is pre-
sented as a pseudo-code in Algorithm 1. The algorithm
collects all root causes (sets INC and IRC ) given a com-
ponent decomposition, a starting component, and a pos-
sibly faulty characteristic trace.

Case study
In the case study the diagnosis procedure for the sim-

ple process system in Fig. 1 containing three sequentially
connected tanks is used. The measured output of the tanks
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Algorithm 1 Component-based reasoning procedure

S I T S S e
P XRDILRELDD
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22:
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24:
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31:
32:

33

34:
35:
36:
37:
38:
39:
40:
41:
42:
43:
44:
45:
46:
47:
48:
49:

R A A ol S

_
- e

INC ! {"}
IRC ! {"}
actualComponent! startComponent
continue ! true
shift 1 0
while continue do
DEV ! GENERATEDEVIATIONS(actualComponent, chrTrace, shift)
FDP ! COLLECTFINALDEVIATIONPAIRS(DEV )
for all pair # FDP do
startDeviation ! proj1(pair)
startimplication ! proj.(pair)
REASON(startDeviation, startimplication, actualComponent.phazid )
end for
if actualComponent has successive component and its start condition evaluates to true
shift ! length(actualComponent.trace) $ 1 + shift
actualComponent! GETCOMPONENT(actualComponent.successiveComponenft
else
continue ! false
end if
: end while

: function GENERATEDEVIATIONS(component, chrTrace, shift)

DEV ! {"}
nomTrace! component.trace
reducedTrace! TRIMTRACE(chrTrace, shift, shift + component.trace.length)
locChrTrace! CONVERTTOCOMPONENTLEVEL(reducedT race
for T := 1 to length(nomT race) do

for all deviation D of locChrTrace from nomT race at time T do

DEV ! DEV ~ (D)

end for
end for
return DEV

end function
: procedure REASON(deviation, implication, phazid)

if %R # Rows(phazid), deviation = deVphazid (R), implication = impphazia (R) then
for all {R, deVphazia (R) = deviation and imp phazia (R) = implication } do
if causehazida (R) # RC then
IRC ! IRC  causnazid (R)
return
else ifcausenazid (R) # DEV and causgnazid (R) & devphazia (R) in DEV then
REASON(CaUS&hazid (R), deVphazia (R), phazid)

else |
INC ! INC = caus&nazid (R)
return
end if
end for
else I
INC ! INC = cauSenazid (R)
return
end if

50: end procedure

then




Table 2:Tank bll operational procedure.
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Table 4: P-HAZID table of a single tank component
with two valves for a reference trace oable 3. Faults:

Time Input values Outputvalues | pANK.LEAK is leak of the tankPOS-BIAS is the pos-
VA VB VC VD |TA TB TC itive bias fault of the level sensor alEG-BIAS is the
1 jop c c cj 0 0 0 negative bias failure of the level sensor.
2 op cl cl cl | L 0 0
3 op op c cd|N O O | Cause | Deviation | Implication \
4 op op cl cl | N L 0 TANK-LEAK NH(2;0p,cl;L) | NH(3;0p,0p;N)
5 op op op c| N N 0 TANK-LEAK SML(2;0p,cl,L) | SML(3;0p,0p;N)
6 op op op c|N N L NEG-BIAS LAT(1;0p,cl;0) | NH(2;0p,cl;L)
7 op op op op| N N N LAT(1;0p,cl;0) | NH(2;0p,cl;L) | NH(3;0p,0p;N)
NEG-BIAS SML(1;0p,cl;0) | SML(2;0p,cl;L)
Table 3:Normal Pll in a single tank with no faults. ?I(\)/I;{lB,&pS,CI,O) EI\Hﬂz_l(ZOS%C(I))L) ggﬂ;ggggﬁ’;)
[ Input valve  Output Valve] Tank Level] NH(1;0p,cl;0) | EAR(2;0p,cl;L) | NH(3;0p,0p;N)
op al 0 POS-BIAS GRE(1;0p,cl;0) | GRE(2;0p,cl;L)
op al L GRE(1;0p,cl;0)| GRE(2;0p,cl;L) | GRE(3;0p,0p;N)
op op N

Table 5:Tank bll operational procedure with a leak in the
second tank TB. The leak caused two different events in
the operational procedure related to TB Kiold), these
differences resulted in the four deviations the diagnosis
could start from.

is the tank level that takes its values frapa in Eg. (1),
and the input variables are the valve positiomsen (op)
or closed(cl)).

Time Input values Output values

Components, operational procedure, and nominal trace VA VB VvC VD |TA TB TC
1 op cl cl cl | O 0 0
Every tank may contain no Ruid (the tank level is equal 2 op cl cl cl L 0 0
to no (0)), may be low on Ruid (level value isw (L)), or 3 op op cl c | N 0 0
might have normal Ruid level (level valuerisrmal (N)). 4 op op cl c | N 0 0
In every time instant the level increases by one qualitative| 5 op op op cl | N 0 0
magnitude (i.e. frormo to low or from low to normal) 6 op op op «cl| N 0 0
if Buid is coming through the input valve but the output 7 op op op op| N 0 0

valve is closed. Due to the same size of the valves the
effect of Buid Row out of the system is similar, but in the
opposite direction (froomormal to low or from low to

no). The valve positionsopen(op) orclosed(cl)) can be
changed by the operator; they are considered as inputsTie operation of the diagnostic algorithm is illustrated
the system. Leak in the tank is assumed to be equal to thgth the case when a rupture of the second tank is present
size of an open valve (i.e. a quite substantial leak). as aroot case (fault).

The considered operational procedure is the initial A characteristic trace with the leak of the second tank
plling of all the three tanks with Buid (the Pl operationalcan be seen ifiable5. The size of the leak is assumed to
procedure in short), and is described in detailable2.  be larger or equal to the size of an outbound pipe, there-

The process system can be decomposed into thréme, the tank cannot PIl up and no Ruid can Row to the
components, therefore the bll operational procedure cdnird tank TC.
also be partitioned into three identical procedure frag- The starting condition of the TB and TC tank compo-
ments along the component boundaries (the VB and V@ents is the appropriate OnormalO level in the preceding
valves). tank. In that way it is ensured that diagnosis is done on

The fragment abstracted from the three identical tradéie operational components only.
fragments associated to the three tanks can be observed inThe diagnosis of this faulty scenario begins by start-
Table3. It has only the subset of inputs and outputs whiclng with the brst tank component TA. There are no differ-
are directly related to the particular tank component - thences (and therefore no deviations) regarding this com-
input and output valve and the tank level. ponent. The start condition of the second component is

The corresponding component P-HAZID table can béulPlled, therefore, the diagnosis moves towards the next
found in Table4 with some of the component faults andcomponent TB.
deviations associated to them. Instances of this P-HAZID However, in the case of TB the following deviations
table are used in the case of all three tanks during diagre found after comparing the nominal and characteristic
nosis. traces (due to that two consequent events did not hap-

The operation of the diagnostic algorithm
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pened, instead, two events happened with lower output
values at time instant 4 and 5 in the operational proce-
dure):

e never-happened(4;open,closed;low)

e never-happened(5;open,open;normal)
e smaller(4;open,closed;low)

e smaller(5;open,open;normal)

The time instant of the deviations are shifted back by 2
units because the second component’s first event happens
at the third system-level time instant. After that, the diag-
nosis is initiated on the HAZID table. Searching for the
already found deviations and connecting them to possible
root causes (as in the case of the original diagnostic idea
in [7]) the leak of the second tank can be found.

Because of the lack of fluid in the second tank, the
start condition of the third component is not fulfilled,
therefore, the diagnostic process halts at this step result-
ing in a single possible root cause being the TANK-
LEAK.

Conclusions

A novel component based extension of the single compo-
nent diagnostic algorithm presented in [7] is described in
this paper. Using the extension, the domain of application
can be extended to more complex composite process sys-
tems. Driven by the decomposition of the overall system
into components, the P-HAZID tables used for diagnosis
are processed at component level by the diagnostic algo-
rithm. The extended method is efficient in the cases when
the overall process system consists of similar small com-
ponents.

The component-based diagnostic procedure was de-
scribed on a formal level, along with its proposed pseudo-
code. A case study for a process system of multiple com-
ponents and a simple failure was also provided.

The following improvements are planned to extend
the component-based diagnostic approach:

e The procedure is based on the assumption that the
boundary elements between different components
are free of failures. As a future work, this limitation
might be removed by using a higher level reasoning
above the components (as in the form of a system-
level HAZID table, for example).

o At the moment, the algorithm is only working for al-
ready coded static event information in order to find
faults in the system. Diagnosis would be more valu-
able if events could be processed dynamically, thus

the diagnostic procedure could be executed real-
time along with the operational procedures.

e Diagnosis would be more accurate if the derivatives
of internal states (e.g. the derivative of the tank level)
were present in the events.
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BARBARA FARSANG' 1, ScNDOR NfMETH!, AND JNOS ABONYIL

IUniversity of Pannonia, Department of Process Engineering, H-8200 VeszprZm, Egyetem Street 10., HUNGARY
' E-mail: farsangb@fmt.uni-pannon.hu

In chemical and hydrocarbon industry operational efbciency is improved by model-based solutions. Historical process data
plays an important role in the identibcation and veribcation of models utilized by these tools. Since most of the used
information are measured values, they are affected by errors inBuencing the quality of these models. Data reconciliaton
aims the reduction of random errors to enhance the quality of data used for model development resulting in more reliable
process simulators. This concept is applied to the development and validation of the complex process model and simulator
of an industrial hydrogenation system. The results show the applicability of the proposed scheme in industrial environment.

Keywords: data reconciliation; Rowsheeting simulator; validation; balance equation; industrial hydrogenation system

Introduction data are appropriate. New methods were statistical
quality control tests that are applied to each measured

In recent years, development of industrial technologie\éarlable separately. Although these methods improve the

has been determined by the proliferation of computinre“abIIIty and accuracy of the measured data, they do

and information technology. TodayOs technologies a%m ensure consistency of the data with respect to the

characterized by widespread application of proce w?ter-relatlonshlps between different process variables.

. . erefore new methods b data reconciliation and gross
engineering tools. The success of these tasks depends

error detection b are developed in chemical engineering

on the accuracy of data and applied models [1]. Thanlﬁ]. The main difference between data reconciliation and

to the evolution of information technology, on-line and : ; M
L - : . other bltering methods is that data reconciliation uses
historical process data N coming from chemical process . :
rocess model constraints and that the results satisfy

systems N are available. The collected data prowdg . . -
. . constraints and balance equations. Data reconciliation

the opportunity for engineers to better understand thé . .
. technigques can be applied to reduce random errors of

processes, anomalies, and malfunctions [2]. Monitorm% . . :
X . easurements, while the other techniques mentioned
of process variables allows us to ensure the consistent

product quality. Collected data can also be used fapoove do not. Gross error detection can be used

o . Jor eliminate systematic errors so simultaneous data
the development and validation of process simulators

réconciliation and gross error detection have emerged as
However, measurements are always affected by error

during the measurement, processing and transmissigikey of online optimization [S] (se&ig. ).

of the measured signal. Errors (gross, random, bias) in Data reconciliation techniques take minimal
measured data affect the quality of process models agdrrections of the measured variables to satisfy a
can lead to signibcant decrease in plant performanceet of model constraints. Based on the difference
Estimation of true conditions of process states igetween the measured and reconciled data, the following
important to achieve optimal process monitoring, contrajuestions can be answered. Can we consider a related
and optimization. set of measurements acceptable based on our previous
Therefore, several methods have been developed knowledge of the system? Are the measurements
minimize measurement errors thereby enhancing thmnsistent? If not, what can be the source of the error?
reliability, accuracy and precision of data. First, analoguBased on the available measurements and a prior
and digital pblters were used to reduce the effect dénowledge, what is the most likely state of the system?
high frequency noise [3]. Gross errors were detectednswers to these questions are important in development
with various data validation methods, which includeoftechnology (e.g., monitoring, optimization, simulation,
checking whether the measured data and the rate @introl, instrument maintenance). Using this technique,
which it is changing is within predebned operationalve can verify the acceptability of measurements,
limits. Nowadays, smart sensors are used for determim@prove the accuracy of measurements, estimate model
whether there is any hardware problem or the measur@a@rameters and unmeasured variables, and it can be used
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Figure 1: General methodology for on-line data

correction [6] Figure 2: Types of data reconciliation [7]

for fault d ) In section Case study the analyzed technology is
or fault detection. _ introduced and the applicability of the method is
In order to ensure the consistency of measurefjystrated on the basis of the mass balance of the

process variables, models are used in data reconciliatigfygrogenation system. Then, some consequences are
During data reconciliation, information is obtained fromgrawn in sectiorConclusion

both measurements and process models. Depending on
the types of the models, data reconciliation techniques
can be separated into two different problems: steady state Literature survey
and dynamic (seFig. 2). In the case of steady state data
reconciliation, model constraints are algebraic equationk.uHAN and DavIDSON presented the brst study about
If we are dealing with dynamic processes, differentiaiminimizing measurement errors in chemical process
equations are used as model constraints. In the caseigflustry using a data reconciliation technique in 1961 [4].
linear data reconciliation, model constraints are dePnerhey described the steady state linear data reconciliation
by linear equations. The simplest data reconciliatiofechnique and demonstrated a general solution for mass
technique is the steady state linear method that casalance of technology. This seminal paper has started
describe, e.g., the mass balance of technology. Moreover,new research area in process engineeringGiNA
most chemical processes have nonlinear characteristig} and MaH [9] improved a new method capable of
and constraints are nonlinear equations; this problem catection of gross errors. Later, AM [10] found that
be called as nonlinear data reconciliation. the base method requires a process system in steady
The goal of the presented research is to proposestate conditions and that the process constraints must
methodology to support the development and validatiohe linear. Qo and RHINEHART conbrmed that the
of complex process models and simulators based anethodology will be successful if process data come
increasing the quality of measurement data used fdrom steady state conditions [11]. In these cases, data
(kinetic) parameter identibcation and validation. Irreconciliation problems can be solved with standard
section Literature survey a historical background of numerical methods like sequential quadratic procedures
steady data data reconciliation is brieBy reviewedl1l2] and quasi-Newton algorithms [13]. A multiple
The basic method of linear and nonlinear steady statgéauss-Jordan elimination algorithm was published by
data reconciliation is described in sectidimeoretical MADRON and VEVERKA [14]. The classibcation method
background of steady state data reconciliatidnbata is based on matrix decomposition and permutation.
reconciliation cannot be used in process developmefihe linear method was improved byRGWE (1986)
only, but it is a useful tool in model improvementwho published a new technique to solve nonlinear data
too. The principle of this application is introduced inreconciliation using matrix projection [15]. Furthermore,
section Combined application of data reconciliation BAGAJEWICZ and JANG [16] presented an improved
and Rowsheeting simulatorOur approach aims the method that is applicable for dynamics system. The
reduction of random errors to enhance the qualitgdeveloped method from HATA [17] is suitable for
of data using data reconciliation and Rowsheetingxamination of dynamic nonlinear process systems.
simulator simultaneously. The method is described Despite of the numerous good reviews of data
in subsection The developed model based dataeconciliation techniques, industrial application of
reconciliation technique The proposed approach isthis method started only in the 1980s. There are
illustrated based on an industrial hydrogenation systerseveral complex software packages supporting data
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Table 1:Industrial application of data reconciliation (newer industrial scenario and publications are added @B

summary [18])

Industrial scenario

Author (year)

Absorption refrigeration systems

MARADIAGA et al. (2013) [19]

Beverage alcohol distillation plant

MEYER et al. (1993), NMUNOU and BAKSHI
(1999), HLADT and Hu (2007)

Chemical extraction plant

HoLLy et al. (1989)

Ethylene and ammonia plant

SANCHEZ et al. (1992), &NCHEz and
RoMAGNOLI (1996), R¢ciDO and LOUREIRO
(1998)

Exxon chemical process

MCBRAYER et al. (1998) , ®DERSTROMEL al.
(2000)

Gas pipeline systems

BAGAJEWICZ and CABRERA (2003)

Gases network in an iron and ste
making plant

elY 1 and HaN (2004)

Hydrogen plant

BussANi et al. (1995), GIARI (1997), S\RABIA
et al. (2012) [20]

Industrial coke-oven-ga
puribcation process

5 FABER et al. (2006) HU and S4A0 (2006)

Industrial distillation column

ISLAM (1994), WEISS et al. (1996), ENCHEZ
et al. (1996), BuURrouis et al. (1998), L et al.
(2001), BHAT and S\RAF (2004), CHATTERJEE
and S\RAF (2004), CGHEN et al. (2013) [21],
KELLER et al. (2012) [22]

Industrial ETBE reactor

DoMINGUESet al. (2012) [23]

Industrial furnace

PIERUCCI et al. (1996), KSTEENet al. (2002)

Industrial hydrometallurgical plant
for a gold extraction

5 DE ANDRADELIMA (2006)

Industrial polymerization reactor

VIEIRA et al. (2003), RATA et al. (2006, 2008
2009, 2010 [24])

Industrial  synthesis gas fqg
production of ammonia

r CHRISTIANSEN et al. (1997)

Industrial utility plant

LEE et al. (1998)

Methyl-terc-butyl-ether plant

AL-ARFAJ(2006)

Mineral and metallurgical plants

VASEBI et al(2012) [25]

Nuclear power reactor

VALDETARO (2011) [26]

RePnery

PiccoLo and DoUGLAS (1996), ZHANG et al.
(2001)

Sulfuric acid plant

CHEN et al. (1998), @QYuRT and RKE (2004)

reactor

Turbine cycle of a boiling water

SUNDE and BERG (2003)

Vinyl acetate and ketene plants

DeEmMPFand LIST (1998)

Water processes

MARTINS et al. (2010) [27]
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reconciliation (for instance SigmaifiAne, DataCon, Vali,
Inlibra). These tools have interfaces to information
systems used to manage process data and have special
model building functionalities that allow almost
automatic building of plant-wide balance equations.
Nowadays, data reconciliation is widely applied in
various processing industries (e.g. refining, chemical
industry, metals, mining, and power industry). Despite
of this fact, relatively few articles deal with industrial
applications (PRATA et al. prepared a summary in 2009
[18]; newer applications and papers are collected in
Table 1.

STANLEY et al. classified variables as observable
and unobservable [28]. CROWE categorized the variables
from another point of view: the basis of classification
is the given measured variable can be calculated from
other measured variables using process models or not.
The names of the two classes are redundant and non-
redundant measurements [29]. ALT and NARASIMHAN
applied graph theory to analyse the sensor network,
classify the variables, and compute the redundancy
degree of each variable. They claim that not only
measured variables can be redundant. Those unmeasured
variables that can be estimated in multiple ways are also
termed as redundant [30].

Theoretical background of steady state data
reconciliation

In this section, the basis of linear and nonlinear data
reconciliation techniques are described. Different values
are distinguished. Real values (without error) of variables
are designated by diacritic caron (), measured values by
tilde ("), while estimated values by circumflex (7).

In general, optimal estimates for process variables
by data reconciliation are solutions to a constrained
least-squares or maximum likelihood objective function,
where measurement errors are minimized with process
model constraints. The steady state data reconciliation
problem can be formulated as an optimization problem
by minimizing

Iy, =@! 'V y) (1)
subject to
f(y,2) =0 )
and
9(y,2)" 0. 3)

The solution of the optimization problem is performed
with the following simplifying assumptions

e The measurement error is independent from the
balance variables.

* The expected value of measurement error is zero.

e The measurement error is in a normal (Gauss)
distribution.

* Errors of measurements are independent from each
other (diagonal covariance matrix).

* The covariance matrix is positive definite, so its
inverse matrix exists.

In the following two subsections, solution methods are
presented in the cases of linear and nonlinear models.

Linear data reconciliation

In the linear case, when all variables are measured,
Eqg. (1)means minimizing

Iy, =@! ' VI y)

subject to
Ay =0. “)
!

Gauss distribution (a # N 'O,Va ) is assumed, so the
density function of measurement error is
# $ % _ &
f d =Céexp ! 0.5édTVi_i,ld (5)

from which it follows that
% &

f(y)=Céexp ! 054Y! y)' VL' Y) (6

and that the
f=Ay! b=0 (7)

criterion is satisfied in accordance with the balance
equation. The essence of the most likely estimation: if Y
is given and its density function is known, whichy $ y
parameter of density function will be f (function vector
of equality model constraints).

Since the logarithm function is strictly monotonously
increasing, the maximum of the logarithm of the f (y)
function recording only positive values is at the same
place where the maximum of the argument is. Exploiting
it on the above function and using the Lagrange
multipliers method, the result is a vector equation system
with two unknowns:

VityrATI =vily (8)
Ay =b )
The solution of the vector equation system is
# | " $
y = 11 VAT A/ ,AT Ay

: "
+ V4AT AV ,AT 'Th (10)

Thus, the estimation requires a matrix-vector
multiplication and a vector addition. Because Y is only
the variable, in the other operations there are only
constants [31].

In practice, not all streams and properties are
measured in plant due to physical and economical
reasons. The data reconciliation technique is suitable
for estimating unmeasured variables. In this case, the
optimization problem can be solved by the method of
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Projection Matrix. In the prst step, the incidence matrix ~ ____________
is separated into two parts: " Plant Model

Ayy + A,§=0. (11)

-

Unmeasured Rows¥)] should be eliminated by pre- .
multiplying both sides by a projection matrix, such as ~- -T ...... 1 -o’ .. -f ...... T- -
PA ,¥ = 0. Eq. (4)then can be rewritten as

mind@9)=(y! N VLEF! V) (12) K. Pl
subject to (A) Combination 1 (B) Combination 2
PAyy =0. (13 Plant Model B
The projection matrix is from Q-R factorization of matrix | "'Um:“' —p (D
A Z: : ' '
= QR =[Q1 Q2] [R1 0] ) 3| e
The projection matrix is the transformation@f% matrix - 'j B Tt
(P = QJ). If A matrix is replaced by matriA y in T =
Eq. (10) then Plant
! " $ "~ v
% = 1!V, (pA )T (PA)V, (pA )T (PA) Vv (C) Combination 3
+ V4(PA)T (PA)V4(PA )T (15)  Figure 3:Integrated application of statistical and white

box models [32]
After reconciled values of measured variables are
obtained, the next step is to estimate the unmeasured

variables using the information from process modelgesented on the basis of the situation when measured and
(Eq. (11) as ) ) unmeasured variables occur.

Ayy =1 Ay (16) The objective function is the same as in the previous
This linear equation can be solved to get estimateggse Eq. (1). The difference is that constraints are
values of the unmeasured variables. Usually, the numb@@nlinear equations. This problem can be reduced to
of equations is greater than the number of unmeasurd@e linear case. This method is referred to as successive
variables. The least-squares technique can be applied dif¢garisation: nonlinear constraints can be linearised

the solution is around working points using Prst-order Taylor series. The
solution of the linearisation can be written as
b=1! (AJA7) *AJ(AyY). €))
h=Byy +B:¥! f(yi. %) (18)
Nonlinear data reconciliation The initial values are usually the raw values. After

linearisation the procedures of data reconciliation is
The data reconciliation problem can be extended tdescribed in subsection Linear data reconciliation (Q-
nonlinear steady state models. It is necessary becauRefactorization, reconciliation of measured values, then
processes in chemical industry cannot be described ondgtimation of unmeasured variables). If the reconciled
by linear models; behaviour of chemical processes aand initial values are far from each other, new iteration
often nonlinear. If we wish to simultaneously reconcilebegins. The initial value will be the result of the previous
mass 3ow, composition, or temperature measurement®ration. Different criteria can be debned: number of
mass, component, or energy balances have to be includégration or||%, ! ¥, 1|| is smaller than the specibed
as constraints. Sometimes, inequality constraints havelerance values.
to be debned (e.g. mass/mole fraction of components Successive linearisation is a relatively simple and
have to be in the [0:1] interval). Moreover, if we takefast solution, but variable bounds cannot be handled
thermodynamic equilibrium relationships and complexvith this method. Another option to solve nonlinear data
correlations for thermodynamic and physical propertiegeconciliation problem is using Nonlinear Programming
as constraints, nonlinear data reconciliation techniquébILP) techniques that can estimate measured and
have to be used. unmeasured variables simultaneously. Sequential
If all variables are measured, the bilinear datmuadratic programming (SQP) and generalized
reconciliation problem can be reduced to a lineareduced gradient (GRG) are usual techniques in
problem by introducing the OmeasuredO compouhendling nonlinear problems. These methods are more
Rows (Ocomponent RowsO or Oenergy RowsO). Therefomeputationally demanding, but they are numerically
solution of the nonlinear data reconciliation problem isnore robust [33].
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OGP

Data oconcies
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Sictar Figure 5: Options of data processing in Bowsheeting

/ \ simulator

difbcult to model.

Data

Reliable data reconciliation ¥ Combination 2 shows the case when outputs of
the physical model are transformed by a statistical
s model.

¥ In the third option, the difference between measured
and calculated variables are the inputs of the
statistical model used for correction.

Figure 4: Iterative model development

Combined application of data reconciliation and Model-based data reconciliation techniques are similar to
Rowsheeting simulator the third approach. Using data reconciliation technique
random errors can be bltered. When accurate data are

Mathematical models describe the connection betweevailable, the Bowsheeting simulator gives more reliable
the relevant properties of the analyzed phenomenkgsults that make further development of models possible.
process, or activities. In the case of complex chemicdlhis means that data reconciliation allows us to check the
processes, mathematical models usually contafi¢liability of these measurements [36] and reconsolidated
differential equations whose solution is not alwayglata can be used to build accurate models.
possible analytically. The process simulator (it is
often applied to improve complex industrial processes)
contains models of the equipments so their mathematical
description is unnecessary for the users. In addition, it
includes different thermodynamic models and component ) )
databases. The Rowsheeting simulator can be debrf@df goal is to design an expert system that can
as OUse of a computer program to quantitatively modBf used to check the acceptability of measurements
characteristic equations of a chemical processO [34d improve the Bowsheeting simulator of technology.
The simulator is used in batch processing, integratel’€ proposed method is based on model-based data
process engineering (for example, economic ana|y3;§c0nciliation techniques. Using data reconciliation,
and supply chain forecast, supervisory process Comrgﬁulty measurements can be found. Random errors can be
on-line modeling and optimization, safety and reliabilityP!t€red using discrete Fourier transform. The frequency
analysis), and process synthesis and design (for instan@é,t_he noise 1Is much.h|gher than the frequency of
heat integration, conceptual design). However, |otBasic process so the discrete Fourier transform gives a
of information are needed from technology for thedraphical view about the differences between the basic
simulator to describe the real process exactly. Many ¢irocess and the noise. Thus, the Pltration of the frequency
the needed data are measured (e.g., Row, compositiGR" be determined so the noise can be separated from the
temperature, pressure). If the input of the simulator i§asiC process. If the amplitude of the noise is known,
faulty, the simulator cannot give reliable results. the standard deviation can be estimated. Thereby, input
A new direction is the combination of simulators and®f Simulator is error-free, so systematic model mismatch
data based statistical models that can handle random af@f) e recognized and the tuning of the model can be

gross errors [23, 35]. The structure of these hybrid model@itiated. Data reconciliation requires an accurate model
are shown irFig. 3. whose parameters require reconciled process data. In

th case of an efbcient iterative procedure, a properly
¥ In the brst case, the statistical model is the inpwtorking simulator can be developed (dég. 4).
of the physical model in the form of differential  Since the simulator is able to process historical
or algebraic equations or a complex RBowsheetingneasured data, the difference between the theoretically
simulator. In this case, the statistical model is usedchievable values and the measured outputs can give
to estimate parameters and phenomena that auseful information (sed-ig. 5). Four different output

The developed model based data reconciliation
technique
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Figure 6: Flowsheet diagram of the C3 hydrogenation system

values can be compared in the case of the same variablg3-butadiene, etc. Some of them are undesirable,
Measured output values are known. If all necessaryecause they poison the catalysts for polymerization
information is available for data reconciliation, we getreactions (e.g. acetylene, methyl-acetylene, propadiene).
the reconciled output value. In addition, if process modeAnother problem is that separation of these components
is prepared in the RBowsheeting simulator, we have twis difpcult from the main products by distillation.
options for analysis: the input of the simulator can be thBue to these problems, undesirable hydrocarbons
measured or the reconciled value. are hydrogenated. Hydrogenation process of methyl-

The difference between outputs can be used for twacetylene and propadiene is presented in this case study
purposes. If the difference is insignibcant, the measurddeeFig. 6).

data is acceptable and measuring instruments operate The C3-selective hydrogenation process transforms
properly; calibration is not necessary. Moreover, it helpﬁnethyl-acetylene and propadiene to propylene by
in the development of the Rowsheeting simulator. If th%atalytic reaction avoiding the transformation of
calculated results with reconciled input are far from th%ropylene to propane. The methyl-acetylene and
reconciled output, the simulator do not describe the reglopadiene content of hydrogenated C3 fraction should
process properly; maybe a parameter is not accurate ohj |ess than 1000 ppm. The concentration of the main
needs structural change. components (methyl-acetylene, propane) is measured
The proposed method is illustrated on the basis of 3 online analysers (A1, A2 and A3) and there are two

industrial hydrogenation system. The case study sho%(:es where sample is taken twice a day for laboratory
examples for both cases; when the difference indicatggalysis (L1 and L3).

the conformity of measurements and when it warns that

some model parameters are incorrect. Hydrogen and liquid olebn stream are fed to the

reactor where chemical reactions take place. Outlet
stream of the reactor is cooled by water so the gaseous
Case study C3 component condenses and the hydrogen and the liquid
olebn phases are separated. The recirculated stream has

The Tisza Chemical Group Plc. (TVK) is the IargesttWO .important functions: cools the reagtor and dilutes
petrochemical company of Hungary where ponmthe inlet C?3 stre_am. Blowdown is required due to the
raw materials (ethylene, propylene, butylenes, etc.) agecumulation of inert components.

produced by steam cracking of naphtha or gasoline. The most frequent type of hydrogenation reactors is
At high temperature, numerous free radical reactionthe trickle-bed reactor in the olebn plant. Liquid olebn
occur. Cracked gas includes light components that afeed and gaseous hydrogen pass through the catalyst
produced in larger amounts, for example, methanded in the same direction: from top to bottom. Cooling
ethane, ethylene, acetylene, propane, propylenef reactor is provided by vaporization liquid Row. The
methyl-acetylene, propadiene, n-butane, isobutanegactions occur in the top region of the reactor. The
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reactions release a large amount of heat. The hegive check whether the measured data satisfy the balance
generation is inBuenced by the methyl-acetylene anshuation, we bnd thaq. (22)is not fulblled, so data
propadiene (MAPD) content of the inlet C3 and by theeconciliation is necessary.
partial pressure of the hydrogen. The MAPD content Steps of the procedure are introduced based on mass
of the inlet Bow of system is high, so the inlet BowRow of C3 product fraction. First time random error
of the reactor is diluted. In the range @0 — 80'C s separated from basic process using discrete Fourier
temperature, the average reaction heat of main reactiofignsformation.Fig. 7 shows the measured and the
are the following: pltered values of product C3 fraction. We debned the
random noise as the difference between the measured and
MA+H 2 =CsHe ! Hr = —1648kJmole (19) pyoad values so the standard deviation and covariance

PD+H,=C3Hg ! H,= —1722kJ/mole (20) matrix of random errory{y) can be calculated.
Since there is no accumulation (i.b.z 0) Eq. (10)
CsHg+H,=C3Hg ! H; = —124.6 kJ/ mole (21) is simpliped to
In the following sections, released heat vaporizes a part I " . $
of the liquid phase. This phenomenon also ensures the 9= I-V,AT AV,AT ‘A y. (23
cooling of the product Row.

The simulator has been developed in Aspen Plusince two input and two output streams are in the system,
software as part of an expert system used for thge incidence matrix isA = [11 — 1 — 1]. Every
monitoring and qualibcation of the operation of theneeded information are known so the matrix operation
technology. Calculations provide useful informationcan be performed. Real industrial data are analyzed, so
about unmeasured variables, validity of on-line analyzergimensionless units are included in the bgures. The result
and efbciency of catalysts. The residence time is smajf reconciliation is visible irFig. 8. The result shows that
(less than one minute). The sample time was Pve proposed method gives a minor improvement of the
minutes, so the steady state simulation gives the sarpeocess values. Thanks to the validated accuracy of the
result as the dynamic simulation. Historical process daidass measurements, these process values can be directly
entered the simulator by Aspen Simulation Workbookysed for the validation of the simulator.

The developed Excel and Visual Basic macro based |n the next step, we compare the reconciled output
framework allows the comparison of the measured datgith the values calculated by the simulator in two
and the calculated results. different ways. First, the input of the simulator is the
measured data, then, the reconciled input data. The
result of the comparison is shown Fg. 9. First, we
thought that the three curves coincide. However, as a
The process has two inlet streams (C3 fraction anBortion is zoomed, the difference became apparent (see
hydrogen) and two outlet streams (hydrogenated quuiﬁ'g' 10). If the input of sumulato_r is the reconciled data,
C3 fraction and blowdown). Mass Rows of every strearfhe calculated and the reconciled output are nearly the

are measured. Based on the law of conservation of mas@me. Although the difference between the two calculated
(there is no accumulation): curves may seem small in dimensionless space, do not

forget that the small percentage difference can mean
InletC3+ H, = Blowdown + ProductC3 (22) signibcant mass Bow values in a real industrial process.

Results and discussion
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Figure 9: Calculated and reconciled data of product C3 Figure 11:Calculated and reconciled dimensionless
fraction if the input of the simulator is the measured and mass Bow of; if the input of the simulator is the
reconciled data measured data

fraction.
¥ After the regeneration when catalyst is active.
¥ Other reactor is regenerated or reactivated.

In this case, another reactor in the Olebn 2 plant was

reactivated (after 300 hours). The reactivation process
needed a lot of hydrogen so the hydrogen for the studied
reactor was reduced. The received data did not include the
rate of reduction. The result of the simulation showed that

something was changed in the technology. This shows
the technique can be used for monitoring and diagnostics
of complex processes because it can be discovered if the
operating condition has changed.

Figure 10:Reconciled and calculated outputs of
simulator in case of product C3 fraction Conclusion

Data reconciliation is an effective method to obtain

We calculated the square error in both cases (deviatig¢curate process data that satisfy balance equations using
from the reconciled output) and found that the differencerocess constraints. The application of steady-state data
decreased by 87% if the reconciled values are the input ggconciliation is widespread in the process industry.
the simulator. This shows that the simulator gives mor8imulators are often applied to improve industrial
accurate results if previously data are reconciled. processes, optimize operation, and identify bottlenecks

The simulator supported by data reconciliation ca®f technology. Historical process data can be used for
be applied in fault diagnosisFig. 11 shows how the identibcation and veribcation of models utilized by
the hydrogen Row changes over time. The continuod§ese tools. Usually, measured data do not satisfy balance
line represents the simulator results without dat&quations, because all measurements are incorrect to
reconciliation, while the dashed line shows the reconcileglome extent. Thus, it is necessary to develop a method
values. which can simultaneously and iteratively improve data

Fig. 11 shows the similarity of the calculated and@nd model performance. A method based on data
the measured values. After 300 hours of operation tH€conciliation technique has been developed for this
calculated values exceed the measured data. There RHPOSE.

several possible reasons. Less hydrogen goes to this An industrial C3 selective hydrogenation process
system if has been analysed as a case study. The steady state

simulator of the process has been developed in Aspen

¥ The MAPD content of the inlet stream is lower,Plus RBowsheeting software. Calculated and historical

because the mass Bow of hydrogen is controlled iprocess data were compared using Aspen Simulation
proportion of the MAPD mole Bow of the input C3 Workbook.
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STATISTICAL PROCESS CONTROL BASED PERFORMANCE EVALUATION OF
ON-LINE ANALYSERS
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On-line analyzers can provide accurate and timely information for process control and monitoring. Statistical Process
Control (SPC) techniques can be effectively utilized to support the development and maintenance of these tools. The D6299-
10 ASTM standard details how on-line analyzers should be validated. The applicability of this standard is demonstrated
through the analysis of industrial data collected from an on-line gas chromatograph. The results conbrm that automatized
SPC can effectively improve the reliability of advanced process control systems.

Keywords: on-line analyzer, software sensor, statistical process control, SPC, process monitoring

Introduction odic comparison of the on-line analyzerOs results to the
reference value of the same sample measured by labora-

Process variables characterizing and inRuencing prodJ@fY test methods. Precision and bias (&g 2) are cal-
quality have a signibcant role in process control and optRulated to provide information for updating test methods
mization. Off-line laboratory tests mostly take more tha/®S well as for indicating areas of potential improvements.
two hours. This time delay can cause control problems re- Control charts and other statistical technigues can be
sulting in economic loss. In such situations, an improvedsed for performance monitoring. Statistical estimates of
on-line monitoring system is required. On-line analyzer§he measurement system precision and bias can be calcu-
eliminate the dependence on laboratory data. Analysel@ed on the basis of periodically updated data. Plotting
are valuable instruments for real time control because @nd interpreting these test results can ascertain the in-
their fast response time (1-4 minutes) (§ég 1) [1]. statistical-control status of the measurement system [5].
Quality control techniques can be effectively used tén-line Statistical Process Control (SPC) based real-time
support the development of on-line analyzers [2] and ad@lidation of measurement systems has been already re-
vanced process control systems [3]. The D 6299 ASTM
standard (Applying Statistical Quality Assurance Tech-

niques to Evaluate Analytical Measurement System Pe @ )
formance) provides information for the design and opel : O
. .. . . e
ation statistical quality control (QC) tools to monitor and i g i
control of analytical measurement systems using a cc b e * e%es o ,° %0
. . . . o e o
lection of statistical quality control (SQC) tools [4]. 0o :° al® » OO :° a2 >
. . . . o] N M
The goal of the performance monitoring is the peri: T time i %00 time
I I
d [ (C) ' (d)
| I
| I .
s 0%, b 3 %8
w u - OOOO'(.) o » OOOO'(‘) nac.) »
—>;4’[ Controller H Actuator H Process }‘—» : ‘.’o 00 tiﬁﬁe : o8 80 . tin']e
| oo = . |
Y[ sensor/ : .
Analyzer

2 2 2
Sg =Sp+Sis

Figure 2: Type of faults. The dashed line shows when
the fault occurso: data free of fault¥ corrupted data for
Figure 1: Soft sensors and on-line analyzers enable the following cases: (a) bias, (b) complete failure, (c)

feedback control drifting, and (d) precision degradation [4]

Syt
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Figure 3: lllustrative example: MOL aromatic block gas chromatograph IP benzene content (m/m %), Lab, Analyser
and APC soft sensor

ported in 1997 [6]. The SPC based approach can also bata, though they can be used for data that have logi-
applied for off-line performance evaluation [7]. This ap-cal comparability [11]. In this section, we present these
proach has a wide range of application areas like steeharts and detail how these should be applied for the per-
industry [8], electronic device assembling [9], and buildformance assessment of on-line analyzers.
ingsO energy demand monitoring [10].

The goal of this paper is to present the theoretical

background and application details of SPC based perfor- Control Charts
mance evaluation of on-line analyzers. The applicabil-
ity of the concepts is illustrated by a case study based Run Chart

on data collected from an on-line gas chromatograph of

the MOL Plc (sedrig. 3) . Typical patters that show out

of control status of the system are also presented. Td'e run chartis a plot of sample values in chronological

check the normality of the residuals, an easily applicabl@rder €ig. 4). The run chart can be used to screen data
and interpretable tool is proposed. The developed demof® Unusual patterns such as continuous trending in either

stration tools are available at the website of the authof§réction, unusual clustering, and cycles. The run chart
(www.abonyilab.com). of the data used in our case study is showFim 3. The

plotted time series shows the signal of the on-line ana-
lyzer and the related laboratory measurements.

Control Chart based Evaluation of System

Performance
| Chart

The studied D6299 practice is devoted to a special tes.[_— o . .
. . : he I (individual) chart is a run chart to which control
ing of analyzers [4]. Quality Control (QC) test specimer), its a(md center)line have been added (see top panel of

samples from a specibc lot are introduced and testedlﬁli]n 5) Th nter line is based on the mean of th m
the analytical measurement system on a regular basis t&" ). The center line is based on the mean of the sam-

establish system performance history in terms of both stR-eS ' |

bility and precision. P= _i=1 1 (1)
The control chart is one of the seven basic tools of n

QC. Control charts - also known asi&WHART charts

- are used to determine if process is in a state of sti

tistical control. The analysis of the control chart indi-

cates whether the process is currently under control. Th

means that these charts are used to check the stability

the production. In stable operation, the variations of th

process and quality variables are only random, normall — |-

distributed variables. In these cases, no corrections of tl ‘ . :

control parameters are needed. When the chart indical o 5 10 15 20 25 30

that the monitored process is out-of-control, the analys B

of the chart can help to determine the sources of the vari- Figure 4: Example for a run chart

ation. Typically, control charts are used for time-series

Result Vaule
1
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Result Sequence Number

while the upper and lower control limits are based on the Figure 7: Example for an EWMA chart
estimated variance (range of the davéiR [12]

n! 1

R = M ) EWMA chart

n—-1
UCL, = P+2.66MR, (3) An EWMA (Exponentially Weighted Moving Average)
LCL, = P— 2.66MR. @) chart is used to enhance the sensitivity in detecting mean

shifts that are small relative to the measurement system
Individual values that are outside the upper or lower corprecision (seerig. 7 for an example). EacEWMA

trol limits are indications of an unstable system, and efvalue is a weighted average of the current result and pre-
forts should be made to determine the cause [5]. Optiodous results with the weights decreasing exponentially
ally, any one of the following occurrences should be conwith the age of the reading [5]:

sidered as potential signs of instability:
EWMA ; = |4, 7)
1. Two out of three consecutive results on the | chart
.= | . 11.
that are more than 1.R¥R distant from the center EWMA; =(1 —1EWMA 1+ L, (®)
line in the same direction; where! is the exponential weighting factor. For applica-

_ ) tion of this practice, & value of 0.4 is recommended.
2. Five consecutive results on the | chart that are more The control limits for the EWMA chart are calculated
than 0.8MR distant from the center line in the using a weight!() as follows:
same direction;

3. Eight or more consecutive points in the | chart that UCL, = P+2.6eMR  S—, C)
fall on the same side of the center line. " '
|
LCL, = P—2.66MR T (10)
MR Chart The complexity of multivariate and autocorrelated pro-

cesses makes it difbcult to use standard control charts.
. To construct simple and interpretable charts, dimensional
sl ptorns by ploing the seduentilrange of twp yajcUCtON €ould also be Used aRBGLU and MrT
ues i\F/)en b yp 9 q 9 ave done [13], but in case of autocorrelated data, model-
9 y based control charts should be applied as lind JTPi-
A= MR = |l — iy 4], (5) TAKLER have done in their research [14].

and connecting each point (s€&. 6 for an example).
There is no lower control limit for an MR chart [5]. The
upper control limit for the MR chart is given by

Pretreatment of Test Results

Assessment, control charting, and evaluation are applied
UCLur =3.27MR. (6)  only to appropriately pretreated test results. The purpose
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of pretreatment is to standardize the control chart scali

so as to allow for data from multiple check standards t Yt

be compared on the same chart. For QC sample test |
sults, no data pretreatment is typically used since resul

for different QC samples are generally not plotted on th LCL

same chart.
In our case, the difference between the measurn
ments and their accepted reference values (ARVs) are

CL

/C\C/@\»\, AR 4 AN
A EAVALAvEL

monitored. ARV serves as an agreed-upon reference fd?igure 8: This process is out of control because a point

comparison and that is derived based on (1) a theoret

s either above the UCL or below the LCL. For example,

cal value, based on scientibc principles, (2) an assigned!" Fi9- 5B at sequence number 28 there is a unique

value, based on experimental work, or (3) a consensus
value, based on collaborative experimental work under
the auspices of a scientibc or engineering group.

| =testresult | ARV. a1y Y
Assessment of Initial Results &
In the initial phase of the application assessment tecl | ]

niques are applied to test results collected during tF
startup phase of or after signibcant modibcations to
measurement system. It is required to perform the fo.

point below the LCL

lowing assessment after at least 15 pretreated results haverigure 9: In this case the system produce 2 out of 3
become available. The purpose of this assessment is toconsecutive points either in or beyond zone A. The
ensure that these results are suitable for deployment oprocess orfrig. 5-B shows this behaviour at sequence

control charts.

Pretreated results should brst be visually screened for
values that are inconsistent with the remainder of the data
set, such as those that could have been caused by tran-

number 45 where the values are close to the Upper

Control Limit.

scription errors. Those Sagged as suspicious should Bgrnose was to ensure that line workers and engineers in-
investigated. Discarding data at this stage must be SURsrpret control charts in a uniform way [5, 12]. The eight

ported by evidence gathered from the investigation. If af;
ter discarding suspicious pretreated results there are less
than 15 values remaining, collect additional data and startl1.
over.

The next step is to examine the pretreated results for
non-random patterns such as continuous trending in ei-
ther direction, unusual clustering, and cycles. One way to
do this is to plot the results on a run chart and examine
the plot. If any non-random pattern is detected, investi-
gate for and eliminate the root cause(s).

Typical Control Chart Patterns

In the previous sessions, the main charts used for perfor-3'
mance measurement were presented. In SPC, the Western
Electric Rules are the decision rules for detecting Oout-
of-controlO or non-random conditions on control charts.
Locations of the observations relative to the control chart
control limits (typically at+ 3 standard deviations) and
centerline indicate whether the process in question shoul.
be investigated for assignable causes. The Western Elec-
tric Rules were codibed by a specially-appointed com-
mittee of the manufacturing division of the Western Elec-
tric Company and appeared in the brst edition of its Sta-
tistical Quality Control Handbook in 1956 [15]. Their

Standard Western electric rules are:

The most recent point plots outside one of the 3-
sigma control limits (sed=ig. 8). If a point lies

outside either of these limits, there is only a 0.3%
chance that this was caused by the normal process.

Two of the three most recent points plot outside and
on the same side as one of the 2-sigma control limits
(seeFig. 9). The probability that any point will fall
outside the warning limit is only 5%. The chances
that two out of three points in a row fall outside the
warning limit is only about 1%.

Four of the bve most recent points plot outside and
on the same side as one of the 1-sigma control lim-
its. In normal processing, 68% of points fall within
one sigma of the mean, and 32% fall outside it. The
probability that 4 of 5 points fall outside of one
sigma is only about 3%.

Eight out of the last eight points plot on the same
side of the center line, or target value. Sometimes
you see this as 9 out of 9, or 7 out of 7. There is an
equal chance that any given point will fall above or
below the mean. The chances that a point falls on the
same side of the mean as the one before it is one in
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two. The odds that the next point will also fall on the
same side of the mean is one in four. The probability ' ' ' ' . &
of getting eight points on the same side of the mean
is only around 1%.

5. Six points in a row increasing or decreasing. The
same logic is used here as for rule 4 above. Some-
times this rule is changed to seven points rising or
falling.

6. Fifteen points in a row within one sigma. In normal
operation, 68% of points will fall within one sigma
of the mean. The probability that 15 points in a row
will do so, is less than 1%.

Quantiles of input data

Standard normal quantiles

7. Fourteen points in a row alternating direction. The P=0.8054 t=02470. std=7.26
chances that the second point is always higher the
(or always lower than) the preceding point, for all

irs i lv about 1% Figure 11: Normality check of the studied gas
seven pairs is only about 1%.

chromatograph.

8. Eight points in a row outside one sigma. Since 68%
of points lie within one sigma of the mean, the prob-
ability that eight points in a row fall outside of the (seeFig. 11). When the results are normally distributed,
one-sigma line is less than 1% (s&g. 10). the plot should be approximately linear. Major deviations
from linearity are an indication of non-normal distribu-
tions of the differences [17, 16].
Normality Checks

Since the control chart and limits prescribed in this prac- Conclusions

tice are based on the assumption that the data behavior

is adequately modeled by the normal distribution, it isNe showed that statistical process control can be effec-

recommended that a test of this normality assumption hively used to support the development and maintenance

conducted. One way to do this is to use a normal probaf on-line process analyzers. A case study is presented

bility plot and the AVDERSON-DARLING Statistic [16]. based on the analysis of data taken from the chemical

If the results show obvious deviation from normality, theprocess industry. The proposed concept has been imple-

statistical control charting techniques described are ngtented in MATLAB. The results illustrate the applica-

directly applicable to the measurement system [5]. bility the developed tools in improving the reliability of
Quantile-quantile plot (g-q plot) is a graphical tool foradvanced process control systems.

comparing two probability distributions by plotting their

guantiles against each other. The normality plot of the

process can be obtained by comparing the empirical dis- Acknowledgements
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