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Problem Description

Despite the fact that hydropower stations are equipped with the latest technology in both
regulation and remote control, it is not enough to replace the traditional machine expert. The
machine expert was a person stationed in the power plant. He had the responsibility for the
running and maintenance of the station. This person’s experience and human senses made him
crucial for the surveillance of the station. Since the machine expert has now been replaced by
electronics and newer technology, there are still areas of his expertise that are to be made.
Today's facilities are highly sophisticated and contain the latest technology, but there are still
situations that the surveillance system may fail to intercept. These situations could for instance be
the beginning of an fault in an component.

To help the surveillance system detect these situations, the idea is to implement an expert system.
In this way the control system can match the machine expert’s skills.

@ystein Fjellheim has already done extensive work in finding a suitable development kit. He
explored several software packages looking for one to use for this purpose. The result was the
program Volve Knowledge Tools, and the purpose of this report is to further test this program for
use in expert systems. This testing considers more advanced and intelligent forms of reading raw
data, such as mean calculation, derivation and integration. It also includes testing of how the
program learns and uses existing knowledge to solve problems.
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1 PREFACE

This project is a part of the fourth semester ef2hyear Master program in Electric Power at
NTNU. The project is weighted as one semester in tioigram and is a cooperative effort
betweerNTNU, Voith SiemenandVolve ASVoith Siemenkas presented the approach to the
problem and also acts as external supervigoive ASprovides the software one wish to
investigate.

This report consists of five main parts. The fipatt describes the system that is going to be
modulated. In the second part it is explained vema¢xpert system is. The third part contains
an explanation of howolve Knowledge Toolsorks and how an expert system can be
created in this program. In the fourth part itiscdssed why one should use condition
monitoring. The last part of the report contaimawdations and results. Here, continuing work
and advantages/disadvantages will be presenteelas w

| hereby send my greatest thanks to Frode Sgrmoayamodt, Tore Brede and Jone
Rasmussen afolve ASor invaluable help and guidance. | also thanksugervisor professor
Lars Norum aNTNU, and also @yvind Holm and Oddbjgrn HanseWaith Siemengor

good advice and feedback throughout the procesallyi want to thank Ole Bjgrn Westad
atMaintech ASand Jan Anders Timberlid 8bgn og Fjordane University Colledar help

and support during the whole process.

Trondheim, 9 June 2008

Erlend Timberlid
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2 SUMMARY

Despite the fact that hydropower stations are gupdpwith the latest technology in both
regulation and remote control, it is not enoughefaace the traditional machine expert. The
machine expert was a person stationed in the pplaat. He had the responsibility for the
running and maintenance of the station. This pessexperience and human senses made him
crucial for the surveillance of the station. Sitloe machine expert has now been replaced by
electronics and newer technology, there are saths of his expertise that are to be made.
Today'’s facilities are highly sophisticated andteamthe latest technology, but there are still
situations that the surveillance system may faihtercept.

To help the surveillance system detect these gtugtthe idea is to implement an expert
system. In this way the control system can matelmtachine expert’s skills.

@ystein Fjellheim has already done extensive woffinding a suitable development kit. He
explored several software packages looking fortonese for this purpose [1]. The result was
the progranVolve Knowledge Toolsand the purpose of this report is to further tieist

program for use in expert systems. This testingiciems more advanced and intelligent forms
of reading raw data, such as mean calculationyalgshn and integration. It also includes
testing of how the program learns and uses exigtagviedge to solve problems.

Since hydropower plants can be constructed in stymays, it is almost impossible to make
an expert system that can include all varietiee 8biution is to narrow down the system to a
reference systenthis system consists of defined components tlgat@mmon in today’s
facilities. Despite this narrowing there are stithny processes in a hydropower station that
need to be monitore¥oith Siemenkas promoted that thermal surveillance is destakie
reason is that, when performing thermal surveikanice rest of the system would be
indirectly monitored as well. A good example ofstiould be to monitor the bearings. To
detect the condition of a bearing, one has to coenpaveral parameters, of which
temperature is the most essential. Two conditidrieeobearing are simulatedefective
bearingandwater in the bearing ail

When constructing the program, three models weremanontology modelacausal model
and acase modelAll models were made pursuant to tkeéerence systenThe models are
general, but still represent a good approach toeghkworld. All three models are considered
as a good starting point for further work.

By developing a simple expert systenMiolve Knowledge Tooknd using this program for
simulations, | gathered a lot of information abbatv the program operates and functions.
After considering advantages versus disadvantagesthe suitability of the program for
developing expert systems, | concluded thalve Knowledge Toofsllfils the demands that
the development an expert system entails. | thexecommend byolve Knowledge Tools
as the development kit for evolving an expert sysie continuing work.
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1. INTRODUCTION

1.1.Background

Despite the fact that hydropower stations are gupdwith the latest technology in both
regulation and remote control, it is not enoughefalace the traditional machine expert. The
machine expert was a person stationed in the pplaat. He had the responsibility of the
running and maintenance of the station. This pessexperience and human senses made him
crucial for the surveillance of the station. Sitloe machine expert has now been replaced by
electronics and newer technology, there are saths of his expertise that are to be made.
Today'’s facilities are highly sophisticated andteimthe latest technology, but there are still
situations that the surveillance system may faihtercept.

To help the surveillance system detect these stugtthe idea is to implement an expert
system. In this way the control system can matemtachine expert’s skill.

@ystein Fjellheim has already done extensive worliniding the right development kit for

the expert system. He explored several softwarkgugs looking for one to use for this
purpose [1]. The key to finding the right softwaras to look into the oil business sector.
Although the oil drilling process seems very diffietr from creating power from water, the
surveillance of these two processes has many timngsmmon. The software that satisfied
all of Fjellheims demands is call&tblve Knowledge ToalJ his software is designed for
developing expert systems. He also used the profpaocomparing different sets of
parameters to detect a defective generator cdalénis way the program proved itself useful.

This report is a continuation of “The digital maohiexpert — Expert system for monitoring
hydropower plants [2]. Therefore the approach éogioblem is about the same: to
investigate whethévolve Knowledge Toolsan be used for developing an expert system and
thus improve the surveillance system of today. Téport represents the second part of this
investigation.

My purpose is to continue the development of aeregystem and thereby further improve
the surveillance system of today’s power plantss Would allow me to test Volve Knowledge
Tools even further and to see if it is suitabledeveloping expert systems.

Since the situation today is that the highest bsgrofit is sought from everything,
aggregates are driven accordingly. One consequsmaere frequent starts and stops of
aggregates. This starting and stopping causes str@®s to the machines and in shortens the
lifetime of the equipment. Since this trend is ke continue, the need for an improved
surveillance system is greater than ever.
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1.2.Limitation

Since hydropower plants today can be constructsd imany ways, it is almost impossible to
make an expert system that can include all typeany case this would be a very time-
consuming process. Since the time schedule faprbgent task is limited to twenty weeks,
developing such a program is not possible. Howaf/gre system is narrowed, it could be
possible. The narrowed system is called the reteregstem [2]. It consists of defined
components that are common in today’s facilities.

Even if the task is narrowed into a reference systhere are still many processes in a
hydropower station that need to be monitored. Astiared above, the time available for the
present task is relatively short, so further limata will be to concentrate on one process in
the system. The process to be investigated isdtextion of a defective bearing. This bearing
will be the combined axial and radial bearing leckat the top of the machine. The
modulation will be a rough approach to the reatesys but still easy to expand in continuing
work.

Since many of these components do not directlyctffes final approach to the problem, they
will only be presented in general terms.

1.3. Structure

This report consists of five main parts. The fppatt describes the system to be investigated.

In the second part it is explained what an expestesn is. The third part contains an
explanation of howolve Knowledge Toolsorks and how an expert system can be created in
it. In the fourth part it is discussed why one dbdawse condition monitoring. The final part
contains simulations and results. Continuing wort advantages/disadvantages will also be
presented here.
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2. THE REFERENCE SYSTEM

To shape the reference system, it was necessdgctde what it should consist of. When
choosing the components, commonly-used devices eergen. In this way the reference
system would be a good foundation for developisgexcific expert system. One criterion for
shaping a reference system was that it shouldnbiéasito a facility in the Trondheim region.

I
1
i
|
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&
|
|
|
F'—7“‘“‘7—11

r\ Fa .

b @ iy S

8975 ElTs] 1675
13675

Figure 1, Meraker hydropower plant [2]

The facility chosen as a basis for the referenstesy is Meraker power plant, Figure 1. It
consists of two aggregates one producing 75 MVAtaedther 33 MVA. The reference
system should, for practical reasons, Imeeglium-sized power plant. This results in a
reference system which consists of [2]:

- Vertical Francis turbine

- Ball valve as main valve

- Submerged station in the bedrock with a draft tube

- Bilge system with two pumps and one ejector

- Three-phase synchronous generator

- Cooling water from the clearance of the turbine

- Cooling system with four separated coolers in th&os, spiral-coolers in the bearings

and a separate cooler for the transformer

- Pad type bearing with oil-pressure discharger éenakial bearings

- Bus system for communication

- IGSS32as control system




Master thesis 2008 NTNU m

Norwegian University of

Erlend Timberlid Science and Technology

2.1.General

The reference system is a submerged power statibedded in the bedrock. A submerged
station means that the centre of the turbine ietaWven the level of the tailwater, see Figure 2.
The reason for submerging a power station is téogghe head more effectively, which
creates more speed to the rotor. High speed tglaireesmaller and less complex than slower
ones. A result of this is a cheaper power station.

w i

Figure 2, Submerged station [3]

As shown in Figure 2, the reference system consfsasFrancis turbine with a draft tube. The
purpose of the draft tube is to drain water fromhnner and decrease its speed to suit the
tailwater [4]. The solution for decreasing the watgeed is to gradually expand the draft
tubes outlet. At the outlet of the draft tube thisra hatch. This hatch is remotely operated, as
are all hatches in the facility. Occasionally rottk@sen in the draft tube. This is unfortunate
because rocks can clog the whole tube and caus#irilp of the station. To detect any form

of landslide in the draft tube or close to it, thare float balls that measure the level of the
water. If these are triggered, the sequence opsigghe aggregate is initiated. In that case
the hatch of the draft tube will be closed.
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2.2.Bearings

There are three types of bearing: roller beariad);tearing and oil lubricated sliding bearing.

Lubricated sliding bearings are the type most comignosed in generators. The main task of

the bearings in generators is to keep the rotptaoe. This is done by using a combination of
radial bearings and held bearing. The bearings aavéher important task; they absorb forces
applied by the magnetic and mechanical unstablesfabe machine [5].

2.2.1. Placing of bearings

In this chapter, only bearings placed on a verticathine will be presented.

To see to that the rotor is in the centre at amg tiradial bearings are used. There can be
several radial bearings, but the minimum requirdnigeane. The other type of bearings used,
are axial bearings. The main task of these bearsgsabsorb the weight of the generator
and additional hydraulic weight applied by the toéb A common use of bearings is to
combine the axial bearing with one of the radiarbegs. The placement of the bearings is
individual on each machine, depending on rotatispaked, performance and type of turbine.

There are two common ways of placing bearings. i©tlee W41, which is used for high head
Pelton and Francis turbines. This is the most comtype in Norway.

Combined Ausial and

| | SRSt i i
— — 1 radial bearing

1 |1 radal bearing

=

l l Fadial bearing
f t |
R I I

/ "/ ll II\‘_\\_\\

/
P A A e |

Figure 3, Placement of bearings, model W41 [5]

The other platform is W42. This form is used favlbead turbines and where the radius of
the stator is rather large.

|f_ ‘| I Fadial bearing

I — 1
) '\_r Jl Combined axial
_L——_[—T and radial bearing
1 1 Radial bearing
:.? ‘JI .'|II 'l,l \‘\
/AN

Figure 4, Placement of bearing, model W42 [5]

There are of course other ways of placing the hgaribut those types are not mentioned in
this report.
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2.2.2. Axial bearing

The axial bearing consists of several parts. Ureimthe rotor there is a seal face. The seal
face is placed on top of the axial bearings. Betwibe seal face and the bearing segments
there is an oil film. The oil film sees to that ttogor is floating on the top of the bearing
segments. In this way there is no physical conordietween the segments and the rotor.
There are three types of axial bearings. The diffee lies in how the segments are shaped:

- Stationary segment

- Tilting-pad segment

- Spring segment

Below, only the stationary-segment type is expldine Figure 5 a stationary-segment
bearing is shown.

Seal face Rotation

SEGHENT

Figure 5, Pad type bearing [5]

As shown in Figure 5, the segments are sloping.réason for this is that the lateral surface
creates an olil film. They also provide replacenanvarm oil when the rotor rotates. Thus
the rotor functions as a pump and makes sureltbatmperature is kept at an acceptable
level.

At start-up the oil has a high viscosity and thsigl oil film is not established. As the rotor
gains speed the viscosity drops, and at a cemétional speed the oil film is established
(Point C). The graph below shows how the frictiaotbr reacts to the increasing speed,
where K is the optimal operating point of the maehi

Fricton costiclent

r'y

I ————

memofonod

Figure 6, Friction in bearing at start-up [5]




i NTNU
Master thesis 2008 Norwegian University of E
Erlend Timberlid Science and Technology

At start-up there is a direct connection betweensal face and the bearing segments. This is
not desirable and can be avoided by using oil-presdischarging. When starting a machine,
the oil-pressure discharge raises the rotor saliea¢ is no contact. This is done by pumping
additional oil into the bearings. Using oil-pressdischarge prevents unnecessary strain on
both the seal face and the bearing segments. lretbeence system this type of bearing i.e.
pad type bearing with oil-pressure discharging bélused. How the oil-pressure discharge
functions is illustrated in Figure 7

e Seal face

Figure 7, Pad type bearing with oil-pressure discharg [5]

To prevent oil vapour escaping into in the reghefsystem (or dirt getting in), labyrinth
glands are used.
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2.2.3. Radial bearing

The main task of the radial bearings is to abdeelfarces in the radial direction.

There are two types of bearings in this categampine bearing and lower radial bearing, but
their objective are the same; keep the rotor cdnirarbine bearings consist of a drum that
encloses the whole shaft and is place right abloedurbine. The drum is spilt in two, one
part containing the oil. When the shaft rotates,dt is forced into a pipe. This pipe leads to
the upper part of the drum. Here, the oil is redeamnd flows back to the lower part along the
shaft. See Figure 8.

il lerel,
ratating

Stationany
ail lewel

Figure 8, Turbine bearing [4]

The radial bearings operate in the same principlih@ axial. The segments see to that an oll
film is established and the bearing get lubricaléte only difference is that the bearing is
mounted vertically instead of horizontally.

Rotation

F\\___

Bearing
plate

Figure 9, Horizontal pad type bearin [5]
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2.2.4. Combined axial and radial bearing

At the top of bearing model W41, the combined aaiad radial bearing is placed. As the
name indicates, the bearing consists of an axtbamadial bearing. Both of these bearing are
placed in an oil sump. The figure below shows hlogvtiearing is built.

(il (il

Radial
Radial

< Vater in

Water flowing Water flowing
0il

Cooling water valve

G

Level inductor for oil

Mvial

Water out %:[><]:

Figure 10, Combined axial and radial bearing

As described in the figure, both bearings are sbakeil. In this way the bearings always
have access to plenty of oil and lubrication istkemn optimal level.

When the shaft is not rotating, the axial bearind half the radial bearing are underneath the
oil surface. As soon the machine starts to rotagepil starts to whirl around in the sump.
There are grooves in the radial segments thaioste toil is whirled up so that the whole

bearing is lubricated [6].

When the machine rotates, the segment and theailrbe very hot. In order to lower the oil
temperature, a heat exchanger is used. This exeh&éng spiral pipe that cold water flows
through. The water enters the spiral at one paidtrans through the spiral and out again

only aided by gravity. Since Figure 10 is drawr2i, it is easy to interpret the bearing as
having two spiral heat exchangers. This is notctme. The spiral goes all the way round the
shaft so that the whole oil sump is cooled dowris Than efficient method for keeping the
temperature at a reasonable level. The amount @ilzat runs through the heat exchanger is
depends on the cooling water valve. This valveoigegned by the control system and will
open or close as the bearing temperature goes dgvor.
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2.2.5. Monitoring

Four parameters are crucial to the bearings: temtye, oil level, vibrations and electrical
currents in the shaft. To measure the temperatuiteei bearing, Pt-100 elements are used.
These are placed in the oil and are moulded ired#aring segments. Since the Pt-100
elements are placed in the centre of the segnentetmperature in the segments is the best
indication of the temperature in the bearing.

When the temperature reaches a certain value ;&gm@ng is sent to the control system to
notify an operator. If the temperature reachespgeulevel, the aggregate starts the
emergency stop sequence.

On the right-hand side of Figure 10 an oil leveliaator is shown. This sensor indicators how
much oil is in the bearing. When the machine isxmg the oil level is totally different from
when it is stopped. The reason for this is thatihes splashing around in the bearing. In the
simulations only the oil level when the machineuisning will be considered.

To measure vibrations, an inductive distance meassiused. Since vibration is crucial for
the aggregate, the measuring of distance is peeidimum and done continuously.

Because of the asymmetry in the stator punchingjtage is induced in the shaft. This
voltage attempts to lead a current through theigsir This is not desirable because the
penetration causes electro-erosion. The erosidrewgintually break down the oil film and a
bearing breakdown is inevitable. A solution to thisblem is to isolate the bearing from
ground.

To detect currents in the shaft, a ring-transforimersed. The transformer is mounted around
the shaft and sends out a signal when currentdedeeted. This signal goes directly to the
electrical protection switches.

2.2.6. Defective bearing

To detect if a bearing is defective or an errateseloping, several parameters must be
considered. The most essential parameter is theetexture of the bearing. A high
temperature is not desirable and can be an indit#tiat something is wrong. If high
temperature and vibration occur, and the rest@&istems is operating normally, it can be a
symptom of a defective bearing [4].

A defective bearing can be a result of severathitut it is mainly when the bearing is
exposed to heavy stress that its lifetime decreasssvy stress on a bearing can be due to
several things, including generator on overload @raft currents, to mention only a few. In
this report only the generator on overload willdoasidered. The reason for excluding shaft
currents, which expose the bearing to extremeliz bteain, is that shaft currents are so
critical to the bearing. When a shaft current ieded, the machine goes to quick closing and
the bearings are inspected visually by maintenataféi.e. the monitoring of bearings for
shaft currents is already covered in today’s sllareie.

10
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2.3.1GSS32

In modern power plants all processes are compotgrailed. This means that an operator
uses a computer to set the desired parametersoatils the different processes using its
software. The software should be simple and easgé¢o

Specialized programs have been developed for thigoge. They are call&QICADAsystems.
SCADAstands for “Supervisory Control And Data Acquasiti [1].

A SCADAsystem mainly consists of sevePabgrammable Logic Controls (PLCs)
input/output units, communication protocols andhhbenan interface which is the program
the operator uses.

In the reference systet; SS32Interactive Graphical SCADA Systgm used. This system
has been chosen Mpith Siemenand is used in their facilities. Th&SSplatform was
developed by the Danish companyechnologiesThelGSSsystem are very comprehensive
and complex, but still easy to customize, flexidhe scalable. The progrd@SSprogram

has a graphical interface. This makes it fast, EBrapd easy to usésSSis also a real-time
operating system. This means that the temperapuesgnted on the display are the actual
temperatures of the system at that point. A furtttbrantage oiGSSis that it can log data.
This is practical since, when a situation occurs, possible to see if there is a certain chain
of events that leads to that type of error. Fromm itiformation expert systems can be
developed. So when developing an expert systemsénsible to base it on data provided by
IGSS

11



Master thesis 2008 NTNU B

Norwegian University of

Erlend Timberlid Science and Technology

2.4.Stop sequences

When a fault situation occurs in a hydropower stgtthe aggregate(s) go(es) to a given stop
sequence. This sequence depends on how sevenedheseThere are three different types of
stop sequences [MQuick Closing StopandEmergency Stop

2.4.1. Quick Closing

This is the most common way of stopping an aggeegnce it is the gentlest way of
bringing the rotating machine to a stop. When@uéck Closingcommand is given, both the
guide vane operating mechanism and the valve syasterlosed before the circuit-breaker
and the excitation switch are disconnected. Thesgmts racing of the machine. At rotational
speeds below 60 rpm the mechanical brakes areedppli

2.4.2. Stop

When an electrical fault occurs, the main prioistyo stop producing electrical power and get
the generator off the grid. This is done by dis@mtimg both the circuit-breaker and the
excitation switch at the same time. As a consegeighe machine loses its electrical counter
torque and the rotational speed increases raféigause of this racing, the retardation period
is far longer for th&topsequence than f@uick Closing Mechanical brakes are applied at
speeds below 60 rpm for this sequence as well.

2.4.3. Emergency Stop

When a critical situation occurs, for example & temperature in the bearing reaches its
critical value, the aggregate goe€imergency Stopl he emergency stop sequence has the
same progression gaiick Closingthe only major difference is that the brakesapglied at

a much higher rotational speed. The brakes cawrtbeated at rotational speeds up to 90
percent of the maximum rotational speed. This egptise components to a great load of
strain. This method of stopping is of course unddxde

12
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3. WHAT IS AN EXPERT SYSTEM?

The most common form of expert system is a compurtagram. An expert system is often
referred to as a knowledge-based system. This nteanthe program can draw its own
conclusions based on knowledge. The knowledgesisdan specific information concerning
the class of problems. This technology was firstettgped by researchers in artificial
intelligence in the 1960s and was first applied swrcially in the 1980s.

Artificial intelligence means the ability of a conter to act like a human being. When a
problem occurs, the program should use programmeudledge to work out a desirable
solution, then present the solution to an operaolr store the problem situation in a database.
The information is stored so that it can be reust#te problem should occur again. This
makes the system an intelligent one; it uses perence to handle problems.

This way of handling problems is desirable in modsociety, as most systems nowadays are
controlled from a central far away from the acfuraicess. A consequence of this is one use
computer system for controlling the process. Thsgstéems can only detect that a fault has
occurred. An expert system can provide informatinrwhat is wrong, why it happened and
what can be done to fix the problem. The expetiesysan also detect a potential fault
situation. In this way the process can be stoppeidaatual problems can be taken care of.

By implementing an expert system to assist thetiegisystem, both the surveillance and
operation of a given process are improved.
Typical uses of expert systems include [8]:

- Surveillance

- Interpretation of parameters

- State analysis of systems

An expert system consists of two modules,khewledge databasend thanference engine

[9]. These two modules consist of knowledge ablbetstystem and sets of rules on how to
find the knowledge and how to present a solutioa tser. For development purposes it is
practical to split the system into these modulesase one wants to add something in one
part, it is unnecessary to change anything in thero

13
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3.1.Development

For developing an expert system there are maintystwrts of tools [9]. One is to develop the
whole system using a program language such as €po€3ava. This is a time-consuming
process and requires a thorough understandingogf@mming. As a consequence, several
companies have developed a new type of programming.

This “new” way of programming is a higher-level ¢arage than those mentioned above. The
programming is based on evolving expert system¢livimeans that it consists of finished
shells for several processes. These shells représeskeleton of the expert system. This
means that after creating the system, one stiltdhaaplement program code to make the
system do what is required. Still this sort of peogming is desirable. It is easy to understand
and it is also easy to create the basic structutteecexpert system. To create an expert system
in this manner, one simply needs to select a sinellimplement program codes to the
database.

Shell

Inference Knowledge
Engine database

User Developer

Figure 11, Expert system shell [8]

3.2.Knowledge database

To solve a problem, a program needs knowledge wftbalo this. This knowledge is stored
in the knowledge database. Here we find largedfetsles on how to handle a given situation.
This information can be predefined or collectedrdirae.

When the expert system shell is created, the krdy@l@atabase is empty. Supplying the
database with relevant information is a time-consgmrocess and requires expertise within
the problem domain [1]. To implement this knowledifpe expert needs to cooperate with a
computer specialist. This specialist creates aaligation of the knowledge the expert
possesses concerning the given subject. When pnogireg the expert system, the computer
specialist needs to consider the operators thabwilised in the system. This means that the
program must be user-friendly and easy to undeitstan

For the system to be able to update the databdakenexv knowledge later on, it has to be
self-taught. This is further explained in chaj@et.4 Case-based reasoning

14
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3.3.Inference engine

When a problem occurs, the inference engine withediately start reasoning on the basis of
the knowledge database and come up with a suisalbléion. This reasoning is a search in the
database where the inference engine will find atsmi (or something close to a solution) that
fits the relevant problem best. This searching fionds a critical part of the system and is
often predefined in the expert system shell. Tleglgfined program code is a set of rules that
tell the engine how the search should be performbese rules must be able to handle the
continuous flow of new information as the expesdtsyn learns from experience.

The inference engine has another task as welleggmts the solution to an operator. In other
words, the inference engine controls the infornmatiow of the system.

3.4.Types of expert systems

Based on how the inference engine searches thieag&taexpert systems are divided into
several types of subsystems. In this report, tyesyof expert systems are presented. These
are rule-based and case-based searching [8]. ibates report one will see that these two
types can be combined.

3.4.1. Rule-based system

The rule-based system is based on the predefinesl and facts that exist in the knowledge
database. These rules are defined by an expdraiapplication field and are often
represented as a large amount of “if’-statemen@} [Mhis means that if a certain criterion is
fulfilled, then an operation is executed. Basedhos knowledge, the system can solve the
given problem. Some of the “if’-statements are mfteked together. An example of this is:

If Athen B
If Bthen C

From these sets of rules, the following can beveeli
If Athen C
The rules are often evaluated in terms of how b&dighey are. In order to arrange the rules by
their reliability, a factor system is implementddhis factor varies between 0 and 1, where 1 is

the most reliable rule.

In the rule-based system there are two main metbbsasoning: backward chaining and
forward chaining.
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3.4.2. Forward chaining

Forward chaining starts with available data and ke inference rules to conclude more data
until a desired goal is reached. This means tleairtlerence engine will search the

knowledge database for criteria which are knowbedrue. It then executes the “then”-
statement, saves the data and starts again frobetfiening. The inference engine has now
updated the data it was previously given and isinguthis data to get new information. This
method is also callediata driven

3.4.3. Backward chaining

Compared with forward chaining, which is data dnivieackward chaining igoal driven To
use this goal driven method the inference engirgel®a list of goals before it can start
searching the knowledge database.

When the inference engine starts the search, ipaoes the “then”-statements to see which
match the goal. When it finds a match, it compé#nes'if’-statement to the desired solution.
If the “if” clause is not known to be true basedtba inference rules, it then adds this to the
list of goals. And the process starts again froenldaginning.
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3.4.4. Case-based reasoning

The CBR process is very similar to the human wasobfing a problem. This means that
when a problem occurs, the program searches abds¢ (case-base) for earlier, similar
situations (cases) and uses this information teestble problem. Often the stored cases are
not completely equal to the given case. The restitat the program has to modify these
cases so a solution can be presented.

After presenting a possible solution, the progréones the result in the database for later use.
The problem solving can be divided into four seaqesn11]:

- Retrieve: The inference engine analyses the giveblgm and searches the database
for similar cases.

- Reuse: The matching or near-matching case is pegbémthe system. This case is
compared with the given case. The difference iharted. Modification to fit the
solution is carried out.

- Revise: The suggested solution is tested. If it the right solution, additional
modification is performed. This is done until awgain is found.

- Retain: The solution is saved in the database.

These four steps are illustrated in Figure 12:

Problem

Tested/

Caa"® Ry
SI“‘L,Q Solved
s | 2
F.?E- v J'SE ase
Confirmed Suggested
Solution Solution

Figure 12, Case-based reasoning [12]

If the case is not solved, the reason for thisied in the database so that another approach
will be used next time the problem occurs.

A CBR system differs from other expert systemsaia specific ways [13]:
- It uses knowledge from earlier cases to solve acase
- Each time a case is treated, the system gains imforenation which it can use on
later occasions.
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3.4.5. What is a case?

A case is a predefined situation that may occur poblem in a system. These situations are
defined by a set of demands that have to be fdfilAn example of a situation may be that
the temperature in a generator bearing is incrgasin

Case 1:
- Generator is operating normally
- Bearing oil level is normal
- Vibrations are detected
- Cooling water valve to the bearing is opened to max
- Temperature in bearing is increasing

Here we can see the different demands that musifilled in order for Case 1 to be a 100%
match to a given problem. This is one part of @c@be other is the part that represents the
solutions to the problem. This case has the solliEfective bearing
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4. VOLVE KNOWLEDGE TOOLS

Volve Knowledge Tools mainly intended for problem solving, predictiand decision

support for well drilling in the oil industry [12T'he program therefore has a lot of advantages
that can be used in an expert system in a hydropphaet. This program has therefore been
chosen for continuing work in this project. The mpurpose of using this software is to
develop a simple version of an expert system atiteasame time testWfolve Knowledge
Toolsis suited for use in the surveillance of a hydregoplant.Volve Knowledge Tools
consists of two module¥olve PredictorandVolve Knowledge Editor

All development and simulations have been performetis version ofCREEK In this
report the two module¥/olve PredictorandVolve Knowledge Editomwill only be referred to
as“Predictor” and“Knowledge Editor” respectively.

4.1.History

Volve Knowledge Toolsas developed by a number of persons [14].

In the 1990s, Agnar Aamodts wrote a PhD thesisGast based reasoning” wh&@BEEK

was the raw model of a progra@REEKIs a shortening for “Case based Reasoning through
Extensive Explicit Knowledge”. A Lisp version GREEKconsisted mainly of the basic
architecture and the basic theory of today’s pmogia the beginning of the ZTentury
Aamodt and a colleague established the compaofhetta They develope@€REEKfurther

and reimplemented it withava This providedCREEKwith a better user interface and some
of the reasoning processes that are found in tgram today. The new version of the
program was calle@rollCREEK

In 2004, another company callgdlvewas established. This company consisted of four
students and three professors fromRA&NU. The primary goal of this company was to
develop a CBR-system that could be used in théritiing business. In 2006/olvewas
sponsored byptatoiland with this moneyolvebought and took ovélfroll CREEK
TrollCREEKgot an even better user interface and was upgradezleral areas. The new
software was calledolve Knowledge Tools.
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4.2. The CREEK model

The CREEKsystem model consists of three main levels of kadge [13]. The top-level,
generic conceptgepresents the basic structure of e@BEEKmodel. This knowledge level

is represented iWolve Knowledge Toolsy the predefined concepts, suctitasg, entity and
symbol(See Figure 17). This level is common to the wisyleem and is domain independent.
The next knowledge level is tlgeneral domain conceptklere we find the knowledge of the
process one wishes to describe. This level is septed by theausal modelWhen a case is
triggered and the inference engine starts reaspttirgeasoning process mostly takes place
in this knowledge concept. The solution to the éadeund in this area as well. The final

level of knowledge is theasesAn illustration of these levels is shown in Figdi&

generic concepts

general
domain concepts

cése case case - -
039 76 11
Figure 13, Knowledge model inCREEK [13]

In the CREEKsystem there is a strong bond between the casabamgeneral domain
knowledge. This means that the caseSRREKcontain a lot of information about the
domain application. From Figure 13 it can be sbabthe cases are connected directly to the
domain concepts. This means that the architecfu@R&EKcontains both model (MBR) and
case-based reasoning (CBR). It is primarily a CB&em with an MBR support component.
TrolICREEKandVolve Knowledge Toolsre constructed in this way.

4.3.The reasoning process in CREEK

Reasoning ilCREEKIs based on the same principles as describectiios8.4.4 Case Based
Reasoningi.e. retrieve, reuse, revise and retain. Theseatomatic functions implemented
in CREEK,where each of the four stages is divided intoghtdese three steps are [15]:

1. Activating relevant parts of the knowledge model

2. Generating and explaining the knowledge that has laetivated

3. Focusing towards and selecting a solution to tkiergproblem
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4.4.Learning in CREEK

CREEK:is a learning program. When a program is selfdieay, it means that the program

itself has the ability to have new information implented into its database (case-base). In
CREEKthe program can automatically add new cases het@#ase-base, making it
independent. The cases are added independentlyather the case has been solved or not. If
a case is solved by using an old case as referthrecegsult can be either that a new case is
created with the specified solution or that theigsoh from the old case is modified. In each
case the program dedicates more information tatabase. Figure 14 illustrates learning in
CREEK]13].

—’
New problem Solved | data flow
J problems +
Diagnosis and Repair Stratery ] \
Combined Reasoning ] | Combined Leaming J
Problem Solving Sustained Learning
1
N
MER |, EBL | CBL
Solved Cases .
General Domain Model /j
- S ——

Figure 14, Learning in CREEK [13]
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4.5.Volve Knowledge Editor

To create a program Molve Knowledge Toolsne needs to go through the three steps of
creating arontology modelacausal mode&nd a ase modelin these three models
information about the process is added. When edktisteps are accomplished, the program
has extensive information about the process. Addhmodels can be madekinowledge
Editor, see Figure 15.

Ontolug-n} model

Knowledge editor

Case mods| Causal model

Figure 15, Creating a program inKnowledge Editor

In Figure 15 the models are marked with red connogrdinowledge EditarThe reason for
the dividing of the red blocks is that tbese modetan also be constructedmmnedictor. This
will be further explained in chaptdr8 Adding cases

When the models are created, the program knowshwirimcess it will modulate. It also
knows how the components work together, how th&esyseacts to errors and which errors
may occur. [12]
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4.5.1. Ontology model

The first step in making an expert system is tater¢he components of the process one
wishes to investigate. This is also known as ogipld o add information about a component,
a node is added to thowledge EditarThis node is a representation of a concept and is
given a name that suits the concept. For the pnogoabe able to recognise the connection
between two concepts, a link must be establishegdasn them. This link is calledralation.
See Figure 16.

a
Bearing

b hias part
iZenratar

Figure 16, Generator-bearing relation

By adding these two nodes and the relations bette=n, the program knows that two
concepts exist and that one of the concepts isopdne other. In Figure 16 the relatiorhiss
part. This means that the program is told that theibgas part of the generator. By creating
many of these nodes and relations between thersaménally make a complete system. But
there are some precautions that need to be coadidene cannot just add this information
directly to the program. The program would not ustind what generatorandbearingare,
only that they are somehow connected.

To enable the program to understand that thesedwoepts are actual components, one
needs to add some information. This informatiocoissidered as the uppermost subclass
level of Volve Knowledge Toobnd is the basic structure in @REEKprograms [16]. See
Figure 17.
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Figure 17, Ontology model

Figure 17 shows howolve Knowledge Toolsan be told that a bearing is part of a generator
and both are components of a power station. Thesttht are marked with red are the basic
structure ofCREEK First one must declare that there thiag. A thingin Knowledge Editor

is any thing in the world worth naming or charaisieg. This thing has a subclass called

entity. An entity represents an object from the real woidan be either a physical object or
an abstrac{17].

A subclass oéntityis domain objectBy adding this information, the program creates a
domain that has an object. This object is a phy/siggect,in this case a power station. As can
also be seen from Figure 17 the domain object sabelass callestate In this way the
program is told that the physical object one istingy can operate in different states. The
definition of statein Knowledge Editors a collection of things at a snapshot of time. Aesta
may be simple, such as a value of a parameterpmptex, such as a total situati¢li/].

This chain of information tells the program thateav system model has been created
concerning a modelling of a power station. It ddts the program that this power station has
several states and components.

From this model it is easy to expand with seveeal ctomponents. For instance the power
station also has a cooling system, and the gemdrasosensors that can detect vibrations.
The complexity of the model is dependent on howfahe process one wishes to model.
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4.5.2. Causal model

The second step is to create a causal model. Tipegeiof this model is to tell the program
about causes and effects [12]. For instance: Hetieehumus in pipes, this can cause a lack or
reduced delivery of cooling water. This will cauke temperature in the bearings to increase.
The increase in the bearing temperature may thesecde aggregate to go to stop.

From Figure 17 it can be seen that the systemtinas states, theearingstate, theeooling
systenstate and theggregatestate. As can be seen, these states have descshingtates”

as well. These “sub-states” are linked togethénéncausal model. See Figure 18.

Hurmus in ghees

cooling water

Always caluses

Tempearture in heafsyg increasing

Defective bearing

Imitizte stnp.sequence

Figure 18, Causal model

In order to reach thaggregate stoppestateVolve Knowledge Toolsan only send a
command to the control system to tell the opergpiroggram to initiate the stop sequence.
The information added in both tleatologyandcausalmodels is knowledge that separates an
expert system from another surveillance system.

25



i NTNU
MaSter theSIS 2008 Norwegian University of m
Erlend Timberlid Science and Technology

4.5.3. Map view

Since both thentologymodeland thecausal modeére built intoknowledge Editarit is
important to have a well arranged model. This isedby using severahap viewsA map
viewis like a new page in the€nowledge EditarA good way to use thmap viewss to have
onemap viewper model. In this way it is easy to keep conticdll the models one is creating.
An example of anap viewis given in Figure 19.

[Views:

% [ Map Views
D Cntalogy model
D Causal model
D Case model

Figure 19, Map view
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4.5.4. Relations

Figure 18 shows two relations between the nockes causendalways causeslhese two
relations are based on how possible it is to gmfome node to another. The possibility is
given by strength and has a number between 0 antieke 1 is a 100% possibility. This
means that if the relation between nodes A andBahstrength of 1(such abvays causgs
node A will always lead to node B. For example filter is clogged, it is most likely that the
pipes have a reduced through-put. In this casalit@ysrelation is the proper one to use.

When creating a new model kmowledge Editoone often has to add new relations to the
knowledge model. By creating these new relatioresalgo creates inverse relatioAtvays
causedas an inverse relatioalways caused byrhis inverse relation is a standard relation
and may cause some confusion, for instance wheéxnigat Figure 18 and considering why
the temperature in the bearings is increasing.Xptae why the temperature increases, the
program provides the information that it is alwagsised by the lack of cooling water. This is
not completely correct as the temperature caniatsease because of a defective bearing. A
reasonable name of the inverse relation wouldased byThis would make it easier for an
human operator to understand why the program hasecha certain solution.

The reason for inverse relations is that the progshould easier understand the relations
between two nodes and it is also because themetwste should not be limited to operate
only one way. There are also predefined relatiodiowledge EditarThese relations are
divided into four main classes [16]:

1. Structural relation:  Abstract relation class. Cetssbf relations used for
structural purposes in hierarchical systems.

2. Implication relation: Consists of relations usedenehan action will cause a
reaction in the next node with some probability.

3. Associative relation: Consists of relations thatasate one node with another.

4. Temporal relation:  Consists of relations that &tated to a situation or to a state
through time-dependent relations.
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Some examples of these relations [16]:

Relation type Relation Strength
Structural Has subclass|
Has part
Has instance 1.0
Has value
Has member
Implication Always causes 1.0
Can cause 0.4
Associative Occurs in
Associated with 0.5
Described by
Temporal Pump-pressurg Individual for
Torque each model
variation
Water flow

Table 1, Relations [16]

Nodes in causal mode are often states that ageted by an incident. An incident can be, for
example a temperature that reaches a certain vEthigtriggers the statemperature high
One can therefore say that nodes in the causallracelstates of the system.

In a very large and advanced system, all the cglatbetween the concepts can make the
system look messy. See Figure 20:

C 1=} b
Ty LAUSE Coglirgiwater valve openHid Coolvalve_Set Max
S P
ial segmentIrmereasing

pl\NT-‘N PElise
& 5 TR < CombeSegTamp. Max
Lacks reduced delivery of coOimg ing oil Increasing =& Combk Ra[LO\ITEfax
A
fWayS &
& Usg %,

4 T Can cause -
Mean temperature in ra Wcreasmg CombRad_SegTemp_Max  Awaye cajsa o
Emergency stop

Riwys) Cause

Dirt in bearing oil

o ——f

Defective Dearing VibrationDet_Max

o Can calse o Always calse
Water [eakage “Water in bearing oil il level in bearing sump increasing

Figure 20, Messy causal model

In order to make the knowledge model easy to utaledsand easy to read, a function for
hiding relations is added. By using this functibe thodel becomes simpler and easier to read.
Se Figure 21.
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Mean temperature in radial segment increasing CombRad_SegTemp_Max  Aways zaia

Dirtin Déarlng oil Emerge'-nny stop

Flnays Cause
a
Defective bhearing

Figure 21, Tidy causal model

One disadvantage of this function is harder toadkeihe relations to a concept just by looking
at the model. To display this information one needdick on the given concept. The concept
is then highlighted and a red dot appears in tldendhis is shown in Figure 21, concerning
the nodadefective bearingBy mouse-clicking the conceptsframe viewlabel appears in the
right-hand part of the program window. The framatams all the information about the

given concept. See Figure 22.
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Frame View
MName:
|Defective hearing
Entity Object Class
=None> -
Description;
® All Relations ) Local Only

Felation-type “alue Strenoth Crel
Always cause 0 iMean temperaturein... Ry 04 E
Always cause 0 (Emergency stop) Ry 04 ﬁ
Always cause 0 (Generator vibrating) Ry 04 ﬁ
Always cause Temperature in bearin... Ry 04 ﬁ
Always cause 0 iMean temperature in... Ry 04 ﬁ
has comparator class vole Uil prosocla. . %.| 0.ESETOO000OOOODOO0Y ﬁ
instance of Bearing state Ry 04 E_
=Choose relation= | [<Choosevalue> | = =Strength= || R

Figure 22, Frame view

As we can see from Figure 2defective bearingpas only one relationpeergency stoBut
looking at theframe viewin Figure 22, we see thdefective bearindpas in fact several more.
For instancealefective bearinglways leads to:

» Temperature in axial segment increasing
* Emergency stop

» Generator vibrating

» Temperature in bearing oil increasing

» Temperature in axial segment increasing

As a final point thelefective bearings also an instance of thearing stateln other words
the program is told thatefective bearings also a condition of the bearing.
Sewing the different concepts together like thisnamportant feature é&¢nowledge Editar
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4.6.Volve Predictor

In the Predictormodule real-time data is read and interpretecce3fnedictorand
Knowledge Editoare two different modules, it is very importarattthe data ifPredictorare
connected with the right knowledge modeKinowledge EditorThis connection is secured
by loading a script. The script contains the pdtthe knowledge model-files and consists of
Javacommands. Thesikvacommands also specify how the raw data will be t®a
creating different sorts @fgentg18]. An agent is a function of importing the paetar
values into the program. These agents are categaaiscording to how they read the
parameters. IWolve Knowledge Toolbere are large sets of agents. A few examples are
listed below:

1. Instant-value agent

2. Derivation agent

3. Integrations agent

4. Mean value agent

When creating an agent, it is very important ttebutput is assigned to an existing concept
in the case-base. If not, there is no link betwieerdictorandKnowledge Editarand the
agent will not feed any values into the case-base.

Agents will always interpret the parameters theyehaeen given and do this as long as the
program is running. When the agents have finishedlinterpretation they pass the values on
to the case-basin the case-base the values are compared witthetimands of each of the
cases. It is here that the case matching begieguEntly the process the agents have to
consider is time crucial. This is no problem foe eigents since their performance depends
almost exclusively on computer performance. In ptdeget the agents to function as optimal
as possible, they are custom-made for each siranlati

To run an analysis iRredictor, there are two things that need to be considésading the
raw data from the given process and loading thetdtrat tellsPredictorhow to read these
data. After doing so, the program is operationaheWthe raw data are imported into
Predictor, a list of all the parameters occurs. Now it ig@iphe human operator to select
which parameter he wishes to analyse. If the opemessesun, aCBR Matchingbox
appears with all the cases in. The matching ot#ses is given in percents according to
which one matches the most. All the agents wilh @ppear wheRunis pressed.

SinceVolve Knowledge Toolsan operate in real-time, the raw data that idddanto
Predictorcan come straight from the sensors. In this wagprator does not need to press
Run
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4.7.Adding cases

By adding cases to the knowledge model, the ugates a link betwedpredictorand
Knowledge EditarThis is because the raw data from the processeagathered iPredictor
and it is the cases that interpret these data.
When adding cases Knowledge Editarseveral things must be considered, for instance
* which cases/situations one wishes to detect
» which parameters these cases include
* how one wishes to detect these cases.

When this is cleared, one can start to createdbest The cases can either be constructed in
Knowledge Editoor in Predictor. Cases iVolve Knowledge Toolsave several descriptions,
such agCase occurrence descriptioMleasurementsCase DescriptiomndNormal section
weight TheMeasurementdescription is the most important one, and seésaiothe case-
base is fed with parameters. As Figure 23 shovesAgient outputs a parameter of the
Measuremenhode.

The purpose dNormal section weighis to enable the different cases to be compardd wi
each other so that the program can tell which nzstehes the most.

Case occurrence descriptias included to tell the case-base that the cazgsaa at a certain
time. The reason for thease Descriptiotis for the user to get information about eachhef t
cases. This description is not vital for the casg¢cimng process.

In Figure 23 a simple case-model is shown. Thi®is a case would look iKknowledge
Editor.

has parameter

turence description Tirme of occurence

- has parameter -
Tase Description Description

Normal section weight 125 Section re"3\"a”CEAgent outpLt £2

Figure 23, Case model

In order to create a caseKmowledge Editgrthe case must be constructed using the
programming language XML. Once created, the castrgd in the case-base.
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H B New Case #1 - OldCase
| View rTree Editor r Text Editor r Case Match

| Case Description

Description Test case

Measurements
Agent output #2 Mo Walue
Agent output #1 Mo Walue

Case occurence description

| Time of occurence Mo Value

Figure 24, Case in case-base

In Figure 24, a case is shown as it is presentiteicase-base. The figure shows that the case
has several tabs. Miew, the cases is described. Here the different measmts are listed.
These measurements are the output from the ay¥hen the cases occurred is also

described here. In the tdlext Editorthe XML-codes are added. TRase Matchab contains
information about how much the cases matches puorso&ach other.
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The other way of creating a case ifmedictor. This function is calle€apture caseWhen a
human operator is considering the graphBriedictorand suddenly sees something that is
abnormal, he can just press this button and marknitident for later investigation and use. In
this way the human operator can easily, in smafistdetect new events and expand the case-
base. This makegolve Knowledge Tooks learning program and it also includ&®dictoras

a part of the three steps of making the prograntgpee 25.

Ontalogy madel

Predictor

Casze model Causal model

3

Figure 25, Creating a program inPredictor

The cases can have the statuselsed Unsolvedor Processedlf a case has the status
Processedit means that the program has suggested a soloibis not certain that this
solution works. The solution must be confirmed Iy human operator. After such
confirmations, the program knows that this solutias the right one and the status of the
case becomeSolved The processed case method is no longer in ugelue Knowledge
Tools but a new version of it will be introduced in thieure. This will be further discussed in
chapter4.9 Matching of cases
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4.8.Matching of cases

In chapter3.4.5What is a caseive demands are listed. If all demands arelfatfi Case 1

Is a fact and the matching is 100%. Often caseX datch 100%, which means that not all
the demands are totally fulfilled. The reason Fos tmay be, for instance, that one of the
parameters has not reached the value for thatfepease. The result can be that Case 1 is
only a 95% match. Case matching is a continuousas This process compares the solved
cases in the case-base with the real-time datah@atgent provides. This means that case
matching is always running as longRredictor has parameter values, even if everything is
running normally.

WhenPredictoris running with a set of raw data, the programrdess the case-base for
cases that match the data series. In this probegzogram always presents the case that has
the highest matching percent. When searching tbe-lbase for matching cas&®jlve
Knowledge Toolsises the simple method of comparing each of tided demands with the
demands that are in different cases. In Caseibri&tions are detected, one demand is
fulfilled and so on. This method is called synteaktimatch.

In previous versions of the program there was aradditional case matching method. This
method was more sophisticated and is called tladi@al match method. This means that the
program knows that if one demand is fulfilled othesll automatically be fulfilled. Looking

at Case 1 in chapt&4.5 What is a casethis method is not easy to use. The method isthas
on states that always cause another state, indepiyndf external conditions. An example of
this is if the bearing does not receive coolingexat he result of this is always that the oil
temperature increases. If the purpose was to détbet temperature increases this method
could be used, but this would not had been the i€dse purpose was to detect how fast it
was increasing. For instance, if the bearing o# waw, the temperature coefficient would
had been higher. A result of this, the oil requimasch more energy to increase the
temperature and the oil temperature would not as®eso fast.

Since many things, like how fast the temperatuceciase, are depending on several criteria,
this method cannot be used. In fact almost alighitio have states that do not only depending
on one parameter. Since very few processes cay Hpplreasoning method, it has been
removed and, as a result the causal model hasnbaga redundant. The co-operation
between the models is illustrated in Figure 26.eHbe causal model is marked with red to
indicate that this model is not a relevant paithefsystem today. In other words, connections
“2” and “3” do not exist.
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Ontology madel

Case model

Figure 26, Relation between models

Volve ASs planning to reintroduce the causal model ihegystem. The consequence of this
is that a new and far more advanced case matchatigoah has to be introduced. This method
Is in the development phase\ailve ASand some of the technology will be introduced
already within as little as six months. This tedogy represents the “2”-connection in Figure
26 and is calle#fuzzy logic The “3”-connection is more advanced and need< e for
development. This connection represents adding méwemation to the causal model based
on the cases.

To reintroduce these connections into the modetiesits can participate by way of a PhD-
thesis or similar activity.
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4.9.Communication with IGSS32

When making an expert system, one needs to considemunication with the system
already existing. The interfack;SSAutomation Interfacenakes this possible. The interface
is built on theMicrosoft Automatiorplatform. This means that every program that stigpo
this standard can communicate with lB&Sinterface. The interface gives access to:

- Properties of the given objects

- Parameters, alarm limits, i/o-mode

- Alarm lists

- Alarm control and alarm confirmations

- Properties of the system

SinceVolve Knowledge Toois constructed on davaplatform, the communication between
the two programs can be complicated. To get thgraros to communicate with each other,
an interface between them has to be created. Jtheicase with many programs today, two
programs with different platform are connected, &mslnot unknown to create such an
connection.
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4.10. Relations between Volve Knowledge Tools, the human operator and the

HMI program

Once the expert system is developed, it is reade timplemented in the hydropower plant.
The implementation is a large operation and requaréhorough understanding of how the
expert system should cooperate with the alreadstiagi systems. Since the approach to the
problem has been given Mpith Siemenghe HMI program i$GSS32In Figure 27 the
relations between the different systems are ilatstt.

S

Real time parameters

Agents

[
S
&
i
o

=%
53
=
©
E
S
=

Case base/ Knowledge base

Case match/ Inference engine

Figure 27, Relation between/olve KnowledgeTools and | GSS32

In Figure 27 the connection and relations betwéelve Knowledge TooBsndIGSS32are
visualized. The green sections represent todayigegdlance system withGSS32as the HMI
program.Volve Knowledge Toois represented as blue sections, and the redseasta
human operator. The arrows show how data is séwekea the different sections. As shown
in Figure 27, the operator can overrun the expestesn by givingGSS32a direct command.
The operator can also create agents and add nemniation to the case-base by using the
capture-case function.

When a command is giveli;SS32Zchanges the real-time parameters, which leads to a
modification of the process. The process proviéestime parameters to the agents. These
real-time data are interpreted by the agents antte¢he case-base. In the case-base the case
matching is running and reaches a conclusion. ddmglusion is a command that is sent to
IGSS32and the HMI program takes action. The actiontwafor example, to open the
cooling water valve more, since the temperatutbénbearing oil is increasing. SinkeSS32
andVolve Knowledge Toolsre built on different platforms, developing théerface between
them could be a challenge.
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5. WHY USE CONDITION MONITORING

The main purpose of using condition monitoringoisée how the different machines are
operating. By getting this sort of information aren easily plan the next maintenance,
prevent breakdowns and optimize the running ohtlaehine.

A Bearing Fallure

UoRBIGIA

Time
Figure 28, Lifetime of an error

In Figure 28 the progress of a bearing failurénisven. The red arrow illustrates the lifetime
of an error from the moment the error occurs uh&lcomponent is defective. In order to
detect the error one can either use sensors anélilfamce systems or gamble that the fault
will be discovered during the next routine check.

By using condition monitoring of bearings, one datect an error early (before point 1 in
Figure 28) and start planning the maintenancehigwray the maintenance can be performed
at a time when electricity prices are low and thnilsimize the cost of stopping the aggregate.
When the component reaches point 2, the error edrerd and felt. This is the stage where
the damage would be detected during a routine ch¢blen studying the remaining lifetime
of the error, the time before the bearing is défeds extremely short and the bearing is
probably more or less defective already. At thégstit is too late to start planning the
maintenance. Often the aggregate has to go tdrstopdiately even if prices are sky high.
This means that condition monitoring is benefiaiatl very helpful.
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5.1.Condition monitoring with and without conditional maintenance

If a company decides to start using condition naymg of a process, it is very important that
the data gathered are used to improve the prodegsy condition monitoring alone achieves
nothing. Below is a list of situations that willag if condition monitoring is not followed up
by conditional maintenance [19]:

Increased running costs

Increased need for education of the work force
Increased workload

No improvement in reliability

No reduction of errors in the facility

No reduction of stocks

No advantages

NoohswhpE

Based on these facts there is no point in usingiton monitoring without conditional
maintenance. By doing so, these advantages appeatr:

Optimization of running costs

Increased need for education of the work force
Optimized workload

Potential improvement in reliability

Potential for reducing the number of errors
Potential for reducing the stocks

Significant improvement in the running of the manehi

NooahswNE
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6. SIMULATIONS AND RESULTS

In this report three simulations will be performedg for each case.
The simulation will be performed redictorand are based on data series created in
Microsoft Excel This will be further discussed in chapeb Simulations

6.1.Time span

The surveillance of parameters can be dividedtimtee sections:

- Momentary: Momentary surveillance of the tempematdiTemp/dt, is often
practical, dTemp/dt calculates in real-time how mtlee temperature
in the bearings increase or decrease. These raseltompared with
how much it is allowed to vary, and a responseverg This is a very
important surveillance method because it can detects before they
really happen, for example if the temperature loearing suddenly
increases very fast. This is clearly abnormal aralsign that
something is wrong. So instead of the bearing liegdlks critical
temperature and the machine going to emergency tteprogram
detects these abnormal conditions and goes to giosikng or other
counteractions. In this way all the components power station can be
taken better care of and unnecessary stress tmthponents can be
avoided.

- Daily/weekly: For daily/ weekly surveillance, theost practical method is to absolute
temperature measurement. This means that the tatapeis measured
with a certain resolution and the absolute valummpared with a
predefined value. In hydropower plants there iseavparning system
that has a value below the critical one. When ¢ineperature reaches
this value the program sends a message to aleoptrator. This is the
method used in power plants today.

- Long-time: Sometimes the different processes aneitor@d over longer
periods, i.e. months or years. The purpose ofsihvgeillance is to
improve the maintenance of the hydropower planis $brt of
surveillance provides a good indication as to weeparts of the
station need maintenance, for example if the meapérature of a
bearing has increased over a period of two yednis. dould be the
result if the coolers have gradually been fillethMmumus and their
cooling ability has decreased.

In the following simulations, only the first twoc®ns will be taken into account.
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6.2. Measurements

Hydropower stations often employ more than one@eiasmeasure one parameter. The
reason for this is to detect a defective sensa@omon way of doing this is to have three
sensors, with the measurements from at least twioeof being dominant. This means that the
mean value of those two sensors will be the sitralthe control system receives. This large
amount of information from the process complicalesweighting of each of the signals,
placing great demands on the softwi@&S32 A possible limitation is to have ti.Csin

the stations take care of this weighting. Suclmgtdition is very much possible with today’s
PLCs.

6.3. Measurement sampling frequency

In many processes monitored today the samplingiéecy of the measurements is a central
term. The sampling frequency of the measuremenémbow often the sensors are triggered
to measure a given parameter value. One mightveetieat the measuring of sensor data is
done continuously, this is not the case, but sensam measure several times per second. In
many cases, a sampling frequency of more then amelgng per second, are not needed,
since many parameters do not change that muchrvitiie short amount of time. An example
of this is temperature in water. Since water hhgh specific heat capacity it takes a lot of
energy to change its temperature. As a resultetiperature does not change vary rapidly.
Surveillance of water temperature in a hydropowatian is only relevant in the case of the
cooling water temperature. These measurementseheagolution of one measurement per
half minute or higher.

In some cases the resolution of the measuremeatsdil. In these processes the highest
possible resolution is desirable. This of coursgeigendant on several factors, for example
how fast a sensor can measure the parameter atidumto pursue the information. Another
restriction on how high the resolution can be &gaocessing and storage. How high the
resolution of the measurements should be, is ptigpal to the amount of data that is going
to be processed and stored.

When creating a surveillance system, all thesefachust be taken into consideration. This
Is also crucial for the agentsRredictor.
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6.4.Cases

In this report, three cases are looked into. Tlsesg@rimarily concern a defective bearing and
water in the bearing oil. For more information be tases, see append 3 Cases and
agents

6.4.1. Case #1

The symptoms of a defective bearing are mainly tthetemperature in the bearing segments
increases and vibrations are detected. These traongders are compared with the position of
the cooling water valve, the produced effect amddihlevel. If vibrations are detected, the
temperature in the segments is increasing, thengpolater valve’s position is 100%, the
aggregates are not running on overload and tHewl is normal, it can be said with great
certainty that a bearing is defective.

In order to detect whether the cooling water vadviellly open or not, a limit-switch would be
sufficient. Since the measuring of the cooling watdve is a percent indicator, an agent is
created to see if the percent is 100 or not. Theedgpe of agent is used for detecting
vibrations and whether the generator is operatmgwerioad or not.

Since the oil is splashing around in the bearihg,dil level will vary within certain limits. To
measure the oil level a mean value agent is udeslagent integrates 30 of the previous
measurements and divides this number by 30. liew is above a certain limit the oil level
is high, if below another limit it is low, and iretween the oil level is normal.

To detect if the temperature in a bearing is ingiregg a pre-warning system is established.
The program compares the instant temperature wgiiem pre-warning value. When this
value is reached, the program investigates iféhgoerature is still increasing. If it is, the
program sends a message to the control systerththegmperature in the bearing is
increasing after the pre-warning. When all theatestoccur, the error is detected and the
machine goes tquick closing

Another scenario is if the temperature increasedsname of the other states occur. In this case
the temperature will be investigated individualhdaf the temperature increases above a
certain limit after the pre-warning has been isstieel machine goes t&mergency stap

CASE #1

The aggregate is running normally at 55 kW

Vibrations are detected.(pre-warning)

Temperature in bearing segment starts to inereas

Cooling water valve position opens further

Temperature in bearing segments stabilizes fpo@ent, then increases further

oA WNE

The temperature is increases along with theirgeater valve until the valve hag
reached 100% open

N

The temperature in the axial bearing segmemneases further and reaches the pre-
warning value: pre-warning is sent to control syste

8. | The temperature increases further. The ermdetscted and the aggregate goes t
quick closing. Message to operattidefective bearing”

[®)

Table 2, Case #1
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6.4.2. Case #2

Sometimes when a bearing is defective the temperatareases very fast. Today’s
surveillance does not include this form of monitgribut only observes the maximum level
of the absolute temperature. When the temperatgreases rapidly in a hydropower station
today, nothing is triggered until the temperat@aches its pre-warning level. By the time the
temperature reaches its critical value, the aggeeg@es to emergency stop. As mentioned in
chapter2.4.3Emergency stqghe emergency stop exposes the components staten to a

lot of stress and is not desirable. An easy wayéwent this is to monitor the derived
function of the temperature.

If the temperature is increasing rapidly, the paogishould detect this at an early stage and
send a command to IGSS32 that the aggregate shoutztjuick closing This should prevent
unnecessary stress to the different components.

This will be compared with whether the generatourming on overload.

To detect if the temperature increases rapidlyiwighshort amount of time, a definition of
‘short time’ must be provided. In these simulatiangnit of two-and-a-half minutes is set.
This corresponds to 30 measurements. The agenimufigd case is a derivation agent. This
agent derives the 30 previous measurements andteemssult. If the result is above a
certain value, and the oil level is normal, anddkaerator is not operating on overload, the
machine goes tquick closing.

CASE #2

=

The aggregate is running normally at 55 kW

2. | Temperature in bearing suddenly increases rgpidl the temperature is
increasing by one or two degrees per measurement

Oil level and produced power are at normal v&lue

W

Aggregate goes to quick closing. Message toadpetTemperature in bearing
increasing rapidly, possible defective bearing tgaquick closing

Table 3, Case #2
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6.4.3. Case #3

To detect if there is water in the bearing oil, tlildevel in the bearing needs to be considered.
This level will be more or less constant when tharing is operating under normal conditions.
As a comparison with this parameter the runningtohthe reserve bilge pump and the
temperature in the bearings are monitored. Thesenysers are compared with the produced
power.

Since there is no parameter cal@d-time of bilge bumpne can create a counter that starts
every time the pump is switched on. The reasomifamitoring the on-time of the bilge pumps
Is because it is an indirect indicator of whetlner water level in the sump is increasing. If it
is, a water leakage has occurred. This leakagel dmutesponsible for the increasing water in
the oil. The reason for monitoring just the resgruep and not both is that the reserve pump
will only operate if the water level reaches aa@@rivalue. If this value is reached, it is a sign
that there is something wrong with the system. Nikety a water leakage has occurred.

The temperature in the bearing functions as a @inalparison and is also an indicator that
there is water in the oil. If there is water in thik the viscosity of the oil changes and the oil
has reduced load carrying capacity. This resultaane friction between the rotor and the
bearing surface and the temperature rises. Alktpasameters are compared with the
produced power. If the generator is not runningpeerload, a fault has occurred.

CASE #3

The aggregate is running normally at 55 kW

Reserve bilge pump starts

Oil level in bearing increases

Temperature in bearing segments increasing.

as W E

Aggregate goes to quick closing. Message toadpef'Oil level unnaturally high,
possible water in oil”

Table 4, Case #3
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6.5.Simulations

The purpose of these simulations is to saélf’e Knowledge Toolsan handle this way of
detecting fault conditions.

Due to the short time available for performing ifnestigation, the parameters are limited to
a general point of view. A real model would berfasre advanced. For example the detection
of a leak involves more than just considering homgl the reserve bilge pump is running. But
by using the bilge pump as a basic approachgiasy to further expand the system. In this
way one get to tedtolve Knowledge Toolsan be tested more thoroughly than Fjellheim’s
work. Another means of testingplve Knowledge Tools to use derivation for detecting
abnormal behaviour at an early stage.

The parameters involved in the simulation aredisteTable 5.

Signal name Parameter name Resolution
Vibration Vibration 5 sec
Temperature in axial segments CombAx_SegTemp 5 sec
Temperature in radial segments | CombRad SegTemp 5ce
Temperature in oil CombAxRad_QilTemp 5 sec
Qil level CombAxRad OilLev 5 sec
Cooling water valve position CoolingWaterValve Setoint 5 sec
Produced power Produced Power 5 sec
Reserve Bilge pump on/ off RedBilge Pump 5 sec

Table 5, Simulation parameters

Because of the simplicity of the system and the pavameters, the raw data series is
constructed itMicrosoft Excel The values of the parameters are realistic apaosd with

the real world. This means that if the temperatnithe bearing segment increases, the
temperature of the bearing oil will also increafieraa small delay. At the same time the
cooling water valve is opens further to lower theperature. These data are transformed into
Excel CSYormat so thaPredictorcan read them. Since Fjellheim has already peddrm
simulation inPredictorusing log-files fromGSS32this is no important issue, but one that
has been considered.

The total simulation time is limited to one houhigis of course too short compared with the
real world. But since the purpose of the simulai@mnto see i¥olve Knowledge Toolsan
handle the new measuring method, it is acceptdbie.new measuring methods are
derivation, integration and mean values. In thiy tnee software can be further tested.

Figure 29 shows a screenshofoédictorin operation. The different cases are further
described in appendid).3 Cases and agentdere all the agents are mentioned as well.
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Figure 29, Screenshot oPredictor, case #1
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In Figure 29 shows how the parameters changestiover The red line in the centre of the
window represents the present time and moves dlenygertical time-axis. In the figure the
time resolution is shown for every fifth minuteistitan be whether zoomed in or out by using
the time zoom scroll bar.

When the parameters reach a certain value, theésadsplay a message to the human
operator. The function is callétl’ent and make®redictormore user friendly. As shown in
Figure 29 these messages can come in two diffecdotirs, yellow and white. This is can be
an indication of how severe a message can be.

On the right-hand side the parameters are listethvBthese there is@BR Matchingbox.
Inside this box there are four indicators. Theskcaors illustrate how much each of the
casesCase #]1Case #2andCase #3match the data that are being read. The matéhing
measured in percent. By double-clicking one oféhesrs, a window appears which contains
information about the given case. In this windoe titmands of each case are listed and
there is also a case description and informatioentthe case matched 100%. This is the
same window that is shown in Figure 24, only mammplete. See Figure 30.

Case occurrence description

Time of occurrence 01.01.2008 16:26:55
Measurements

Oil level high 0.0

Bearing oil DK 1.0

0il lavel low 0.0

Comb axial seq temp increase i

after prewaming

Emergency stop 0.0

Comb axial seg temp increases

0.0
fast

Mean temperature in axial

A g 1.0
sagment increasing

Mean temperature in radial

L < 1.0
segment increasing

Generator on overoad 0.0
Resarve bilge pump long on-time 0.0
Cooling water valve 100% open 1.0
Generator vibrating 1.0

Gase Description

Description Vibration are detected, Tempereature in bearing segments are increasing, Produced power is normal. Aggregate goes to quick cosing.
Reason: Bearing defect!

Figure 30, Case description, case#1

In Figure 30 there is presented a case descrigtionntains why case#1 is matched 100%,
and which commends have been send to the HMI pmagrae reason idefective bearing
For more information about the simulations, seeeagjx11.4 Screenshots from simulations
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6.6. System model in Volve Knowledge Tools

As mentioned in chaptdr.7 Predictorone has to create a knowledge model that matbtlees t
simulations performed iRredictor. This model consists first of a hardware partyimch the
system to be modulated is created. The differetéstof the system are also defined in the
system model. A screenshot of the system is showgiure 31. For more information
concerning the system model see appefdif.1 Ontology model

ssssssss
\\\\\\\

Figure 31, Hydropower station ontology

The model in Figure 31 is very good starting péantcontinued work. One reasons for this is
that it already includes many other systems intamfdto the bearing system. The model is
well suited for further work, whether to improve atthas already been done or to consider
other parts of the power station. In Figure 31, saithe relations are marked with red. The
red relations are the parameters that are goibg tesed in this simulation. The reason for
this marking is to separate the parameters fronotiher signals as a matter of form.
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6.7.Knowledge model in Volve Knowledge Tools

In the knowledge model all the different statesliaueed together, and it is here that the
system gets its knowledge of how the processdteigystem work. When an abnormal state
occurs in the system, the inference engine seathisesodel for an explanation of what is
wrong.

In Figure 32, one of the knowledge models is illatgd. For more information concerning the
knowledge model, see appendi.1.2and10.1.3 Causal model

[/3yS Calse i Can cause -
[in bearing sump increasing CombAxRad_Oillew. Ma

L Aby,
Generator vibra Can
58
s o
Y Usy

VibrationDet_kax AlWays Canse

Old segments  Can catse 3 \
o seens Efect Quick closing
o Frs, Cause
Stale bearinga S5 i

Always cause Can Cause

Mean temperatrs in axal segrERtngreasing Coglirgwater valve apening CUDNaE‘\{;FE St Max
g Ay
S o

Effect

CombAxRad_DilTerp-tdax

= Can cause -
WWater leakage ‘Water in bearing oil

Cmmbe_Eég BIMp_Max

s 2, Lonsequence

use b
CombRad_SegTemp_Max  Aways 73 = -’

Dirt int bearing oil Emergency stop

Can ca
Mean temperature in radial segment increasing

Alaays cause

Defective bearing

Figure 32, Causal bearing system

In Figure 32 the causes and effects are illustradeg can see how the system reacts to one
state and changes into another. In the figureybeems detects a lack of cooling water. This
causes the temperature in the bearing oil to aisé,a new state is reached. In this way the
Temperature in bearing oil increasingpde is the effect of missing cooling water.
Furthermore, the increasing temperature in theaaikes the cooling water valve to open
further. This adjustment will continue until thelwa goes to full opening. If the temperature
in the bearing still increases and reaches its maxi value, the generator starts the
emergency stop procedure.

As mentioned in chaptdr6.1 Ontology mode¢he model is a good starting point for
continuing work. This especially concerns the chkisawledge model. In the latest versions
of Volve Knowledge Toglshe causal model has been excluded from the oramgt process.
The reason why is explained in chapte8 Matching of cases

50



Master thesis 2008
Erlend Timberlid

NTNU
Norwegian University of
Science and Technology

6.8.Case model in Volve Knowledge Tools

The third and final step is to create the casethifnprocess it is important thatedictorand

Knowledge Editorcorrespond to each other.

Zera sectfn weight

FITERS[ET UOTIES SEH

Case occurrefte description

TI}TaS e

LRTTET e

ase Destrption

Figure 33 illustrates how the parameters are ingglarito the case-base by agents
shows that the parameter values have the valudnypger.

Has sectinn relevance

Figure 33, Cases
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7. DISCUSSION

The intention of this report is to investigat&/ilve Knowledge Tools capable of
performing the functions required of an experteystThis investigation is about exploring
the software and mapping the features it possefeesxplore the software a program has
been developed and tested through simulations.

7.1.Developing the program

To create a program Molve Knowledge Toolsis necessary to go through three steps:
creating arontology modelacausal modeand acase modelTo these three models
information about the process is added. When edktlsteps are accomplished, the program
has extensive information about the process. Thaefaaonsist of information about which
process the program will modulate. It also knows tlwe components work together, how the
system reacts to errors and what errors that meyroc

SinceVolve Knowledge Toolsses a graphical interface, the program is cesmsy to use and
easy to create for a new operator. The graphitaiface sees to it that the system is easy to
read even if the system is large and sophistic#tedtorial on creating a simple CBR-system
for condition monitoring of a car, gives a quickreduction to the software. The introduction
gives the user knowledge of how the three modehk wamether, and hence how the program
works. After completing the tutorial, the useready to create a system on his own.

In the final step of developing the program, casescreated. The cases represent events that
may occur in the system. A feature\ailve Knowledge Toois that one can add information
about the cases. The information indicates whyc#se occurred and which actions should be
considered. This is useful when an event occurdladperator is perplexed. This function
makes the program user-friendly.

Volve Knowledge Tools a program that can be installed on an averagguater. The only
specification required is at least 2 GB of memaditye reason for this requirement is that the
Predictorcan load huge amounts of external raw data. Argénecommendation for the
computer utility is that the computers memory cagashould be four times the size of the
external raw data. Since 2 GB is the average stdmaavadays, this would not be a problem.

Since the program is still under constructiona la huge potential for becoming an even
better learning program. When the program getseatg learning ability, it can gain its own
knowledge and thus be very suitable for use in @xgystems. The developing of this feature
is already in progress and will be included inphegram in approximately one year. Still,
Volve Knowledge Toolsan already be considered a learning programkghiantheCapture
casefeature inPredictor.

Even though the program is evolving in a positireation, the developing phase sometimes
creates bugs. This can of course result in somgrgno errors. Sincéolve Knowledge Tools

is used by oil drilling companies, security stamndaare extremely high. In order to maintain
this security standard, extensive troubleshoothoggdures are initiated. Therefore, computer
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errors that might occur will be insignificant teetimonitoring. In the simulations performed in
connection with this report no errors occurred.

Volve Knowledge Tools created on théavaplatform. SincdGSS32wvas built on another
platform,Microsoft Automatiomplatform, the communication between the two programay
cause some problems. However, many of the commiimmcarograms today are built on
different platforms, so communication betwaarive Knowledge TookBsndIGSS32should
be possible.

7.2.The simulations

Because of the simplicity of the system and the gavameters, the raw data series is
constructed itMicrosoft Excel The values of the parameters are realistic apaosd with
the real world. For instance if the temperaturthabearing segment increases, the
temperature of the bearing oil will increase afteamall delay. At the same time the cooling
water valve is opens further to lower the tempeeatlihese data are transformed iBi@el
CSVHformat so thaPredictorcan read them. Since Fjellheim has already peddrm
simulation inPredictorusing log-files fromGSS32this is no important issue, but one that
has been considered.

Even though the data is created as a log in thesdagions,Volve Knowledge Toolsan

handle real-time data, directly from sensors imax@ss. This is an obvious criterion for a
development kit for expert systems. Since the amolsensor data processed is only limited
by the memory capacity of the computéolve Knowledge Toolsan handle large amounts of
data. Since the agentsViolve Knowledge Toolsre custom-made for each measurement, the
program is very flexible and can interpret the data in ways to suits any customer.

When simulating irPredictor, the layout of the program is very tidy. The simfayout

makes the program easy to operate and easy t@resbctoralso has the functioGapture

Case This function makes it easy to implement new sdsdhe case-base, thus expanding
the knowledge of the program. When the prograneieats cases, it uses previous experience
with the real-time data. This is a form of artificintelligence which is also a criterion for
making an expert system.

Because of th€ase descriptiofunction in the cases, it is easy for an inexpegehoperator
to know what to do when a fault/case occurs. Trsemigtion tells the operator why the case
occurred and what actions should be taken intoideregion.

One disadvantage dfolve Knowledge Tools that the program can not function as a
surveillance system alone. The program can notdjneet orders to the process, for instance
tell an actuator to open a valve. If the progranecks an error, it can only send an error
message to the HMI program telling it what to dbe HMI program then carries out the
order. However, in the present investigation ohg&olve Knowledge Tool® create an
expert system, the program will work as a suppldrtetoday’s surveillance system. This so
called disadvantage becomes insignificant.
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8. CONCLUSION

The background of this report is the desire to maprthe surveillance system of hydropower
stations. This improvement involves implementingeapert system. To make an expert
system, development software is needed, and ircésigvolve Knowledge Toolsas used.
The intention of this report is to investigate hewtableVolve Knowledge Toois for
developing expert systems.

By developing a simple expert systenMiolve Knowledge Tooknd using this program for
simulations, | gathered a lot of information on hihv& program operates and on its functions.
After considering the advantages versus disadvaatagd the suitability of the program for
developing expert systems, | concluded thalive Knowledge Toolsas the capabilities
required for developing an expert system. | theeesfecommen®olve Knowledge Toobs a
development kit for evolving an expert system iritfar work.
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9. RECOMMENDATIONS FOR FURTHER WORK

By describing how the different parts of a hydropowstation functions, one can detect the
different errors and faults that may occur as wetime of these situations are not detectable
by surveillance systems today. Below is a listdefais that would help to improve today’s
surveillance systems [2].

1. Frequency monitoring of the machines: By performanganalysis of the sound
pattern of the machine, deviations from normal apen will be detected quickly and
easily. Partial discharges and cavitations may laésdiscovered. A disadvantage of
frequency analysis is that the system would nedxttexpanded. When expanding a
system there are always some difficulties in irdégg the new component into the
old system. The expansion requires the implememtati a microphone.

2. Surveying the start-up and stopping times of thgregate: By performing this simple
surveillance one can get an indication that somgtls wrong if the start-up-time or
the stop-time is suddenly much shorter or longan thsual. A microphone would be
useful here as well because it can detect sloudfliag. Investigating this time
interval compared with other parameters can prougbful information concerning
the system.

3. Identify ways to get thease modetio add new information to treausal model

4. Surveillance of the amount of clearance water ftbenturbine. If the amount of
clearance water increases and vibrations are éetetie labyrinth gland may be worn.

5. Surveillance of the outdoor climate, temperaturthenwater and the magnetic ability
of valves and sluices. By monitoring this, heatiealor pressure air can be activated if
equipment such as valves and sluices threatemeéadr In this way the station can at
any time go to stop in all weather conditions.

6. What happens to the expert system at power failure?

- How should the expert system be reset?

- What happens if the communication WihSS32s down?
7. Further improvement and expansion of the bearindaho

8. Comparison of parameters to detect fault situatiorether areas of the hydropower
station.

9. Establish a cooperation with an IDI student witl gurpose of making an interface
betweerVolve Knowledge EditaandIGSS32

10. Establish a cooperation with the automation or nreckngineers at HIST with the
purpose to make a hydropower station emulator.
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11.

APPENDIX

11.1. Condition monitoring of bearings in Volve Knowledge Tools, the whole

program

11.1.1.
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Causal model, cooling system

11.1.2.
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Causal model, bearing system

11.1.8.
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Case model

11.1.4.
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11.2. Predictor script

var outputDirectory = "D:\\Skule\\4. Semester BteRower Engineering\\Master
thesis\\Work\\Volve Knowledge Tools\\Sensordata";

var inputDirectory = "D:\\Skule\\4. Semester EletAower Engineering\\Master
thesis\\Work\\Volve Knowledge Tools\\Sensordata2";

var d = new java.util.Date();
var sdf = new java.text.SimpleDateFormat("dd-MM-yyiHH-mm-ss");
var nameAdd = sdf.format(d);

var knowledgeModel = "D:\\Skule\\4. Semester E¢eRower Engineering\\Master
thesis\\Work\\Volve Knowledge Tools/HydroPowerPlamith_cases.km";

var knowledgeModelSaveName = "D:\\Skule\\4. Semdsletric Power Engineering\\Master
thesis\\Work\\Volve Knowledge Tools/HydroPowerPlamith_cases.km";

var sim = api.getTracker();
/[captureCases();
runinPredictor();

function runinPredictor() {
var cbrAg = api.addAgent("CBRAgentimpl", "CBR-age&rdpi.getTracker(), new
java.lang.Boolean("true"));
cbrAg.setComparisonController(new
Packages.volve.creek.cbr.DefaultComparisonCont(lje
api.loadDrillLog("D:\\Skule\\4. Semester Eletric\er Engineering\\Master
thesis\\Work\\Volve Knowledge Tools\\Sensordata&zdscsv");
api.loadKnowledgeModel(knowledgeModelSaveName);
setupAgents(cbrAg);
var cbrReporter = api.addAgent("CaseMatchingResgjtier”, "CBRReporter”,
cbrAg, 0.1, 3, api.getTracker());

}

function captureCases() {
var captureTimes = java.lang.reflect.Array.newdnse(java.lang.String, 1);

/I Case 3
captureTimes[0] = "01.01.2008 16:57:02";
var cbrAg = api.addAgent("CaptureAgent”, "Captugerat”, "Time", "Case#",
captureTimes, sim);
api.loadDrillLog("D:\\Skule\\4. Semester Eletric\wer Engineering\\Master
thesis\\Work\\Volve Knowledge Tools\\Sensordata&Zi@scsv");
api.loadKnowledgeModel(knowledgeModelSaveName);
setupAgents(cbrAg);
runSimulation();
sim.getKnowledgeModel().saveAs(knowledgeModelBkarae);

api.clear();
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}

I/l Case 1

captureTimes[0] = "01.01.2008 16:26:57"; // The @aduled seconds are a hack...
var cbrAg = api.addAgent("CaptureAgent”, "Captugerat”, "Time", "Case#",
captureTimes, sim);

api.loadDrillLog("D:\\Skule\\4. Semester Eletricwer Engineering\\Master
thesis\Work\\Volve Knowledge Tools\\Sensordata&Zdscsv");
api.loadKnowledgeModel(knowledgeModel);

setupAgents(cbrAg);

runSimulation();
sim.getKnowledgeModel().saveAs(knowledgeModelSaval);

api.clear();

/I Case 2

captureTimes[0] = "01.01.2008 16:33:37";

var cbrAg = api.addAgent("CaptureAgent”, "Captugerat”, "Time", "Case#",
captureTimes, sim);

api.loadDrillLog("D:\\Skule\\4. Semester Eletricwer Engineering\\Master
thesis\\Work\\Volve Knowledge Tools\\Sensordata&Zi@scsv");
api.loadknowledgeModel(knowledgeModelSaveName);
setupAgents(cbrAg);

runSimulation();
sim.getKnowledgeModel().saveAs(knowledgeModelSaval);

api.clear();

function runSimulation() {

}

api.runSimulator(0);
api.waitForend();
api.printin("Simulation finished");

/lapi.exportWITSMLDrillLog(outputDirectory +logNaentnameAdd +".xml");
//sim.exportEvents(outputDirectory +logName +"_mige " +nameAdd +".csv");
/Isim.getKnowledgeModel().saveAs(outputDirectonaimeAdd +"_test.km");

function setupAgents(cbrAg) {

cbrAg.setPropertyFile("D:\\Skule\\4. Semester Eteower Engineering\\Master
thesis\\Work\\Volve Knowledge Tools/KraftCBR.propes”);

var timeAgent = api.addAgent("TimeAgent", "TiméCGase", sim);
cbrAg.addCaseParameterMapping(timeAgent, "DatagVallime Of Occurrence”,
"Case occurrence description”, true);

/I Set up agents reading data from the data log

var combAxRadOilLevAgent = api.addAgent("CombAxRatévAgent"”, "Oil level
high", "Oil level low", sim);
cbrAg.addCaseParameterMapping(combAxRadOilLevAdénit,level high", "Oll
level high", "Measurements"”, true);
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cbrAg.addCaseParameterMapping(combAxRadOilLevAd@&wgaring oil OK",
"Bearing oil OK", "Measurements", true);
cbrAg.addCaseParameterMapping(combAxRadOilLevAdénit,level low", "Oil
level low", "Measurements”, true);

var combAxSegTempAgent = api.addAgent("CombAxSegikgentl”, "Axial segm
prewarning”, "Temp increase abnormal fast, defedbearing”, "Emergency stop!",
sim);

cbrAg.addCaseParameterMapping(combAxSegTempAgEéninb axial seg temp
increase after prewarning”, "Comb axial seg tenepeiase after prewarning",
"Measurements”, true);
cbrAg.addCaseParameterMapping(combAxSegTempAgentefgency stop”,
"Emergency stop", "Measurements"”, true);

var combAxSegTempAgent2 = api.addAgent("CombAxSegikgent2",
"Temperature increase rapidly", sim);
cbrAg.addCaseParameterMapping(combAxSegTempAg&dtnb axial seg temp
increases fast", "Comb axial seg temp increasd'§ fddeasurements”, true);

var combAxSegTempAgent3 = api.addAgent("CombAxSegdAgent3”,
"Prewarning: \"Temperature in axial segment risihggim);
cbrAg.addCaseParameterMapping(combAxSegTempAgavitan temperature in
axial segment increasing", "Mean temperature ialaségment increasing",
"Measurements”, true);

var combRadSegTempAgent = api.addAgent("CombRadSagAgent”,
"Prewarning: \"Temperature in radial segement g¢lh sim);
cbrAg.addCaseParameterMapping(combRadSegTempAdéean temperature in
radial segment increasing”, "Mean temperature dimiaegment increasing”,
"Measurements”, true);

var producedPowerAgent = api.addAgent("ProducedPbgent”, "Generator on
overload", sim);
cbrAg.addCaseParameterMapping(producedPowerAgesterator on overload”,
"Generator on overload", "Measurements”, true);

var resBilgePumpTimerAgent = api.addAgent("Res&gmpTimerAgent", sim);
cbrAg.addCaseParameterMapping(resBilgePumpTimerAgeeserve bilge pump
long on-time", "Reserve bilge pump long on-timéVléasurements”, true);

var valveSetpointAgent = api.addAgent("ValveSetpbgent", "Valve 100% open”,
sim);

cbrAg.addCaseParameterMapping(valveSetpointAg@uoling water valve 100%
open", "Cooling water valve 100% open”, "Measuretsigrirue);

var vibrationAgent = api.addAgent("VibrationAgentVibrations prewarning", sim);
cbrAg.addCaseParameterMapping(vibrationAgent, "Gaoevibrating”, "Generator
vibrating”, "Measurements”, true);
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11.3. Cases and agents

11.3.1. Case #1

%************************~k*~k~k*****************************************
o

o CASE #1

%

o

o SI MULATI ON Tl ME : 01.01.2008 16:00: 00 -

o 01.01.2008 16:27:20

o

o FAULT OCCUR : 01. 01.2008 16:04: 00

o FAULT DETECTED : 01.01. 2008 16:26:55

o

o

o

% Sequence Happeni ng Ti e Val ue
% 1. Vi bration, prewarning 16: 13: 55 6,0 um
% 2. Val ve setpoi nt, nessage 16:18: 35 100 %
% 3. ConmbAx_SegTenp, prewarning 16:25:10 70 Deg
o

%

%********************************************************************

L S T T R I R TN

%********************** AE’\I‘I’S R IR S bk S b O I I S Rk
% *
% Vi bration agent *
% Val ve set poi nt agent *
% Produced Power agent *
% ConmbAxRad_Q | Lev agent *
o Conpar ator ConbAx_SegTenp agent 1 *
% *

*

%********************************************************************

%********************** PmM R b Sk b o Ok O R I

di m doubl e Vibration agent = 0;
di m bool CGenerator vibrating = 0;
dimint Val ve set poi nt agent = 0;
di m bool Cool i ng wat er val ve 100% open = 0;
di mint Produced_Power agent = 0;
di m bool Gener ator on overl oad = 0;
dimint ConmbAxRad_Q | Lev agent = 0;
di m bool Gl level high = 0;
di m bool Bearing oil K = 1;
di m bool Gl level |ow = 0;
dimint ConmbAx_SegTenp agent 1 = 1;
di m bool Conmb axial seg tenp increase after prewarning = 0;
di m bool Enmer gency stop = 0;
di m bool Qui ck cl osing = 0;
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mai n()

{

%/i bration agent
Vi bration agent = Instant val ue;

If Vibration agent > 5 then
Message: "Vibrations prewarning”;
Cenerator vibrating = 1;

El se
Cenerator vibrating = 0;

End if

%/al ve setpoint agent
Val ve setpoint agent = Instant val ue
I f Val ve setpoint agent = 100%

Message: "Val ve 100% open";
Cool i ng wat er val ve 100% open

1
=

El se
Cool i ng wat er val ve 100% open
End if

n
e

%°r oduced_Power agent
Prodced_Power agent = Instant val ue,

I f Produced Power > 55
Message: "Generator on overl oad";
CGenerator on overload = 1;

El se
Cenerator on overload = O;

End if

%ConmbAxRad_QOi | Lev agent

ConmbAxRad_QO | Lev agent = Integrate 30 neasurnents,

devi de by 30,

I f ConmbAxRad Q| Lev > 255
Message: "Gl |evel high";

Gl level high = 1;
Bearing oil K = 0;
Ol level |low = 0;
El seif ConbAxRad_Q | Lev < 245
Message: "GOl level |ow'
Gl level high = 0;
Bearing oil K = 0;
Ql level |ow = 1;
El se
Gl level high = 0;
Bearing oil K = 1,
Gl level |ow = 0;
End if

%ConmbAx_SegTenp agent 1

CombAx_SegTenp agentl = 70 - Instant val ue
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| f ConbAx_SegTenp agentl = O
Message: "Axial segnment tenp prewarning”

El sel f ConmbAx_SegTenp agentl = -3
Message: "Tenp increase abnornal fast, defective bearing"
Conb axial seg tenp increase after prewarning = 1;
Enmer gency stop = O;

El sel f ConmbAx_SegTenp agentl < -9
Message: "Energency stop!";
Emer gency stop = 1;

El se

End if

%Case #1

If (CGenerator vibrating = 1;
Cool i ng water val ve 100% open = 1;
CGenerator on overload = 0;
Bearing oil OK = 1;
Conb axial seg tenp increase after prewarning = 1)
Message: "Defective bearing";
Quick closing = 1;
End if
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11.3.2. Case #2

%*********************************************************************
o

o CASE #2

o

0%

0% SI MULATI ON TI ME : 01. 01. 2008 16:30:05 -

o 01. 01. 2008 16:34:00

o

o FAULT OCCUR : 01. 01.2008 16:31:10

o FAULT DETECTED : 01. 01.2008 16:33:35

0%

o

o

% Sequence Happeni ng Ti e Val ue
% 1. ConbAx_SegTenp, rapid incr 16:13:55 1 deg/10 s*
o 2. Vi brations, incr 16: 18: 35 0,1 um5 s*
% 3. Val ve setpoint, opens 16: 25: 10 1% /5 s*
% *
0/8: *

%*********************************************************************

* 0% ok ¥ X kX kX kX F X

%********************** AE’\”’S R IR R R I I S b Sk S S O I R I O O
i *
% Pr oduced_Power agent *
% ConbAxRad_Q | Lev agent *
o Derivation ConbAx_SegTenp agent 2 *
% *

*

%********************************************************************

%********************** PRmM EE S I b I S b I b I I I I I I S I b I I
dimint Pr oduced_Power agent = 0;
di m bool Gener ator on overl oad = 0;
di mint ConmbAxRad_Q | Lev agent =0
di m bool Gl level high =0
di m bool Bearing oil K =1
di m bool Ql level |ow =0
di mint ConmbAx_SegTenp agent 2 = 0;
di m bool Conmb axial seg tenp increases fast = 0;
di m bool Ener gency stop =0
di m bool Qui ck cl osing =0
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mai n()

%°r oduced_Power agent
Prodced_Power agent = Instant val ue,

I f Produced_Power > 55
Message: "Cenerator on overl oad";
Cenerator on overload = 1;

El se
CGenerator on overload = O;

End if

%CombAxRad_O | Lev agent

CombAxRad_QO | Lev agent = Integrate 30 neasurmnents,
devi de by 30,

I f ConmbAxRad_Q | Lev > 255
Message: "GOl |evel high";

Gl level high = 1;
Bearing oil K = 0;
Gl level |ow = 0;
El sei f ConbAxRad QO | Lev < 245
Message: "QO | level |ow'
Gl level high = 0;
Bearing oil K = 0;
Gl level |ow = 1;
El se
Gl level high = 0;
Bearing oil K = 1;
Gl level |ow = 0;
End if

%ConmbAx_SegTenp agent 2

ConbAx_SegTenp agent2 = Derivation 30 neasurments,
Sum up measurnents

I f ConbAx_SegTenp agent2 >= 15

Message: "Tenperature increase rapidly";

Conb axial seg tenp increases fast = 1;
El se

Conb axial seg tenp increases fast = 0;
End if

UCase #2

If (CGenerator on overload = O;
Bearing oil OK = 1;
Conb axial seg tenp increases fast = 1)
Message: "Tenperature increase rapidly, defective bearing"
Quick closing = 1;
End if
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11.3.3. Case #3
%*********************************************************************
% *
o CASE #3 *
0/8: *
% *
o S| MULATI ON Tl ME : 01.01.2008 16:36:45 - *
o 01.01.2008 16:57:10 *
% *
o FAULT OCCUR : 01.01.2008 16:40: 45 *
o FAULT DETECTED : 01. 01.2008 16:57:00 *
% *
% *
% Sequence Happeni ng Ti e Val ue *
% 1. ReserveBi |l ge punp, start 16: 52: 00 1 *
% 2. Mean_ConmbAxRad_GO | Lev, inc 16:55:30 256 nm *
% 3. Mean_ConmbAx_SegTenp, inc 16: 56: 00 40 Deg *
% 4, Mean_ConbRad_SegTenp, inc 16: 56: 40 65 Deg *
% 5. ResBi | ge_ PunpOnLong = 1 16: 57: 00 5 Mn *
% *

*

%********************************************************************

%********************** AENTS EE IR I b S I b I b I I I I I I S I b I I
% *
% ResBi | ge_Punp agent *
% Pr oduced_Power agent *
% CombAxRad_Q | Lev agent *
% Mean val ue ConbAx_SegTenp agent 3 *
o Mean val ue ConbRad_SegTenp agent *
0/8: *

*

%********************************************************************

%********************** PRmM EE S I b I S b I b I I I I I I S I b I I
dimint Pr oduced_Power agent = 0;
di m bool Gener ator on overl oad = 0;
di mint ConmbAxRad_Q | Lev agent = 0;
di m bool Gl level high = 0;
di m bool Bearing oil K = 1;
di m bool Ql level |ow = 0;
di mint ResBi | ge_Punp agent = 0;
di m bool ResBi | ge_Punp_Ti ner = 0;
di m bool Reserve bilge punp long on-tine = 0;
di mint ConmbAx_SegTenp agent 3 = 0;
di m bool Mean tenperature in axial segnent increasing = 0;
dimint ConmbRad_SegTenp agent = 0;
di m bool Mean tenperature in radial segnent increasing = 0;
di m bool Emer gency stop = 0;
di m bool Qui ck cl osing = 0;
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mai n()

%°r oduced_Power agent
Prodced_Power agent = Instant val ue,

I f Produced_Power > 55
Message: "Cenerator on overl oad";
Cenerator on overload = 1;

El se
CGenerator on overload = O;

End if

%CombAxRad_O | Lev agent

CombAxRad_QO | Lev agent = Integrate 30 neasurmnents,
devi de by 30,

I f ConmbAxRad_Q | Lev > 255
Message: "GOl |evel high";

Gl level high = 1;
Bearing oil K = 0;
Gl level |ow = 0;
El sei f ConbAxRad QO | Lev < 245
Message: "QO | level |ow'
Gl level high = 0;
Bearing oil K = 0;
Gl level |ow = 1;
El se
Gl level high = 0;
Bearing oil K = 1;
Gl level |ow = 0;
End if

%ResBi | ge_Punp agent

I f ResBilge_ Punp agent =1
ResBi | ge_Punp_Ti mer = +1;

End if

If ResBilge Punmp_Timer > 59
Reserve bilge punp long on-tine = 1;
ResBi | ge_Punp_Ti mer = 0;

End if

%ConmbAx_SegTenp agent 3

ConmbAx_SegTenp agent3 = Integrate 30 nmeasurnents,
devi de by 30

I f ConbAx_SegTenp agent3 > 44
Prewar ni ng: "Tenperature in axial segnent rising
Mean tenperature in axial segnent increasing = 1;

El se
Mean tenperature in axial segnent increasing = O;
End if
%ConmbRad_SegTenp agent

ConbRad_SegTenp agent = Integrate 30 nmeasurnents,
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devi de by 30

I f Mean_ConbRad_SegTenp > 64
Prewar ni ng: "Tenperature in radail segenent rising"
Mean tenperature in radial segnment increasing =1
El se

Mean tenperature in radial segment increasing 0

End if
UCase #3

If (Reserve bilge pump long on-time =1
CGenerator on overload = 0;
Gl level high =1
Mean tenperature in axial segnent increasing = 1
Mean tenperature in radial segnent increasing = 1)
Message: "Gl level high, possible water in oil"
End if
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4. Screenshots from simulations

11

Predictor Case #1

11.4.1.
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11.4.2. Case description, Case #1

Case occurrence description

Time of occurrence 01.01,2008 16:26:55
Measurements

0il level high 0.0

Bearing oil DK 1.0

Oil level low 0.0

Comb axial seg temp increase

1.0
after prewaming
Emergency stop 0.0
Comb axial seg temp increases i
fast '
Mean temperature in axial 1.0
segment increasing '
Mean temperature in radial £
segment increasing '
Generator on overdoad 0.0

Reserve bilge pump long on-time 0.0
Cooling water valve 100% open 1.0
Generator vibrating 1.0

Case Description

Description Wibration are detected, Tempereature in bearing segments are increasing, Produced power is normal, Aggregate goes to quick desing,
Reaszon: Bearing defect!
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Predictor Case #2

11.4.3.

o
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11.4.4. Case description Case #2

|Case occurrence description

| Time of occureence 01,01,2008 16133135
|Measurements
0il level high 0.0
Bearing oil DK 1.0
Oil level low 0.0
Comb axial seq temp increase i
| after prewarning :
Emergency stop 0.0
Comb axial seg temp increases o
fast :
Mean temperature in axial 00
| segment increasing ;
Mean temperature in radial o
| segment increasing ;
Generator on overoad 0.0

Reserve bilge pump long on-time 0.0
Cooling water valve 100% open 0.0
Generator vibrating 0.0

|Case Description

Description Temperature in bearing seqment increase rapidly,aggregate runs normally, aggregate goes to quick cosing, Reason: Paossible defad
bearing
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11.4.5. Predictor Case #3
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Case description Case #3

|Case occurrence description

| Time of occurrence

[Measurements
0il level high
Bearing oil 0K
0il level low

Comb axial seq temp increase
| after prewarning

Emergency stop

Comb axial seq temp increases
fast

Maan temperaturs in axial
| segmentincreasing

Maan temperature in radial
| segmentincreasing

Generator on overoad
Reserve bilge pump long on-time
Cooling water valve 100% open

Generator vibrating

|Case Description

Description

01:01,2008 16:57:00

10
0.0
0.0

0.0

0.0

0.0

0.0

10

0.0
1.0
0.0
0.0

Qil level abnarmal high, temperature in bearing is increasing, reserve bilge pump on-time is unnaturally long, Aggregate goes to quick

closing, Reason: Watsr in bearing ail
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