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Abstract

The requirements for availability and operating economy of power plants have become
steadily more stringent over the last few years. In addition to technological advances
(e.g. in the form of new design measures, processes and materials), manufacturers
have also increasingly applied secondary measures to enhance the safety and operat-
ing economy of power plant units. These include ever more sophisticated process mon-
itoring and analytical systems and, (in recent times) diagnostic systems which perform
continuous assessment of the plant condition to allow imminent changes that can lead
to damage and faults to be detected at the earliest possible time. The following paper
presents an expert system, based on Fuzzy logic, which is used to perform a wide vari-
ety of tasks in the field of NPP water chemistry diagnostics. Thanks to the general nature
of the approach selected, the system kernel is identical for all solutions which were im-
plemented despite the wide variety of tasks and their diverse needs. This would not
have been possible without the development and application of powerful and flexible
engineering tools which can provide solutions to different types of problems at no extra
effort. It will be shown in which way the system builds up diagnoses from the collected
on-line data via a system - specific and easy-to-learn languageand several tools.
The presented module DIWA (Diagnostic System of Water Chemistry) was directly de-
rived from the DIGEST system (diagnostic expert system for turbomachinery), which
was developed over the last few years at the Power Generation Group (KWU) of the Sie-
mens AG.

1. Introduction

The requirements for availability and operating economy of power plants have become
steadily more stringent over the last few years. In addition to technological advances
(e.g. in the form of new design measures, processes and materials), manufacturers
have also increasingly applied secondary measures to enhance the safety and operat-
ing economy of power plant units. These include ever more sophisticated process mon-
itoring and analytical systems and, (in recent times) diagnostic systems which perform
continuous assessment of the plant condition to allow imminent changes that can lead
to damage and faults to be detected at the earliest possible t ime- well before levels are
reached at which a protection trip is initiated.

The economical aspect is reflected in fewer outages, increased operating reliability and
longer component service life. Plants which are fully equipped with such systems can
achieve a medium—term goal of replacing the standard practice of periodic mainte-
nance (which is time and cost-intensive) with condition-oriented maintenance for cer-
tain components. The following paper presents an expert system, based on Fuzzy
logic, which is used to perform a wide variety of tasks in the field of NPP water chemistry
diagnostics. Thanks to the general nature of the approach selected, the system kernel
is identical for all solutions which were implemented despite the wide variety of tasks
and their diverse needs. This would not have been possible without the development
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and application of powerful and flexible engineering tools which can provide solutions
to different types of problems at no extra effort.

The presented module DIWA (Diagnostic System of Water Chemistry) was directly de-
rived from the DIGEST system (diagnostic expert system for turbomachinery), which
was developed over the last few years at the Power Generation Group (KWU) of the Sie-
mens AG [1,2]. Although the DIGEST system was originally designed for steam and
gas turbine-generators, the application area has been extended to include global
diagnostic activities at hydroelectric and nuclear power plants.

2. Analysis and Diagnosis

For marketing reasons, solutions which are at best analytical systems are often sold
today as diagnostic systems. The dividing line between analysis and diagnostics is, in
fact, not always straight and narrow. However, when diagnostics is understood and ac-
cepted as a new quality, it is relatively easy to define.

The main distinguishing factor is that analysis embraces all the activities performed by
applying numerical mathematics in the broadest sense. In particular, this includes the
calculation of characteristic parameters or setpoints, the comparison of setpoints with
actual data, and the detection of deviations and limit violations. Also included is the
broad task of visualizing information which has been measured or calculated. In addi-
tion to displaying numeric values in tables, for example, one of the main tasks is to pres-
ent the information intuitively in optically enhanced graphics, trend plots and other pre-
sentation formats. The methodology is based on familiar, step-by-step solution
procedures, i.e. algorithms. If the algorithms are known, they are relatively easy to im-
plement in conventional computer programs.

In addition to the above tasks, diagnostic systems are expected to actually interpret the
information, in order to assess a process in relation to particular properties and require-
ments. In analytical systems, this more demanding task is left to the operator. Diagnos-
tic systems must also be capable of explaining the process used to derive the diagno-
sis, so that the operator can understand it. Finally, the presentation of a forecast for
subsequent process events, and the recommendation of countermeasures are fea-
tures which must also be included in the performance spectrum. The above work is

TABLE I. ANALYSIS/DIAGNOSIS DELIMITATION

Function

Basis

Methods

Analysis

• Calculation of charac-
teristic values

• Calculation of setpoints
• Setpoint / actual data

comparison
• Detection of deviations

and limit violations
• Visualization

• Numerical mathematics
• Graphics, trends and

charts
• Algorithms
• Programs

Diagnosis

• Interpretation of infor-
mation

• Derivation of diagnoses
• Explanation of cause

and effect
• Prognosis
• Recommendation of

measures

• Logic
• Natural language

• Empirical knowledge
• Knowledge base,

rules
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based mainly on mathematical logic, often combined with the processing of statements
in (quasi-)natural language. Both technical and, especially, empirical knowledge,
which cannot generally be expressed directly in algorithmic terms, are required from
the experts providing the input. A suitable method is to use a knowledge base in which
the knowledge is set out in the form of rules.

For a long time, diagnostics was regarded as the "task of identifying possible fault
causes from the incorrect behavior of a component or system" (see [3], for example).
This definition can no longer be considered appropriate in many areas. A more u p - t o -
date interpretation of the term is preventive diagnostics, which detects and reports
changes, through continuous monitoring and assessment of events, before any dam-
age or fault can occur. This is the concept which the diagnostic component of the DIWA
system seeks to implement.

3. Reasons for a Fuzzy-Logic Expert System

3.1. "Knowledge incorporating uncertainty"

It has already been mentioned that every type of problem needs an appropriate method
of solution. The attempt to develop diagnostic systems in an environment such as DIWA
is inevitably faced with. This has been proven in a wide range of projects.However, the
fact that the state of the art does not allow an "exact" algorithmic representation a large
number of expert system projects have also failed. In many cases, the reason was that
the uncertainty incorporated in the knowledge was inadequately represented. An ex-
pert system must provide special mechanisms in cases where a problem is character-
ized by knowledge incorporating uncertainty. During the history of expert systems, a
range of methods has been developed for this purpose, from which probabilistic mod-
els and confidence factors have acquired a certain degree of acceptance. More re-
cently, Fuzzy logic has become an increasingly popular means of solving the problem.

Expert systems which are based on Fuzzy logic not only allow the implementation of
expert knowledge, but also provide a method of representing knowledge incorporating
uncertainty and of modeling the uncertainty in the decision-making process.

Knowledge incorporating uncertainty can occur in many forms, which can be charac-
terized as fuzziness, incompleteness, inaccuracy or uncertainty. An important role is
played by so-called linguistic uncertainty, which arises from the inaccuracy of natural
language. When an expert is assessing the steam generator conductivity in a diagnosis,
he might refer to a "high conductivity" or an "low pH". It is obvious that these phrases
cannot be generated and manipulated by software straight from the measured data.
This is precisely where Fuzzy logic comes into its own.

3.2. Fuzzy Logic

In the context of the problems encountered in nuclear power plant water chemistry
diagnostics, it is significant that Fuzzy logic presents a method of expressing and proc-
essing knowledge incorporating uncertainty in quasi-natural language. One of the
main aspects is that Fuzzy logic is not merely a logic calculation for combining state-
ments, but rests on the foundations of an exact mathematical formalism. The result of
a diagnostic process is thus not confined to naming the diagnosis, but includes the
specification of a confidence factor with respect to the accuracy of the diagnosis. It is
important for the expert providing the knowledge that he can concentrate solely on the
formulation of the rules, without the need to consider the underlying mathematics.
Fuzzy logic thus makes it considerably easier to develop a diagnostic system, and
hence promotes the acceptance of such systems.
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4. Operating Principle of the Fuzzy-Logic Expert System

4.1. The Structure and Operating Principle of the System

Fig. 1 shows the overall structure of the system. The operating principle is evident from
the diagram .After performing plausibility checks, calculations of characteristic and
additional values, which can't be measured directly, all of the measured data are directly
accessible to the expert system kernel. From these values symptoms are derived (fuzzi-
fication).This task is performed by the help of parts of the knowledge base of this sys-
tem.

After creating symptoms the system accesses another part of the knowledge base,
where the rules of the expert knowledge are to be found. After running through all the
rules the expert system creates one or more diagnoses.Basing on the operator connec-
tions within the rule base the system calculates confidence factors for every created
diagnosis, which represent the safety level for the diagnosis. This workflow is directly
related to the work an expert is doing.

All diagnoses which are created by the expert system kernel are stored together with
the related measured data within the data base of the diagnostic system. The user has
access to the results via a graphical user interface.

The user has the choice of the following functions within the graphical user interface:
• Overview of all created diagnoses,

• History of all diagnoses

• Technical description of all diagnoses and further recommended activities

• explanation component of the expert system.

The following chapters give a detailed view of the working principle of every component
of the expert system kernel.

4.2. Measured values processing and visualization

The starting point of data processing is the cyclic sampling of measured values. The
problem related cycles range from 1 second to 30 minutes.

The concept of the analytical part of the diagnostic system takes into account, that more
than one input source can be available. In the case of power plant water chemistry it
is the normal case, that some of the measured data are collected online via installed
sensors. Most of the data which have to be collected are measured at power plant labo-
ratories via special analytical methods and equipment and therefore have to be input
into the system "off-line".

The analysis part of DIWA performs the following tasks based on the specific data input:

• Plausibility check of all measured data. The data check is performed with re-
spect to limit violations, characteristic changes within the trend and their af-
finity in relation to other values. All results of these checks are stored in a
quality identifier and are accessible to the diagnostic part of the system.
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Diagnosis - Module
Visualization:
- Verification component
- technical description

t
Derivation of diagnoses:
- Work on rule base
- Confidence of a diagnosis

Fuzzification:
-Symptom creation

[Knowledge Base

Analysis - Module
Visualization:
-Trends, Charts

— freely configurable Graphics

4
Statistical Analysis:
- Mean values
- Minimum and maximum values
- Prognosis calculation for

trends

•
Calculations:
- pH(25 °C), pHCT)
- Condenser leackage
- SG: characteristic values
- Redox - Potentials

Check of measured data:
- Plausibility
- Limit violations
— Completeness in respect to the

required calculations
— Unallowable jumps

FIG. 1. Structure and working principle of the DIWA diagnostic system.
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m Calculation of derived or not directly measurable values. Time and resource
expensive numerical calculations of the distribution of major species and im-
purities within the several physical phases of the feed- and cooling water,
estimates of characteristic values of major components (steam generator,
condenser,...) are related to this part of analytic tasks.

m Deriving of statistical data of process monitoring (mean, maximum and mini-
mum values of important chemical measurands, time range and distribution
of limit violations, monitoring of operational states, ...)

m compression of the raw data material and transfer to the long time archive.

All of the collected and derived data can be accessed by the user through DIWA's
graphical user interface. DIWA provides this service in several ways: process displays
(figure 2), trends, tables (figure 3), protocols and the ability to freely configure diagrams.

21J2,!9e5 15-4? "

FIG. 2. Overview of a PWR water steam cycle.
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FIG. 3. Analysis of trends and interesting operational states with the help of the graphics component of
DIWA.

4.3. Symptom Generation

The next step consists of the actual symptom generation. This requires answers to the
following questions:

n What symptoms are relevant for a diagnosis and how can they be formu-
lated?

m What measured data and characteristic parameters are suitable for symp-
tom generation and what linguistic properties are appropriateforthe diagno-
sis?
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The actual warm gas gradient plays a part in the hydrogen sealing, for example. It is
appropriate to classify the temperature profile as "falling", "constant" and "rising". The
gradients generated from the warm gas temperature are assigned to these terms by
means of membership functions, whereby the confidence factors are normalised within
the range of 0 ... 1. Fig. 4 shows two examples.

Diagrams must be created for all variables which could be of interest.

4.4. Representing Empirical Knowledge in the Form of Rules
The knowledge is represented in the form of "if...then..." rules. The symptoms are used
in the "if" clause. The result of a rule, i.e. the statement in the "then" clause, can be an
intermediate or final result. A final result is a finished diagnosis.

Membership function of Symptom "Conductivity high"

Confidence value

1.0r

0.2 0.3 0.4
Conductivity (juS/cm)

Membership function of Symptom "Conductivity rising'
Confidence value

-0.10 -0.05 0.00
dLFK/dt fluS/cm/h) * 10.0

0.05 0.10

FIG. 4. Membership functions of two example symptoms: conductivity high and conductivity rising.
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Trigger Value
Steam generator
conductivity

rising

Condition variables

Main conden-
sate conduc-
tivity

Conductivity of
additional water

Feed water
conductivity

rising

high

constant

high
rising

A

oV .

Diagnosis

Turbine condenser
leackage

FIG. 5. An example rule.

An intermediate result can be input as a symptom to other rules, with the result that the
entire rule base has a net-type structure. Since reference is often made to the same
symptoms within the rules, the rules can be represented graphically, and rules which
refer to the same symptoms can be combined in a group. The following example shows
one rule.

This rule, corresponding to the whole path in the example is read as follows:

I f the steam generator conductivity is rising and the conductivity of main
condensate is high or r is ing and the conductivity of additional water is at
a constant level and the conductivity of feed water is rising or high then
a condenser leackage must be the result.

A specific language was created for the formulation of these rules in a form that can be
processed immediately by a program. This language is called FCRSL, the "Fuzzy and
Crisp Rule Specification Language". The notation in this language is quite similar to the
formulation in natural language shown in the above example. The mechanism for in-
tegration into the program is to specify all rules in an external fileset (konwledge base).
Rules can thus be changed or added as desired, without the need to modify the pro-
gram.
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4.5. Operators in FCRSL

As shown, symptoms are combined with each other within the rules. Various operators,
which mathematically process the weightings resulting from the membership func-
tions, are used for this purpose. The standard logic operators AND, OR and NOT are
represented, according to Fuzzy logic conventions, as Minimum, Maximum and Com-
plement. It became apparent at a very early stage that these operators are insufficient
for a complete and authentic representation of the expert knowledge. Conditions oc-
curred where the existence of a symptom strengthened or weakened the diagnosis, but
where non-existence had no effect. Two new operators were introduced for this pur-
pose: an amplification and weakening operator. Thefollowing table summarizes the op-
erators and their mathematical representation.

TABLE II. FCRSL OPERATORS

Operator

AND

OR
NOT

weighted AND

weighted OR

Strength

Weakness

weighted Strength

weighted Weakness

Symbol

•

O
X

•

o

•
•
•
•

Mathematical definition

min(a, b)
max(a, b)
1 - a
k • min(a, b) + (1 -k) •

(a + b) /2
k: weight factor
k« max(a, b) + (1-k) •

(a + b) / 2
k: weight factor
min(1,a-(1 + b/2))
max(0, a - ((1 - a) • b/2))
min(1,a»(1 +k»b/2))
k: weight factor
max(O, a - k •

((1 - a) • b/2))
k: weight factor

Further operators can be added as required, and have since also been implemented.

4.6. Visualiszation and Verification of Diagnoses

The verification component, with which the user can analyze the generated diagnosis,
is an important component of the expert system. The complete rule tree involved in the
diagnosis analysis is presented graphically on the screen. All graphical elements are
mouse-sensitive: when the user positions the mouse on any of the symbols for rules,
symptoms, operators or diagnoses, the associated values (names, states, weightings)
are displayed. Elements are also highlighted in color, wherever possible. Since the rule
trees can, in certain circumstances, cover large areas and may not fit completely onto
the screen, it is possible to expand and collapse rule symbols simply by clicking them
with the mouse. This enables context-sensitive navigation through the rule base, al-
lowing the operator to concentrate on specific areas of relevance within the analysis.
Fig. 6 shows a snapshot of the explanation component.
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FIG. 6. Partly view of the rule tree of the diagnosis "Condenser leakage".

With these features, the explanation component presents a powerful tool with which
even less experienced users can rapidly trace the path of the diagnostic system from
the measurement of the data to the generation of the diagnosis, and thus pinpoint the
causes.

5. Further applications of the Fuzzy expert system kernel

5.1. RF Diagnostics (HFD)

The task of this module is the detection and evaluation of conductor and insulation
faults on the generator. Potential electrical faults frequently manifest themselves in the
form of partial discharges or sparking in the generator or its leads, inclusive of the asso-
ciated transformers. The RF signals are acquired by the RF monitor and displayed in
analog format. In the off-line version of the module, the user enters the observed symp-
toms in a computer, and the expert system generates the diagnoses. In the online ver-
sion, the digital signal conditioners connected to the RF monitor calculate characteristic
parameters, which are subsequently interpreted by the expert system. The capability
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of this module includes detection of the following hazards and avoidance of potential
consequential damage for the following: destruction of the high-voltage insulation,
breaks in grounding strips and damage to the generator bearings, as well as static dis-
charges in the generator transformer and faults in the exciter system. See [4] for further
information.

5.2. Hydrogen Sealing (WAD)

The WAD module is used on gas-cooled generators to detect leakages of hydrogen,
which is used as the coolant in a closed circuit, as well as faults in the function of the
generator shaft seals. The detected leakage points are localized approximately. The
problems associated with identifying a leakage result from load-dependent tempera-
ture and pressure fluctuations and the fact that hydrogen is also used for other pur-
poses. The module is thus required to establish, under the given conditions, whether
the current H2 consumption is normal or whether it points to a leakage. The relevant reg-
ulations require that uncontrolled losses must be limited to minimum rates. The moni-
toring of the H2 cooling system is therefore geared to preventing the uncontrolled es-
cape of hydrogen to atmosphere, into the primary and secondary water cooling circuits
and, in the event of a shaft seal fault, into the turbine building. Continuous monitoring
also facilitates the planning of maintenance and repair work.

5.3. Moisture Ingress (FEW)

The main objective of the FEW module is to detect and prevent primary water leakages
in the hydrogen cooling circuit. The monitoring is performed by measuring the humidity
of the H2 cooling gas. Water leakages which penetrate the gas space of the generator
or are taken up in absorbers can lead to an increase in the steam pressure and, if the
dew point is exceeded, to the wetting of components. Steel parts can corrode and the
withstand voltage for insulating parts can be reduced, resulting in hazardous operating
conditions. In this case, diagnostips has a mainly preventive character. The humidity of
the gas can be measured directly. Part of the moisture is extracted via a gas drier filled
with gel. Since the gel has only a limited capacity for storing water, it must be regener-
ated from time to time, i.e. it is only active for a limited time. The measured humidity and
the operating time of the gas drier are the main indicators for the diagnostics. The FEW
module is also used to control the operating modes of the gas drier (operation, regen-
eration).

5.4. Cooling System Faults (KUSTE)

Hydrogen and water are used as cooling media in large generators. Faults in these cool-
ing systems can result in serious damage, such as overheating and destruction of insu-
lating parts or melting of active metal parts. The module is used primarily for the early
detection of flow disturbances brought on by operating errors, or of blockages in thel
subsidiary circuits of the cooling system. Damage to the bushing seals on the shaft
pump is detected before trip of the generator protection system takes place in response
to pump failure. The relevant pressures, volumetric flow rates and temperature in-
creases are continuously monitored and analyzed for this purpose. An analysis of the
chemical conditioning of the water is also performed. The early detection and localiza-
tion of faulted zones in the cooling system prevents damage from spreading and often
even allows operation to continue at an appropriately modified power level.
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