
" 1 3 " XA9949669

GENERAL REVIEW OF DIAGNOSTIC SYSTEMS IN EDF PWR UNITS

R. CHEVALIER, S. BRASSEUR, B. RICARD
Electricite de France (EDF)
France

Abstract

Since the beginning of the French nuclear program, Electricite De France (EDF) has looked
for ways to improve the availability and safety of its nuclear units. Therefore, monitoring systems on
turbogenerators, reactor coolant pumps, primary circuits and core internal structures were designed by
the Research and Development Division and implemented with technologies available during the
1970's. However, mainly because of difficulties for data interpretation by plant personnel, EDF
subsequently decided to design and develop different tools to help plant operators to process a
diagnosis:

• a new generation of the Monitoring and Diagnostic System called PSAD,
• expert systems for diagnosis on reactor coolant pumps (RCP) « DIAPO » and turbogenerator

units (TG) « DIVA »,
• diagnostic guides written for most equipment pending the installation of new monitoring and

diagnosis systems.

The first version of PSAD, installed in five units, performs on-line monitoring of the
turbogenerator shaft line, steam inlet valves, the reactor coolant pumps and the generator stator. The
second version not yet implemented, will include Loose Part Detection (LPD) and Core Internal
Structure Monitoring (CISM). The level of diagnosis achieved by PSAD depends on the component
monitored. The TG and RCP monitoring functions of PSAD compute high level diagnosis descriptors
such as natural frequencies and long term trends but do not elaborate a diagnosis automatically.
However, a diagnostic assistance window is available on-line, whenever a warning message is
displayed, whether for immediate or later action. The window presents a diagnostic approach whose
purpose is to find the causes of the symptoms observed. This diagnosis approach is automated in the
DIVA and DIAPO expert systems. Numerous potential faults can be identified for both systems
thanks to a hierarchy of abnormal situations. The user interactively answers questions when
information is needed to progress in the diagnosis. The resulting diagnosis is a list of various faults
with a corresponding degree of confidence. For Internal Structures Monitoring and Loose Part
Detection in the primary circuit, PSAD can perform a complete diagnosis. Signals from
accelerometers are used to identify the specific vibration modes of the internal structures. Any
evolution of these frequencies is detected and a message is triggered corresponding to a specific fault.
LPD uses the rate of coincident impacts detected in the signal from the different sensors to diagnose a
loose part. Finally, for most equipment, diagnostic guides, including diagnosis procedure and forms
describing the faults, have been offered to plant operators.

INTRODUCTION

Since the beginning of the French nuclear program, Electricite De France (EDF) has
looked for ways to improve the availability and safety of its nuclear units. Therefore, on-line
monitoring systems were designed by the Research and Development Division and
implemented with technologies available during the 1970's.
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The most important on-line monitoring systems concern: monitoring of core internal
structure, loose part detection, turbogenerators, steam valves and reactor coolants pumps. All
these systems are installed on all PWR units.

The data processing modules which were designed for these systems have proven their
efficiency regarding incipient failure detection. The data collected and processed with this
equipment were found to be very valuable for diagnostic purposes.

However several limitations to the existing systems have been identified:

• difficult data interpretation by plant personnel,
• time consuming tasks in routine operation and maintenance of monitoring

equipment,
• difficulty to transmit data between the plant personnel and centralised experts.

EDF thus decided to design and develop different tools to help plants operators to
process a diagnosis :

• a new generation of Monitoring and Diagnostic System called PSAD ("Poste de
Surveillance et d'Aide au Diagnostic" in French), integrating all this experience
feedback through state-of-the-art data acquisition and processing equipment,

• expert systems for diagnosis on the reactor coolant pumps (RCP) « DIAPO » and
turbogenerator units (TG) « DIVA »,

• diagnostic guides written for most equipment pending the installation of the new
monitoring and diagnosis systems.

GENERAL PRESENTATION OF MONITORING AND DIAGNOSTIC SYSTEM CALLED
PSAD

The major features introduced by PSAD are:

• early, on-line detection of operating faults,
• computation of significant complementary data in real time for an efficient diagnosis,
• assistance for the maintenance staff through diagnosis with the use of expert

systems,
• a homogenous user interface for all of the monitoring functions
• the ability to transfer any data to the EDF national analysis centre for further

diagnosis by experts.

PSAD is designed with a flexible hardware and software architecture in order to be
open to new monitoring functions in the future.

The first version of PSAD performs on-line monitoring of the turbogenerator shaft
line, steam inlet valves, reactor coolant pumps and the generator rotor.

Hardware and software design

The hardware architecture is divided into four levels:

• at the machinery level (turbogenerator, reactor coolant pumps, vessel, primary
circuit,...): several real-time Monitoring Units,
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• at the nuclear unit level: the Diagnosis Workstation,
• at the site level: a plant Analysis Workstation,
• at the national level (wherever corporate expert teams are located): Remote

Workstations.
The plant-wide components communicate through local area networks and remote sites are
connected by specialised communications lines.

Figure 1: The PSAD overall hardware architecture.

On-Line Monitoring Units

The on-line monitoring units are located close to the monitored equipment in the plant
and provide continuous acquisition of raw data and real-time processing of physical
measurements. Each of them is dedicated to one or more machines, depending on the
monitoring instrumentation: one monitoring unit can receive up to 150 sensors.

The PSAD system uses the concept of descriptors which represent a significant facet
or characteristic for monitoring a machine.

The raw data make up the Level 1 Descriptors, acquired through specialised
electronic or data processing boards. They include the values related to immediate machine
operation: spectrum analysis, harmonic orders, RMS and peak-to-peak values, A/D
conversion for static signals (temperature, pressure, flow,...), position and movements of
valves, etc....

More specific data are computed by user-specified real-time algorithms using
combinations of level 1 descriptors. These data, called Level 2 Descriptors, provide an
additional significant description of the process which is not directly available from the
sensors, for example rated power.

Level 1 & 2 descriptors are stored locally and monitored to determine if changes occur
in the immediate condition of a machine, in which case warnings are generated automatically.
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Data reduction mechanisms are then applied to all data so that only significant information is
transmitted to the Diagnosis Workstation for storage in the data base.

The Diagnosis Workstation

There is one Main Workstation for each nuclear unit which provides the main user
interface for a PSAD system. Its screen display informs operator teams of malfunctions on
the monitored components: warnings are displayed in different colours depending on their
seriousness.

The Diagnosis Workstation also computes more information, called Level 3
Descriptors, based on the history of level 1 & 2 descriptors provided by the different
monitoring units. They are used to track long term evolution of a vibration for example
(identification of critical speeds and natural frequencies, determination of the sensitivity to
operating parameters). This information gives a complete characterisation of the machine's
operation under normal and abnormal conditions.

All the descriptor values are stored in a high capacity relational data base resident on
the Diagnosis Workstation. Historical data covering the entire machine lifetime are
permanently available on disk, allowing immediate on-line access. Fully automatic backup to
tape drives prevents any loss of data and guarantees minimal unavailability.

The Site Analysis Workstation

The Analysis Workstation is a central access point to the data stored on the different
Diagnosis Workstations of a plant site.

All the graphical and diagnostic functionality of a Diagnostic Workstation is
duplicated to provide parallel assistance with a diagnosis. All data is obtained directly from
the PSAD systems being studied through remote queries of their databases.

The maintenance analysts can thus perform behaviour comparisons and data
correlation between the monitored components of different nuclear units.

Remote Workstations

They are typically located at the headquarters of the Generation and Research &
Development Divisions and are used by national experts or equipment specialists either to
perform general studies of component behaviours or to confirm and complete a pre-diagnosis
initiated on site.

DIAGNOSIS OF TURBOGENERATORS AND REACTOR COOLANT PUMPS BY PSAD

Using sophisticated graphic display software and diagnostic functions , the operators
and experts are able to diagnose the following equipment:

• the turbogenerator shaft line; up to 40 typical faults can be detected: unbalances
(mechanical, thermal and rubbing), misalignment (bearings and supporting structures),
lubrication defects (oil-whip), rotor faults (cracks, blade loss), coupling faults ...

• steam inlet valves; faults such as tightness defects, sticking, seat-body separation, stem
break can be identified.
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• the generator; up to 10 typical faults can be detected such as ventilation problems,
rubbing, short-circuits, rod defects ...

• the reactor coolant pumps; up to 50 typical faults can be detected on the shaft and seals:
bearings and motor like unbalances (mechanical, thermal and rubbing), misalignment
(bearings and supporting structures), rotor faults (cracks, windings), damaged or
sticking seals ...

Diagnostic functions

The operators and experts consult all of these historical data using sophisticated
graphic display software and diagnostic functions including:

• quick and simple selection of the descriptors through explicit diagrams of the monitored
components (see Figure 2 below); sets of descriptors to be graphed constitute a diagnostic
context used to study a specific defect and can be saved and recalled by the various users,

Figure 2 : Turbogenerator diagram for descriptor selection.

a complete set of tools for graphing data: trends, Bode plots, Nyquist plots, spectra,
Waterfall plots, bar charts, etc...

Figure 3 Example of vibration plots.

identification of critical speeds: at the end of each run-down (or run-up), a modal
identification algorithm determines critical speeds, modal damping and modal participation
from measurements acquired in the frequency windows selected for each descriptor (e.g.
bearing sensor 1, amplitude and phase of the 2nd order harmonic); a warning message will
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be triggered if these parameters evolve beyond a predefined threshold during subsequent
speed-transition phases,

• identification of resonance frequencies: while operating under rated conditions, the
spectrum analysis of a rotating machine vibration signal makes it possible to highlight both
the response to harmonic excitations and modal responses to wide band excitations (fluid,
steam, etc.),

• statistical analysis tools: besides monitoring the usual signal levels under nominal
conditions, PSAD implements supervision based on a statistical analysis; its purpose is to
define statistical reference states for the behaviour of machines and to be able to diagnose
mechanical deterioration by following any changes over time,

• determine the sensitivity to operating parameters: at a given operating speed, the PSAD
system computes the vibration sensitivity of the machine to variations of an operating
parameter such as the power or output voltage of a generator; this sensitivity vector is
stored and a warning message is generated if its value progresses beyond configured
thresholds,

• compute a deviation vector: the average vibration vector (1st and 2nd harmonics) of the
vibration magnitude is computed continuously and compared with a reference value;
several types of messages can be generated, depending on the extent or the persistence of
any difference between the two,

• measure valve stroke times during openings and closures: through periodic maintenance
tests, PSAD can detect any variations due to abnormal rubbing.

Diagnostic Assistance

In addition to the functionality described above, a new Diagnostic Assistance function
has recently been added to this system.
Whenever a warning message is displayed, whether for immediate or later action, a diagnostic
assistance window is available on-line. The purpose of this assistance is to:

• explain and clarify the meaning of the message
• help guide the operator through the data analysis steps needed to find the malfunction(s)

which caused the warning message.

The first step of a diagnosis is to recognise the possible malfunctions which may have
caused the observed symptoms, then to verify these hypotheses. The diagnosis window
guides the operator in finding the information which will support or refute each hypothesis.

For example, if the warning message is « step increase of RMS vibration in turbine
bearing X » , the diagnostic assistance will suggest to look for the time of the step event, any
coinciding change in certain harmonics, and any correlation with operating parameters.
Depending on the results of these searches, the tool could suggest such malfunctions as a
loose coupling or the loss of a turbine blade. The final confirmation of a diagnosis is made by
comparing the phenomenon to typical malfunction references or observations from previous
malfunctions.

The diagnostic assistance is not an automatic tool, but when dealing with catalogued
malfunctions, it leads the operator efficiently from a warning message to an optimal
diagnosis.
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DIAGNOSIS OF NEW FUNCTIONS IN PSAD

Diagnostic of Loose Part Detection (LPD)

The primary cooling system in nuclear power plants includes a great number of
components which are subject to repeated stress. Certain parts can break off and be carried
away with circulating coolant until they reach and remain in a specific area called the
"trapping zone". Such objects may weigh several hundred grams and can cause major damage
incurring costly repairs.

While such incidents are rare, an automatic monitoring system must be able to detect
loose parts and alert plant operators when necessary. Loose part detection is based on the
observation of acoustic waves produced by these objects as they hit the walls of the primary
cooling system:

• when a loose part hits the structure of the extended primary cooling system, the
waves produced by the impact are propagated throughout the structure. The
appearance of coinciding transients (called a coincidence) in the signal from the
different sensors of a given zone characterises a mechanical impact.

• as loose parts are trapped, they hit the structure in a repetitive manner. The rate of
coincident impacts is therefore characteristic of a loose part.

Figure 2: Loose part impact characterisation.

The objective of the LPD function is to trigger an alarm only for loose parts (using
noise filtering to avoid false alarms), while alerting operators of any doubtful cases.

Elaborated signal processing has been developed and automatic detection and
characterisation of events are performed by a monitoring unit while automatic statistical
analysis, localisation and graphical analysis of a loose part event, confirmed or suspected, are
performed on the PSAD Diagnosis Workstation.

Core Internal Structure Monitoring (CISM)

Vibration analysis of the core internal structures monitors the good mechanical
behaviour of the hold-down spring, the attachments of the thermal shield on the core barrel,
and the fuel rod assemblies. The potential incidents include loss of functions, rupture of
flexures and deformation, or even rupture of fuel rod assembly spring sets and centring pins.

The CISM functionality must be able to discriminate between true vibration events and
normal changes in vibration amplitude, indicating the transition from one normal state to
another normal state. These different states correspond to different types of contact between
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internals and the vessel. In addition, CISM must be able to ignore the general increase of the
monitoring signal level due to fuel burn up as well as help diagnose any malfunctions not yet
observed.

Monitoring is based on spectrum analysis of two types of signals, each from a distinct
set of sensors:

• ex-core neutron chambers on which the incident neutron flux varies with the
thickness of the water layer between the core barrel and the reactor vessel,

• accelerometers which detect forced vibration of internals on the reactor vessel.

Slow mechanical behaviour changes imply an increase of vibration levels and decrease
of frequencies. The periodic analysis of the vibration of the structures enables detection of
such changes. Furthermore, continuous monitoring of vibration levels enables the detection
of unusual signal variations, pointing out the beginning of some kind of degradation. This
involves monitoring RMS values in frequency bands centred around known phenomena to
detect any values which exceed predefined thresholds.

* 3
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Figure 3: Main modes detected in a neutron noise signature (reactors with cylindrical
thermal shields)

The PSAD diagnosis workstation automatically monitors two kinds of core internal
structure behaviour:

• detection of abnormally low frequencies and diagnosis of current vibration behaviour
• detection of frequency decrease and adjustment for the evolution in the vibration

behaviour since the beginning of the current fuel cycle.

DIVA : EXPERT SYSTEM FOR DIAGNOSIS OF THE TURBO GENERATOR SET

To complete the Diagnostic Assistance function available in PSAD, EDF undertook in
the mid-Eighties to develop an expert system for aid in diagnosis of turbogenerator sets: the
DIVA system. The software has been industrialised.
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DIVA: the diagnosis model

The objective of the DIVA diagnostic approach is to find the causes of symptoms
observed. DIVA draws on the fact that, when a fault occurs, the observations correspond to
abnormal situations which are familiar to experts. These situations are ordered from the most
general to the most specific, to allow for progressive, efficient identification. In general,
when a situation is sufficiently specific, its cause is a specific fault which can then be
diagnosed and characterised. The user responds interactively to questions which enable
DIVA to recognise or reject typical situations it "knows". Finally, DIVA proposes a diagnosis
which consists in the various faults known to be compatible with the situations recognised,
together with the corresponding degrees of confidence. These degrees express the conformity
between the typical fault manifestations and the symptoms actually observed. The fault
identification can refined by additional information as to its location, its possible cause,
possible corrective measures, etc.

DIVA: the knowledge base

Implementation of the diagnostic process depends on a knowledge base containing a
full set of pertinent expert knowledge. The present base allows for identification of 35 faults.
It integrates a description of 90 situations, corresponding to possible equipment state at the
time of incidents occurring at nominal speed, during run-up and run-down. The symptoms
relate to some 150 parameters. The mechanism of recognition used 2,000 rules. This
knowledge base has been extensively tested, validated and refined by experts. It will continue
to evolve independently of the information system, as new operation feedback is collected.
The prototype of DIVA has been developed in co-operation with GEC-Alsthom. The
industrial version has been installed on a nuclear power plant in 1995. Current studies include
possibilities of remote activation in order to centralise maintenance of the knowledge base.

DIAPO: EXPERT SYSTEM FOR DIAGNOSIS OF THE REACTOR COOLANT PUMP
SET

Similarly to what had been done with turbogenerators, EDF decided to develop an
expert system for aid in diagnosis of reactor coolant pumps sets (RCP): the DIAPO system. A
full-scope prototype of the software has been developed with RCP manufacturer Jeumont-
Industrie. An industrial product will be derived from this prototype by the end of 1998.

DIAPO: the diagnostic technique

The objective of DIAPO diagnostic approach is to find the causes of observed
symptoms. To do this, DIAPO exploits several models of RCP failures. Each model covers a
facet of diagnosis: identification of a faulty part, primary cause of a malfunction, category of
problem... Some one hundred potential RCP faults can be identified thanks to a hierarchy of
abnormal situations, a set of cause-to-effect relationships linking the origins of dysfunction to
their manifestations and a physical description of the RCP set associated with knowledge of
where failures are located.

The user responds interactively to questions which help DIAPO to progress in its
diagnosis. For the set of observations which have been made, the final diagnostic result is a
combination of the explanations provided by the different models.
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This fault identification can be refined by additional information as to seriousness,
possible corrective measures, etc.

DIAPO: the knowledge base

Implementation of this diagnostic process requires a full set of pertinent expert
knowledge. Thus the causal description of RCP dysfunction, for example, required the
building of a graph of some one thousand relations. This knowledge base has now been tested,
validated and refined by experts. It will continue to evolve as new feedback is collected.

DIAGNOSTIC GUIDES

The PSAD system is operational in EDF for the monitoring of turbogenerators and
reactor coolant pumps on five units. However, the main components (TGS, RCP and primary
circuit) of the nuclear power plants operated by EDF are monitored continuously by systems
dating from 1970. These systems insure the detection of faults but do not provide enough
assistance for diagnosis.

Therefore, to assist users of power plants and notably in wait for the generalisation of
PSAD, diagnosis guides have been written for the monitoring of TGS and RCP. Concerning
the Core Internal Structure Monitoring and Loose Part Detection, the diagnosis of faults is
carried out by the Research and Development Division. Nevertheless, specific guides have
been written for the experts. Most of the main auxiliary rotating machinery is monitored
periodically using a data collector. A specific project was carried out and its goal was to
produce diagnostic guides.

The principles of all these guides are very similar. They describe the method of
diagnosis and list necessary information. They contain the following information:

• forms of evocation gathering the different types of machine behaviour by symptoms,
• catalogue of monitoring and diagnostic methods,
• forms of faults detailing each listed defect and giving actual examples of these faults,
• the diagnosis procedure (symptoms/faults) that can be limited to a table of evocation,

which gives a synthesis of most probable defects.

EXPERTISE ORGANISATION IN EDF

All the diagnostic tools described in this document are dedicated to plant operators,
who perform the first analysis. To assist them in performing complex diagnoses, teams of
diagnostic experts for major components have been formed at EDF for many years. The
decision has been taken to structure theses teams in a diagnostic expertise network :

• operating services, whose goal is to help plant operators to prepare maintenance, for
example determining machine behaviour,

• maintenance and development of knowledge, for example producing expert system
and guides,

• animation and co-ordination of the expertise network.

The project started in 1998. The purpose is to optimise efficiency in services rendered
to the plants.
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CONCLUSION

The optimisation of maintenance notably by the use of condition-based maintenance,
constitutes an important step in the reduction of maintenance costs at EDF. Condition-based
maintenance requires not only knowledge of the state of the equipment with the help of
monitoring systems but also the anticipation of its evolution. Diagnosis of the condition of
equipment constitutes an mandatory preliminary for prognosis. The PSAD system has been
designed to help operators to optimise maintenance of the monitored equipment. The
detection aspect is achieved for all the monitored equipment. The part of played in diagnosis
by PSAD depends on the equipment. Thus, when the number of faults is limited (Loose Part
Detection) or when the relationships symptoms/faults are simple (Core Internal Structure), the
operation of diagnosis is performed with the use of algorithmic software inside PSAD. For
monitoring functions such as TGS, RCP and generator monitoring, it has been necessary to
develop expert systems based on artificial intelligence mechanisms, because of the great
number of faults and the complexity of the diagnosis process. Feedback in the use of
diagnosis tools shows difficulties to valorise these products. They demand an important
implication and competence from users who often prefer as far as vital equipment is
concerned, to insure the diagnosis with the help of manufacturers or EDF experts.
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