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Abstract

This paper focuses on the scheduled Stuation assessment of dynamic physica
systems to which testing is not gpplied. Firdt, a st of modeling concepts as to
physical system operation is introduced: such concepts stress the importance of the
role played by sysem parameters, which are a number of physica, chemicd,
dimensiond, structural, spatid properties of the physical system at hand. So, Situation
assessment is defined as the task of determining the current system parameter values
of agiven physicd sysem. Since parameters are evolving over time owing to wear
and tear phenomena, a set of assumptions as to the dynamic evolution of the values
of syslem parameter is discussed. Then, a logicd modd for the accomplishment of
the task of Situation assessment is proposed and its cognitive plausbility is proven by
means of a case study.

1 I ntroduction

Stuation Assessment (SA) is a quite important task in order to improve the
availability, rdiability and safety of physica systems, on one hand, and to reduce their
maintenance codts, on the other. Improving the availability is relevant especidly for
sysems which are vitd items of equipment in indudrid plants. Improving the
religbility is particularly sgnificant for physica systems whaose operation has to fulfill
requirements on qudity sandards. Improving safety is the prime god in the
management of physica sysems whose misbehaviors may have dangerous
consequences for people. Reducing maintenance costs is a god in the management
of every physcd sysem. To achieve dl these gods, SA is more and more often
amed a detecting the interna problems of a given physcd sysem posshbly far



before they may have undesired consequences. Once the problems have been
isolated, proper maintenance actions are planned either automaticaly or by the
operator. The task of SA isusudly carried out by engineering staff, and sometimes,
for particular systems, even by specia gurus. Many successful attemptsto provide an
automatic support for SA are registered in the literature. Nowadays, automatic SA is
usudly a subtask of condition monitoring, which includes a regular and consistent
data collection and the interpretation or anadyss of these data. This gpproach,
however, assumes that the physcd sysem is available to be monitored, while
monitoring is not possble for dl physcd systems during everyday operdion. The
current practice for physica systems that cannot be monitored neither continuoudy
nor periodicaly is scheduled SA. Such SA is the focus of this paper, which proposes
a new gpproach for carrying out the task on dynamic physicd systems. Unlike
existing approaches to scheduled SA, which condst in the knowledge-based
interpretation or the numeric anadysis of measures, without consdering any further
information, our approach suggests to exploit adso the record of the past history of
the system whose situation has to be assessed.

The paper is organized as follows: Section 2 presents a background for the task
of SA; Section 3 describes a taxonomy of modeling concepts about the physical
systems taken into account by SA; Section 4 explores the laws governing the wear
and tear phenomena affecting physica systems and proposes alogica modd for the
accomplishment of the task of SA; Section 5 presents a case study; findly, Section 6
briefly draws some conclusions.

2 Background

Situated reasoning [1][2] is an advanced agpproach to the SA of dynamic physica
systems. State-of-the-art software products [3] for SA are on-line knowledge-based
sysems, endowed with a hierarchica functiond architecture [4], that make use of
heterogeneous knowledge representations at the different levels of the hierarchy. The
lowest hierarchical level exhibits a reective behavior, that is it takes into account the
current Situation of the physica system under control and makes decisons about
reactions within a guaranteed response time, without relaing such Stuation to past
ones. Thisis quite proper for finding out pre-aarm or darm Stuations and reacting to
them. Upper levels, instead, perform tempora reasoning in order to relate the current
Stuation to previous ones. their god is to perform a diagnoss, that is to trace back a
st of symptoms that have manifested during system operation to the fault/s that
caused them. This god may be achieved by the cooperation of multiple diagnostic
toals, chiefly by accomplishing a modd-based diagnosis [5]. By definition [6],
symptoms are discrepancies between the actual and the expected behavior of agiven
physcd sysem of interest. In dynamic systems, symptoms are not only datic
deviations from the nomina behavior, asin gatic systems, but dso incorrect dynamic
evolutions. The output of the task of diagnosis is a set of faults, that is a st of



hypotheses of abnorma behavior by one or more system components. Based on the
number and on the nature of the variables consdered in order to detect symptoms,
diagnosis can isolate elther faults at advanced stages or even minor problems.

The approach to SA described above is based on condition monitoring, that is
on the continuous or periodic measurement and interpretation of data to indicate the
condition of the physicad system a hand. The kinds of information which are rlevant
to indicate the condition depend on the consdered physica system and may be quite
different in nature. So, for indance, there are physica sysems for which it is
important to make an interpretation of the results of visud ingpections, and
mechanica systems for which the values of measurements as to the vibrations [7] or
the high frequency acoustic emissons are quite sgnificant. However, performance
monitoring, that is the acquistion and interpretation of the vaues of a number of
sdected output variables while the physical system is working, is an gpproach of
generd vadidity to condition monitoring.

Condition monitoring is caried out in order to determine the need for
maintenance actions. So, there are Stuated reasoning systems where condition
monitoring and condition based maintenance are coupled each other in a waterfall
fashion. Condition based maintenance proposes preventive actions only when a
condition (belonging to a given set) occurs, that is only as and when they are needed.

However, not dl physical systems for which SA is needed can be monitored. In
fact, monitoring is ineffective when measures are scarcely accurate. The results of
monitoring, which is carried out with the physcd sysem in operation, are less
precise than the results of laboratory tests. Unfortunately, sometimes the imprecison
of such data, which depends on the qudity of the acquisition equipment, may make
them usdess. In these cases, @ther an enhanced data acquidtion equipment is
adopted or, if the former choice is too expensve or unfeasble, monitoring is
abandoned. Besdes, condition monitoring is unpracticd when taking measures
heavily interferes with system operation. Still more, there are casesin which condition
monitoring is useless and, therefore, is not performed: this happens when the critica
conditions that foretell catastrophic events can be recognized only with too short
advance.

So, in current practice, in dl the cases when monitoring is unpractica or
disadvantageous, the physcd sysem is subdued to scheduled preventive
maintenance and to scheduled SA. Scheduled preventive maintenance is carried out
every time afixed time interva has egpsed or a certain (quantified) amount of work
has been accomplished by the conddered sysem. This means that routine
maintenance actions are conducted according to predefined plans, independently of
the dtuation of the system. Performing a scheduled SA means checking the system
Situation according to a predefined timetable. Each scheduled SA session takes into
account a number of results of measurements performed on the physica system.
Measures may be taken passvely, that is while the physcd system is operating and
without modifying the course of system operation, and/or actively by testing the



sysem, that is by gpplying to the system one or more input patterns and measuring
the corresponding output configurations. There are, indeed, physical systems for
which a prdiminary SA is fird caried out without performing any teging. This
typicaly happens when testing is very expensve, snce, for insance, it needs the
sysem to be put out of service or requires a particular equipment which is not
available in the working site. Only in case the prdiminary SA has estimated a very
critical Stuation of the congdered physicd system, a codt/risk andlysis is performed
in order to decide whether to carry out possible testing actions or not, so that to
confirm or refute the results. Once the SA has been completed, further maintenance
actions may possibly be accomplished, based on the actud, just checked, condition
of the system.

The focus of this paper is on the scheduled SA of dynamic physica systems, in
particular on preliminary SA, that is on SA which is carried out without performing
any testing action. The authors have redized that such SA could take into account
further information besides the current "passive’ measures of the consdered system.
In particular, such SA could take advantage of information about what has happened
to the system in the interva from the time when the latest SA was performed up to
now as well as of the results of possble off-line measurements carried out in the
same interva. This paper proposes a logicd modd for the accomplishment of the
task according to this direction.

3 Concepts and assumptions

SA isintended to estimate the current Stuation of a physical system of interest. But
what is indeed the "Stuation” of a physicd sysem ? Our atempt to formdly define
the meaning of "Stuaion” and then to say how the task of SA can be peformed is
based on severd concepts as to dynamic physica systems and on some remarks
about the concept of fault, asit is briefly summarized here below. Such concepts and
remarks are abdract, in the sense that they are independent of any implementation
concern, so that development problems cannot be mistaken for modeling issues.

3.1 Context graph

In our modeling gpproach, a physica system is described by the so-caled context
graph, since, in the authors opinion, this concept is easy to be understood and at the
same time very useful for giving an ingght into physca sysems. The nodes of this
graph are caled operating modes, the arcs are cdled operating trangitions. An
operating mode is a way of functioning of the physcd sysem, owing to one
physicad process. We may assmilate the physica system, when it is working within
an operating mode, to a virtua machine devoted to the implementation of a angle
physica process. The same physica system, however, may support, in different
times, distinct processes, that is the same physical syssem may give place to severd
virtud machines. An operating transition is a way in which the physca sysem is



dlowed to move from one operating mode to another. From a physica point of
view, an operding trangtion is the transent of the physical process associated to the
target operating mode. Then the number of physical processes supported by a
physica sysemisequd to the number of operating modes in its context graph.

A context graph process is a physca process supported by the physica
system: such process is described in the context graph by an operating mode and by
al its entering operding trangtions.

A context is ether an operating mode or an operating trangtion. Each context
belongs to one context graph process.

3.2  Systemvariables

Given aphyscd process, three finite sets of variables are associated to it: the set | of
input variables, the set O of output variables and the set Sof state variables.
Therefore, Since each context graph process represents a distinct physical process, a
digtinct triple (,0,9) is associated to it. The st of input variables is digoint from
those of output and date variables. Input variables include dl those variables that
drive, regulate, and affect system operation from the outside, while output variables
are variables whose vaues are produced a any moment by the operation of the
physical sysem. State variables are the variables whose vaues a a given indant tg
are absolutely necessary, together with the values of input variables over the interva
fromtg tot, in order to determine the vaues of output variables at any indtant t later
than t,. From this definition of state variables, it descends thet

a) thevduesof output varidbles at any given indant t, indicated by O(t), depend
on the values of input variables and state variables at that ingtant, indicated by
[(t) and S(t) respectively, that is
O(t) = f(S(1),1(1)); 1)

b) thevaduesof dae variadlesat any given ingant t depend on the vaues of date
variables a a generic previous ingant t, and on the vaues of input variables
over theinterva from t, to t, indicated by 1[tg,t], thet is
1) = 9(S(to).1[to.t])- 2

Note that relations (1) e (2) are expressed in an andytic way just for the sake of
clarity while explaining our view of dynamic physcd systems: the adoption of the
andytic language does not mean a dl tha this is the formadism we propose for
describing the operation of physical sysemsin order to carry out the task of SA.

Each physica process supported by the physica system is characterized by its
own couple of relations (1) and (2) and, vice versa, each distinct couple (relation
(2), relation (2)) corresponds to only one physical process. So, there is a distinct
couple of relations (1) and (2) for each context graph process. Each context inherits
the (1,0,9) triple and the (relation (1), relation (2)) couple of the context graph
process it belongs to.



The union of the sets of input variables of dl the context graph processes in the
context graph isthe set of dl the input variables of the physica system, indicated by
A. The union of the sets of output variables of dl the context graph processes in the
context graph isthe set of dl the output variables of the physica system, indicated by
W. The union of the sets of State variables of dl the context graph processes in the
context greph is the st of dl the posshle sae variables of the physica system,
indicated by S.

3.3 Nominal behavior

The physicd system was designed o that to behave in a desred way within each
context. Given the (I,0,9) triple associated to a context, by behavioral space of that
context we meanthe I’ S O space, that is the ni+ns+no dimension space defined
by the ni diginct input varigblesin |, the ns distinct Sate varigblesin S and the no
diginct output variablesin O. By nominal behavior of the physcd sysem within a
context we mean the behavior the system has to exhibit when operating in that
context according to its design specifications. Such behavior is expressed by:

a collection of points in the behaviora space of that context, caled nominal
working points

a collection of sequences of points in the 1" S space of that context, called
temporal paths; the points of each sequence are ordered on atempora basis,
each sequence represents a way of navigating within the domain of the nomina
behavior over time.

From a forma point of view, the way the sysem behaves in a given context is
governed by the rdations (1) and (2) of that context. Then the nomina working
points have formaly to belong to the f function of the consdered context, while
tempord paths have to comply with relation (2). Owing to physicd and teleologica
condraints, usualy the nomind behavior is not defined on the whole |I” S space, but
only on a doman which is included in that space. By projecting the domain of the
nomind behavior of a given context on the S space, we obtain the domain of dtate
variables. Each context is characterized by its own domain of date variables. The
domain of date variables of a context graph process is given by the union of the
domains of gate variables of dl the contexts belonging to that context graph process.
The domain of date variables of a context graph process is digoint from the domains
of date variables of dl other context graph processes.

The A" S” W space is caled system behavioral space. The domain of the
nomind behavior of the whole physcd system is the union of the domains of the
nomina behavior of al the contexts in the context graph of the physcad system and
can be represented inthe A” S space.



3.4 System parameters

From aredigtic perspective, to each point in the domain of the nomina behavior of a
given physcd system within a context, thet is to each vdid couple (input variable
configuration, state variable configuration), does not correspond a single vaid output
variable configuration, but many possble configurations which are dl acceptable.
Therefore, in order to guarantee the nomina behavior of the physica system within a
given context, each one of the parameters in the physica law syntheticaly expressed
above by the equation (1) of that context is not bound to have a fixed vaue, instead
its vdue may usudly range over an intervd. Since O(t) dependson S(t) and S(t) is
given by function g, the same condderation is vaid aso for the parameters of
function g. The fact that parameters may have interva vaues primarily accounts for
the genericity related to the sample artifacts of a given series.

Each (relation (1), relation (2)) couple, describing a physicd process,
univocaly corresponds to a context graph process. Then, a finite set P of system
parameters is associated to each context graph process: P is the union of P and
Pg. where Ps isthe set of parameters of relation (1) and Pg is the set of parameters
of reaion (2). Sysem parameters represent physicad, chemicd, dructurd,
dimensona and spatia properties affecting system operation from insde. The set of
sysem parameters may differ from one context graph process to another since, for
ingance, a parameter corresponds to a system component which is involved in the
former process but not in the latter. The set P of dl the parameters of the physicd
system is given by the union of the sets of system parameters of dl the context graph
processes represented in the context graph.

Each context inherits the P set of parameters of the context graph process it
belongs to. So, given the (,0,9) triple and the P set associated to a context of a
dynamic physcd sysem of interest, the domain of the nomind behavior of the
physica system within that context isindeed included inthe I” S P space, thet is the
ni+ns+np dimension space defined by the ni didinct input variables in 1, the ns
diginct sate variablesin S, and the np distinct system parametersin P. To each point
in this subspace, that isto each vdid triple (input variable configuration, Seate varigble
configuration, system parameter configuration), corresponds in a deterministic way a
sngle vaid output variable configuration.

By projecting the domain of the nomind behavior of the physicd system within a
given context on the P space defined by the np parameters belonging to the set of
sysem parameters of that context, we obtain the domain of system parameters within
that context. So each context has its own domain of system parameters, placed in the
P gpace defined by its own set of system parameters. The domain of the system
parameters of a given context can be "transported” in the P space defined by the
sysem parameters of the whole physica system, thus yidding the so cdled P
_domain of the consdered context, by assuming that the doman of each p
parameter which belongs to the difference set (P-P) isthe whole p axis. Based on



this assumption, the domain of system parameters of the whole context graph, thet is
the domain of system parameters of the physica system, is the intersection of the P
_domains of system parameters of dl the contexts in the graph.

35 Actual behavior

The behavior actudly exhibited by the physica sysemis cdled actual behavior. At
every moment, a physca sysem is working in a specific point of the sysem
behaviord space, called actual working point.

At agiven ingant, the actua behavior isnormal if i) the actual working point isa
nomina working point, and i) the past evolution of the Sate variable configurations
followed a tempord path; otherwise, the actua behavior is abnormal. The causes
for an abnormal behavior may be twofold: externd and/or interna. Externa causes
cond<t in the gpplication of incorrect input configurations: a a given indant, assuming
that the current configuration of date variables belongs to the projection of the
domain of the nomina behavior of the whole context grgph onthe S space, the input
configuration is incorrect if the couple (input configuration, Sae variable
configuration) does not belong to any tempord path. Externd causes of misbehavior
are beyond the scope of this paper.

Interna causes are cdled faults they are incorrect parameter configurations,
that is configurations of systlem parameters which are outsde the parameter domain
of the context graph. We say that the physica system is healthy if the vaues of its
parameters are within the parameter domain, is faulty otherwise.

3.6  Assumptionson parameters

At the beginning of its active life, every atifact is usudly certified to have sysem
parameters whose configuraion of vaues is within the parameter domain. In this
condition the physcd system is hedthy and, if no incorrect input configuretion is
goplied to it, exhibits an actud behavior that complies with the nomina behavior.
However, in the length of time it may happen that the behavior of the physicd sysem
does not comply with the nomina behavior any more. This can be explained only by
assuming that the configuration of the vaues of system parameters has changed and
has moved outside the parameter domain.

In previous diagnogtic approaches in the literature, system parameters are
consdered as having fixed vaues in each individua system. Insteed, in our approach,
sysdem parameters have not congant vaues, on the contrary their vaues are
assumed to be progressively changing over time, as it happens in red life owing to
wear and tear phenomena. Since parameters are not constant, they have to explicitly
appear in the model of the physica system. So, the reations (1) and (2) of every
given context graph process have to be corrected as follows:

O(t) = £(S(1),P(1).I(1)), (1)

St) = g'(Sto).Pltot.1[to,t]), (2)



where P(t) represents the configuration of system parameters at indtant t and P[t,t]
represents the configurations of system parameters over theinterva from ty to't.

We have assumed that the vaues of sysem parameters are progressvely
changing over time. Also the vaues of dae variables are changing over time but
reaions (1') and (2') make it clear that Sate variables and system parameters play
different roles. In fact, the evolution over time of date variables is ruled by the
underlying evolution of physicd processss, it is dedred and instrumentd in obtaining
the expected behavior of the physcd sysem. Besdes, such evolution can be
properly driven by means of input variable vaues. The evolution over time of the
vaues of system parameters, instead, is ruled by wear and tear phenomenaand isan
undesired, and - to some extent - ungovernable, Sde effect. Such evolution can only
be changed from time to time by means of maintenance or replacing actions. Another
difference between date variables and parameters is that parameters represent,
ether directly or indirectly, properties of the physical system and of its components,
while gstate variables are properties of the physica processes supported by the
physicd sysem.

3.7 Faults and symptoms

A physca sysem is faulty if its configuration of sysem parameters is outside the
parameter domain of its context grgph. This implies that there exids a least one
context whose current configuration of parameters is outsde its own parameter
domain. Limiting our atention to relaion (1') of this context, if one or more
parameters of this relaion are outsde the parameter domain of the context itself,
there exiss a least one couple (input variable configuration, date variable
configuration) such that the input variable configuration, if it is goplied when the
physicd system is working in the state defined by that Sate variable configuration,
produces an abnormal behavior. This means, however, that a physica system may
be faulty even if no symptom has so far manifested during system operation. In fact, it
may be that the physca system has so far been working in contexts belonging to
context graph processes where no symptoms can manifest sance, for ingance, the
physica parameters having incorrect values correspond to system components that
do not take part in the operation within such processes. Or, it may be that, even if
the physica system has so far been working in contexts belonging to context graph
processes where some symptoms could potentialy come out, no couple (input
variable configuration, state variable configuration) which produces incorrect outputs
has been encountered. Let us consder a context and a state variable configuration
that belongs to the projection of the domain of the nomind behavior within that
context on the S space. A domain of input variables corresponds to that state
vaiable configuration: such domain includes dl the input varidble configurations,
belonging to the projection of the nomina behavior within the consdered context on
the | space, that can be gpplied to the system when that is the current state variable



configuration. Such domain of input variables can be partitioned in two subdomains
in relation to a given parameter configuration which is incorrect for the consdered
context: the subdomain of non-symptomeatic input configurations and the subdomain
of symptomatic input configurations. Non-symptomatic input configurations are
particular combinations of input varigbles that result in a "compensation” of the
anomay of sysem parameters, thereby preventing the operation of the physical
system from producing any symptoms. Symptomatic input configurations, instead,
are dl the other configurations of input variables in the considered input domain: they
do not mask the anomaly of system parameters and therefore give rise to symptoms.
This is quite andogous to what happens in software systems, where run time errors
may ether manifest themsalves or not, depending on the vaues of input data.
Anaogous consderations are vaid aso for rdaion (2'). So, knowing the current
configuration of the sysem parameters of a physcd system means knowing dl its
faults, have they manifested themselves as symptoms during system operation or not.

4 Situation Assessment: definition and logical model

Previous sections evidenced the importance of the role played by the system
parameters of a dynamic physicd sysem and how the current configuraion of
sysem parameters is actudly a measure of the hedth of the physica sysem. We cdl
wear state of a physcd sysem a a given indant the configuration of system
parameters at that instant and define SA as the task of determining the current wear
date of agiven physica sysem.

So far, we have genericaly dated that the evolution of the values of system
parameters over time is ruled by deterioration phenomena and its course can be
changed by means of maintenance or replacing interventions. This, however, is not
enough for setting up atheory of SA. Then, in the next sections further concepts and
assumptions on thistopic are introduced.

4.1 Deterioration and maintenance

In the rationae of this paper, deterioraing a physica system means changing the
vaues of its paameters. Also mantaining a physca sysem means changing the
vaues of its parameters. Intuitively, however, deterioration phenomena tend to bring
the configuration of system parameters outside the parameter domain of the physica
system, while maintenance actions tend to bring it indde the parameter domain.

We cdl maintenance interventions of a given physcd sysem dl the fixing or
replacing interventions that can be caried out on the sysem. The vaues of the
changes a maintenance intervention produces on system parameters depends on its
kind and on its "intengity”.

Deterioration phenomena are, of course, system dependent. The categories of
causes of deterioration, however, are common to most physical systems: they are the



length of time, the operation of the physca system, the accidents occurred to the
system, and the invasive diagnogtic actions carried out on the system.

As time goes by, it progressively modifies the vaues of the parameters of a
physca sysem. For example, the sysem may be made of chemicd substances
which are heavily affected by the length of time.

As to the operation of the physcd system, it may comply with the nomina
behavior or not. If the behavior of the physicd system complies with the nomina
behavior, it may fulfill itstechnical constraints or not. In fact, there exists a specific
st of technical condraints for each context and one for the whole context graph.
Such condraints state how to drive the operation of the physicad sysem on a
tempord basis so that not to overcome its congtructive technica limits. For instance,
a condraint regarding a sngle context may date tha the physica system can work
uninterruptedly in that context only for a limited time intervd, lest the sysem may be
damaged. It is intuitive that working in different nomind points and ether fulfilling or
not technica requirements is likely to produce different changes of the vaues of
system parameters.

By definition, the accidents of a physca sysem are dl the fortuitous events
which may damage the system, while the diagnostic activities of a physica system
are dl the invasive activities which can be carried out on the system for diagnostic
purposes. The changes of the values of system parameters produced by each single
accident or diagnogtic activity depends on itstype and on its "gravity".

4.2  External history, state history, and internal history

The concept of externa history is amed a gathering dl the exogenous actions
causing changes of the values of system parameters, as they have been applied to the
system over agiven intervd.

The record of: 1) input variable vaues, 2) accidents, 3) diagnogtic activities, and
4) maintenance interventions, in a time intervd is cdled external history of the
sysem in the given interva. The vadues of input variables gpplied to the system
determine system operation. The operation of the system, that is its working points,
cannot be recorded since we are deding with physica systems that cannot be
monitored.

In the course of the life of the system, the vaues of date variables and system
parameters are incessantly changing. The progression of state variable configurations
and system parameter configurations over a given interva are caled state history
and internal history of the system in the congdered interva, repectively.

4.3  Thedynamic evolution of parameters

A basic assumption of our modding approach to physca systems it that, given a
physcd sysem and a generic time interva, the internd history of the sysem in this



interval depends on the initid wear state adong with both the state history and the
externd history of the systlem throughout the interval. More formaly:

P(t) = h(P(to),Jto.t] H[to,t]), ©)
where H[ tp,t] isthe externd hitory of the system over intervd [ tg,t] .

Roughly spesking, what happens indde the system is the consequence of what is
gpplied to the system from the outside but depends aso on the configuration of state
variables a the moment each outside action is gpplied to the system; 0, the same
outside actions applied to different wear states and/or state variable configurations
have different effects. In other words, the current wear date of the system is the
consequence of the externad history of the system throughout its life, but distinct
sample sysems which have had the same externd hisory may have different current
wear dates, depending on their wear date at the beginning of their lives. In fact,
according to our gpproach, the wear dtate of a physicd system when its active life
darts is different from one sample system to another, that is a physicd sysem may
be more or less worn out than another of the same type even from the very
beginning. The successive evolution of the wear date is affected by the combined
effect of the actionsincluded in the system externd history.

According to (2, the state history of a physical system depends on the interna
history and, vice versa, according to (3), the internd history depends on the date
history. This points out thet the problem of computing in an andytic way the evolution
of the wear date of a physicd system over time is untractable and then such problem
has to be faced by qudlitative physics approaches.

44  Alogical mode of the task

The method we propose for estimating the current wear state of a given dynamic
physca system (to which testing is not gpplied) is based on the corroboration of two
disinct methods, having different input information.

The first method uses the wear sate and the state variable configuration at the
moment the latest SA was accomplished and the externd history of the system from
that ingant to the current ingtant. Such method is founded on relation (3) and consgsts
in smulaing the evolution of the vaues of sysem parameters over time, from the
latest time a SA was performed up to now, so that to estimate the current values of
dl sysem parameters. The smulaion of the internad higtory requires dso the
samulation of the gate history. Then, a amulation engine has to be avallable, which
performs a tempord reasoning. The smulation may take advantage of the results of
poss ble off-line measurements carried out in the consdered interval.

The second method is the more traditiond: it avoids congdering any past
information and congsts in taking measures of both observable system output
variables and system characteristics. Such measures have to provide, ether directly
or indirectly, the vaues of as many parameters as it is possble. At the end, the
results produced by the two digtinct methods have to be fused into one estimate of



the current wear state. Once the current wear state has been assessed, it has to be
checked whether the current configuration of sysem parameters is within the
parameter domain of the physicad system or not. In the latter case, specid warnings
have to be displayed.

45 K nowledge sour ces

The task of SA, as defined in the previous sections, is knowledge intensve and, to a
great extent, reasoning mechanisms are independent of the particular physicd system
a hand. Then SA lends itsdlf to be faced by exploiting the knowledge-based system
technology. The fundamenta knowledge sources needed for performing the task are
listed below.

Modded context graph. This is the knowledge as to the nomind behavior of the
given physicd sysem. The modeled context graph is bascdly the context graph
introduced above wherein the nomind behavior is described by means of models.
We do not make any assumptions as to the epistemologica type of the modesto be
used: it depends on the knowledge available on a case by case basis. The triple
(1,0,9), the P =, the domain of the nomina behavior, the technical condraints, a
behaviord modd and a state model have to be associated to each context in the
context graph. The behavioral model isamode that embodies equation (1), thet is
that enables to compute/estimate the values of output varigbles a any instant based
on those of input variables, date variables and system parameters at the same ingant.
The state model, instead, is a modd that embodies equation (2), that is, given an
initid State varigble configuration, the state mode enables to compute/estimate the
evolution of Sate variables over atime interva, based on the vaues of input varigbles
and sysem parameters throughout the interval. Besdes, the set of technical
congraints regarding the whole context graph has to be associated to it.

While smulaing the evolution of the values of sysem parameters over a past
interva, the behavioral models can be used so that to determine the vaues of output
vaiables a an ingant an off-line measurement was taken. Then, the actud results of
such measurement can be compared with the expected ones, determined based on
the vaues of system parameters estimated by the smulation, so that to confirm or
refute the Imulation.

The state moddls can be used o that to determine the evolution of Sate variable
configuration which, according to relaion (3), in necessary in order to assess the
current Stuation of the system.

The domain of system parameters can be used in order to find out posshble
system faults that have not yet manifested as symptoms.

Each nomind working point is univocaly identified by a point in the domain of
the nomind behavior. So, the domain of nomina behavior may be divided into
regions, each one having its own associated wear modd: when the physicd systemiis
working in correspondence to a point of a region, the effect produced by the



operation in that region on the values of system parameters can be estimated by using
the associated moded!.

Classes of accidents. This is the knowledge as to the accidents of the physica
system.

Classes of diagnogdtic activities. This is the knowledge as to the diagnostic
activities of the physcd sysem. Both accidents and diagnosgtic activities may be
organized into classes, where each ingtance of a class is characterized by its own
gravity dimensions. The detrimenta changes of the values of sysem parameters
produced by each instance depends on its type and on the vaues of its gravity
dimensons

Classes of mantenance interventions. This is the knowledge as to the
maintenance interventions of the physica system. Such intervention may be classified
and each class may be characterized by one or more intensity dimensions. The
beneficia change of the vaues of systlem parameters produced by each ingtance of
maintenance intervention depends on its type (that is on the class it belongs to) and
on the vaues of itsintendty dimensons.

Wear knowledge. This is the knowledge needed for estimating the changes of
the values of system parameters produced by each possible action that can be
goplied to the system from the outsde. The wear knowledge has to provide the
means for associaing to each possible action in the externa history (thet is to each
possble input variable configuration or ingance of the classes of accidents,
diagnodtic activities and maintenance interventions) the changes of the vaues of
system parameters such action produces; these changes depend on the specific wear
date and Sate variable configuration of the system at the moment the action was
goplied. Besdes, the wear knowledge has to provide the means for estimating the
changes of the vadues of sysem parameters produced by the smultaneous
occurrence of more than one outside actions. So this knowledge, which is uncertain
in nature, enables to determine the internd higtory of the physical system based on
the externd history.

5 A casestudy: power transformers

Power transformers are very expensive and critica components in electrica power
sysdems. Ther outage directly affects the production and generdly causes a
substantial economica loss. Moreover, hazardous events, such as an exploson or
fire, may occur, with safety-critical consequences and a negative impact on plant
avallability.

Since trandformers are datic machines, with a very smple input/output function,
there are no externa symptoms ussful for detecting incipient faults while they are in
operation. This is why power trandformers are devices which are not directly
subdued to continuous monitoring: only the network fed by a power transformer is



monitored. Besides, transformer testing can be carried out only when the transformer
is out of service and is therefore performed only in exceptiond cases, after some
suspicions about transformer Stuation have dready arisen. For dl these reasons, the
SA of power transformer is a scheduled task which is usudly carried out by experts
(who are a very criticd resource for dectrica companies) without performing any
testing. Domain expert use their knowledge, accumulated through years of on-field
experience, in order to asess transformer dtuation darting from some smple
measurements that can be performed while the transformer is in operation. Electrica
utilities are, therefore, sgnificantly interested in scheduled methods to assess the
hedth of power tranformers and to timely diagnose abnorma phenomena which
may lead to afault.

In the last few years two of the authors have been involved in researches about a
knowledge-based system for the SA of power transformers. The approach followed
in such researches, which led to the implementation of a fully working prototype [8],
concentrated on the interpretation of the results of measurements performed on the
working transformer. The interpretation takes into account not only the last
measurement results only but aso the past history of the device. Past history includes
results of previous measurements, the historical record of load profiles, maintenance
interventions, and externa anomalous events. What experts actually do is comparing
and corroborating the estimate that they may formulate based only on the device
higtory with the estimate that can be derived from last measurement results, as it will
briefly be described in Section 5.7. Thisisindeed the logicd modd for accomplishing
the task of SA proposed in this paper and the authors claim is that this approach is
cognitively plausble for severa classes of physica systems.

In the following the knowledge available for carrying out the task of SA for
power transformers is described. Such knowledge is classified after the fundamental
knowledge sources listed in Section 4.5.

51  Modeled context graph

This section is split into two subsection, the first dedicated to the models describing
the nomind behavior and the state behavior of power transformers, and the second
dedicated to the mogt important sysem parameters affecting the transformer
behavior and their domains.

511 Models

Since the goa a power trandformer has to accomplish is only one and very smple,
namely to modify the ratio between voltage and current of eectric power (idedly
without any power 0ss), it can be modeled as a device having only one operating
mode. Behaviord and state modedls of power transformers, however, are seldom
available as far as wear and tear processes are concerned and they are not used asa
primary method by SA experts.



5.1.2 System parameters

The actud dructure of a large power transformer is very complex, however for the
sake of this pgper we can consder a smplified partid mode involving the following
components.

copper windings through which current flows. In three-phase transformers there
are three couples of concentric windings: the ratio between the number of turns
of the couples of windings determines the trandformation ratio;

insulating paper which wrap up the turns of the windings in order to prevent
ghort circuits,

insulating minera oil within which dl the other components are immersed. Oil has
both the god of contributing, dong with the paper, to the insulation between
windings and other metdlic parts, and of cooling, by naurd or atificid
circulation, the parts which are subject to heating due to various types of power
losses.

For each of the components listed above, one or more parameters can be defined
which influence trandformer behavior and whose progressve variation during
operation may eventudly lead to the occurrence of criticd faults.

Winding parameters. For windings, the only parameter we congder here is
deformation. In fact, their geometrical shape is idedly cylindrica but can be subject
to progressive deformations during the operations, mainly due to severe mechanica
stresses caused by externd short circuits. Even though a transformer may continue
norma operation in presence of partiadly deformed windings, the problem is that
deformed windings are subject to phenomena of mechanicd ingtability, so that the
occurrence of new short circuits may eventualy destroy them.

. Paper parameters. For insulating paper, the main parameter is the polymerization
degree, i.e. the mean length of the polymer chains composing it. This parameter is
drictly related to paper compactness and to its mechanica srength. During
transformer operation, paper heating determines a progressive breaking of polymer
chains, s0 tha the polymerization degree decreases with respect to the initid vaue
and paper tends progressvely to crumble, especidly when it is mechanicaly
stressed, i.e. in presence of externd short circuits. If paper around windings breaks
or crumbles, windings are no more insulated and a short circuit may occur within the
transformer, with dramatic consequences (fire and explosion) because minerd ail is
highly inflammable.

The initid vaue of polymerization degree for norma new paper is known, as
well as the lowest threshold vaue below which the transformer should not be kept in
savice.

Oil parameters. For insulaing oil, two parameters, whose nomind ranges are
known, are worth consderation: acidity and didectric strength. Oil acidity increases
progressively from the initia vaue due to chemica phenomena reated to oil heating



during operation. When acidity is aove a given threshold, oil begins to corrode
paper and metalic parts: in these cases it has to be subjected to a complex (and
expensive) trestment in order to reduce acidity.

Didectric strength is the most important oil property, sSince it guarantees electric
insulation. Various causes, both related to specific abnorma phenomena and to
normd oil aging, may provoke a decrease of dielectric strength, so that the danger of
internal short circuitsincreases.

5.2 Classes of accidents

Two kinds of external accidents may affect a power transformer: short circuits and
overvoltages.

Short circuits. When a short circuit hgppens in the externd power network, the
current flowing within the trandformer increases aoruptly: the most important
consequence is that windings (and therefore aso insulating paper) are subject to a
sudden and strong  mechanica stress, causing aso violent vibrations. As mentioned
above, this may cause permanent deformations of the windings, or, if the mechanica
sructure of the windings collgpses, the destruction of the transformer. The expert is
ableto quditativey classfy the criticdity of each short circuit based on its pesk vaue
and duration: these values are available since they are registered by suitable devices
monitoring the network.

Overvaltages. They are large increases of the voltage vaue over the nomina one
which may happen for various reasons within the network (typicaly manoeuvres
modifying the actua topology of the network, such as the opening and closing of
circuit breakers). Overvoltages propagate through the network and may reach a
transformer, S0 that to dressits overdl insulating system: the severity of the Sressis
related to the voltage value, which is measured by network monitoring devices.

5.3  Classesof diagnostic activities

Many kinds of diagnogtic activities can be performed on a power transformer: we list
here below only those sgnificant for the present discussion.

Measurement of winding inductance. It is a testing action (to be performed with
the transformer out of service) which does not cause any serious deterioration of
the values of system parameters.

Paper sampling. It is atesting action (to be performed with the transformer out of
sarvice) which requires that the transformer is open. If carried out correctly, it
does not cause any serious consequence on the values of system parameters.

Oil sampling. It is a diagnogtic activity that can be carried out dso during normd
transformer service. It does not cause any serious consequence on the values of
system parameters.



54 Classes of maintenance inter ventions

As far as maintenance intervention are concerned, we digtinguish here only two
classes of interventions.

oil maintenance, namdly the chemico-physical trestment that can be applied to
the ail in order to restore its desired properties,

mechanicd maintenance, indluding dl the interventions that involve mechanica
operaions on the internd transformer structure necessary to restore its initid
characterigtics (both winding shape and insulating paper properties). These
interventions are very complex and expensive and require the transportation of
the transformer to the building firm.

55  Wear knowledge

Detalled andyticd modds of the various types of phenomena (e€lectromagnetic,
thermd, chemica) occurring within a transformer, during norma operation or
accidents, are sedldom available or useful for the specific task of SA. Therefore
experts in charge of the SA of transformers do not resort to andytical modes of
physical processes and rather use empirica models, derived both from generd
principles and from working experience, to estimate the vaues of parameters
according to transformer history. We mention here two of such kinds of models.

Winding aging moddls. They are empiricd models that alow experts to estimate
the current deformation of transformer windings based on the short circuits that
affected the trandformer. A rough sum of such short circuits has to be made (it is
indeed a weighed sum, where each short circuit is multiplied by its own criticdity).
This sum resumes the red short circuit history to a number of equivdent "maxima
criticality short circuits'. If such number is above a given threshold, which depends
adso on specific dructurd features of the conddered transformer, there is a
reasonable suspect that transformer windings may be serioudy damaged.

. Paper aging models. They are empiricd models that relate the decrease of
polymerization degree to paper temperature. It should be stressed that such models
are ndther very accurate nor universaly accepted: different experts use different
models and there are dso experts who do not redlly trust in any of these models. The
maximum temperature reached by the paper within the transformer can be derived,
again thanks to empiricd modds, from the vaue of the power flowing through it (it
has to be noted that the vaue of flowing power does not change very often, so that
thermd trangents can be practicaly neglected). Based on the record of vaues of
power flowing through the transformer, it is thus possible to build an historica record
of the temperature reached by the paper and then, using the paper aging modd, to
evauate the current polymerization degree.



5.6  Conducting Situation Assessment

Limiting our scope to the system parameters introduced in Section 5.1.2, conducting
the SA of a power trandformer means estimating the vaues of four parameters,
namey winding deformation, paper polymerization degree, oil acidity and ail
didectric strength. According to the logical modd of the task of SA introduced in
Section 4.4, the values of system parameters have to be estimated based on current
(and possibly past) "passive" measures and/or past externa history. The definition of
the externd history of a physical system, given in Section 4.2, dates it congsts of the
record of 1) input variable vaues, 2) accidents, 3) diagnogtic activities, and 4)
maintenance interventions, in a conddered time interval. By now, we have defined
what are accidents, diagnogtic activities and maintenance interventions in the case of
power transformers. Historical records are actualy created for dl these events. Asto
the vaues of input variable vaues, what is actudly recorded for power transformers
is the number of operation hours, each associated with the mean vaue of the power
flowing through the trandformer.

The way experts follow for performing the SA of power transformers, which
resembles quite tightly the logica modd for SA proposed in this paper, is briefly
described in the following. The discussion evidences dso how this kind of SA, which
does not need any testing, is carried out so that to have afirst estimate of the current
system gituation. On the ground of this estimate, experts may decide to perform
specific testing actions and eventudly to undertake maintenance interventions.

5.7  Theway expertswork

Expert esimate the vaue of winding deformation from past short circuits by using
winding aging modes. This estimation, based on past externd history only, is quite
important since there are no means to directly measure winding deformation during
transformer operation. In case the estimated winding deformations are significant,
inductance measurement is required and, to this end, a suitable transformer outage is
scheduled. In fact, winding deformation causes a variation of winding inductance and
is therefore estimated by measuring winding inductance and evauding its variation
with respect to the nomind vaue, measured when transformer was initidly put in
savice. If measured inductance vdues confirm the presence of dgnificant
deformations, the transformer is taken out of service, in order to prevent possbly
dramatic accidents, and is fixed or replaced, according to various types of technica
and economical consderations.

The vadue of paper polymerization degree is roughly estimated from past
operation by using paper aging models. As mentioned above, however, such models
are not very accurate and relidble. Moreover they can not take into account
anomalous phenomena, such as loca overheatings (due for instance to a bad local
circulation of ail), that may lead to accderated aging, and thus to dangerous
conditions, in specific parts of the transformer. Therefore the estimation of the current



paper polymerization degree based on paper aging models is dways corroborated
with analyses of oil samples. In fact, polymerization degree can be estimated on the
beds of the presence within the oil of some chemicd substances resulting from the
decomposition of paper polymer chains. If the value of the concentration within the
oil of chemica substances produced by polymer decomposition is higher (or lower)
than the expert expected on the basis of previous calculations, it may reved (or
refute) the presence of very aged paper.

In case the preiminary esimation of paper polymerization degree has led to
suspect that the paper is very aged, find decisons about interventions to be
undertaken, such as, for instance, anadyzing a paper sample, are subject to a complex
risk/cogt andyss. Paper sampling, which requires that the transformer is out of
sarvice and open, is a very complex and expendve intervention, which is judtified
only in extraordinary cases.

Asfar asoil parameters are concerned, namely acidity and oil dielectric strength,
they are measured directly through suitable tests on oil samples.

6 Conclusions

The hedth date of a given physical system is represented by the configuration of the
vadues of a number of (physcd, chemicd, dructurd, dimensond, spatid)
parameters. Faults in a physical system are indeed invdid configurations of these
parameters. The deviaion of the vaues of such parameters from their domain is
caused by deterioration phenomena, owing to the length of time, system operation,
occurred accidents, diagnostic and maintenance activities. The task of dtuation
assessment of aphysical system, besides andlyzing and interpreting current measures,
could teke advantage of the smulaion of the evolution of the vdues of sysem
parameters over a past interva of interest throughout which the causes of
deterioration that were gpplied to the system are known. The problem of smulating
the evolution of the values of syssem parameters over time is, however, untractable
and therefore is a chdlenge to be faced by quditative physics goproaches. The
contribution of this paper has to be found in the origind modeling concepts and
assumptions it proposes, which give an ingght into physicd system behavior, both
hedthy and faulty, and which possbly conditute a foundation for a new theory of
Stuation assessment.

Keywords: stuation assessment, fault diagnos's, model -based reasoning
Refer ences.

1. Ingrand, F.F., Georgeff, M.P. & Rao, A.S. An architecture for red-time
reasoning and system control, |EEE Expert, 1992, 7(6), 34-44.

2. Laffey, T.J, Cox, P.A., Schmidt, JL., Kao, SM. & Read, JY. Red-time
knowledge-based systems, Al Magazine, 1988, 9(1), 27-45.



Esprit Project 6862, Real-time situation assessment of dynamic, hard to
measur e systems, Tiger Final Report D120.36, 1995.

Morin, M., Nadjm-Tehrani, S., Osterling, P. & Sandewall, E. Red-Time
Hierarchicad Control, IEEE Software, 1992, No. 9, 51-57.

Hamscher, W., Console, L. & de Kleer, J. (ed). Readings in model-based
diagnosis, Morgan Kaufmann, San Mateo, CA, 1992.

Reter, R. A theory of diagnoss from firgt principles, Artificial Intelligence,
1987, 32(1), 57-96.

Milne, R. Amethyst: Vibration based condition monitoring, in Keyes, J &
Maus, R. (ed), The handbook of expert systems applications in
manufacturing, McGraw Hill Inc., 1990.

Baroni, P., Cremones, F., Guida, G., Muss, S. & Yakov, S. ASTRA: a
knowledge based system for date assessment, preventive diagnosis, and
intervention planning of power transformers, pp. 463 to 470, Proc. I1SAP 94
Int. Conf. on Intelligent System Application to Power Systems
Montpellier, F, 1994.



