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Abstract. Transformer fault diagnosis and repair is a complex task that includes
many possible types of faults and demands special trained personnel. In this pa-
per, Petri Nets are used for the simulation of transformer fault diagnosis process
and the definition of the actions followed to repair the transformer. An inte-
grated safety detector relay is used for transformer fault detection. Simulation
results for the most common types of transformer faults (overloading, oil leak-
age, short-circuit and insulation failure) are presented. The proposed methodol-
ogy aims at identifying the transformer fault and estimating the duration for
transformer repair.

1 Introduction

The process of Electric utilities restructuring, privatization, and deregulation has cre-
ated a competitive, global marketplace for energy [1]. Early preparation to market
competition and best use of technology will drive success in this new and challenging
environment. Twenty-first century utilities will try to further improve system reliabil-
ity and quality, while simultaneously being cost effective.

Power system reliability depends on components reliability. As the ultimate ele-
ment in the electricity supply chain, the distribution transformer is one of the most
widespread apparatus in electric power systems. During their operation, transformers
are subjected to many external electrical stresses from both the upstream and down-
stream network. The consequences of transformer fault can be significant (damage, oil
pollution, etc). Transformers must, therefore, be protected against attacks of external
origin, and be isolated from the network in case of internal failure.

It is the electrical network designer’s responsibility to define the measures to be
implemented for each transformer as a function of such criteria like continuity and
quality of service, cost of investment and operation and safety of property and people
as well as the acceptable level of risk. The solution chosen is always a compromise
between the various criteria and it is important that the strengths and weaknesses of
the chosen compromise are clearly identified [2]. The high reliability level of trans-
formers is a decisive factor in the protection choices that are made by electrical utili-
ties, faced with the unit cost of the protection devices that can be associated with
them.
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In spite of the high reliability of transformers, in practice, various types of faults
(e.g. insulation failure, overloading, oil leakage, short-circuit, etc) can occur to the
transformers of an electrical utility. Failure of these transformers is very costly to both
the electrical companies and their customers.

When a transformer fault occurs, it is important to identify the fault type and to
minimize the time needed for transformer repair, especially in cases where the conti-
nuity of supply is crucial. Consequently, it should not come as a surprise that trans-
former fault diagnosis forms a subject of a permanent research effort.

Various transformer fault diagnosis techniques have been proposed in the literature,
for different types of faults [3]. For thermal related faults, the most important diagnos-
tic method is the gas-in-oil analysis [4-5], while other methods such as the degree of
polymerization, the furanic compounds analysis and the thermography are also appli-
cable [6]. For dielectric related faults, it is necessary to localize and to characterize the
partial discharge source, in order to give a correct diagnosis after receiving an alarm
signal via sensors or via gas-in-oil sampling [7]. For mechanical related faults, the
frequency response analysis and the leakage inductance methods are the more fre-
quently used transformer fault diagnosis techniques [8]. Finally, for transformer gen-
eral degradation, the dielectric response, the oil analysis and the furanic compounds
analysis methods are applicable [9].

In spite of the wide range of the transformer fault diagnosis methods, the diagnostic
criteria developed till today are not fully applicable to all faulty cases, and conse-
quently, the experience of experts still play an important role in the diagnosis of the
transformer faults. Dismantling the suspected transformers, performing internal ex-
aminations, and holding a group discussion are usually the procedure to conclude the
diagnosis.

Expert systems and artificial intelligence techniques have already been proposed to
understand the obvious and non-obvious relationships between transformer failures
and the causes of failures (i.e. internal or external causes) [10-13]. Preliminary results,
obtained from the application of these techniques, are encouraging, however some
limitations exist. Knowledge acquisition, knowledge representation and maintenance
of a great number of rules in the expert systems require plenty of efforts [14].

In this paper, Petri Nets are proposed for modeling of transformer fault diagnosis
process. Petri Nets are both a mathematical and graphical tool capable of capturing
deterministic or stochastic system behavior and modeling phenomena such as sequen-
tialism, parallelism, asynchronous behavior, conflicts, resource sharing and mutual
exclusion [15]. The proposed method offers significant advantages such as systemati-
cal determination of the sequence of fault diagnosis and repair actions, visual repre-
sentation of the above actions, as well as estimation of the time needed for transformer
repair.

The paper is organized as follows: Section 2 describes the Petri Nets methodology.
The application of Petri Nets to transformer fault diagnosis and the obtained results
are described in Section 3. Finally, Section 4 concludes the paper.
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2 Overview of Petri Nets

Petri Nets (PNs) were introduced in Carl A. Petri’s 1962 Ph.D. dissertation [16]. Since
that time, they have proved to be a valuable graphical and mathematical modeling tool
applicable to many systems. As a graphical tool, PNs can be used as a visual commu-
nication aid similar to flow charts, block diagrams, and networks. As a mathematical
tool, it is possible to set up state equations, algebraic equations, and other mathemati-
cal models governing the behavior of systems. For a formal introduction to PNs the
reader is referred to [15, 17].

A PN is a particular kind of directed graph, together with an initial marking, M,,.

The underlying graph of a PN is a directed, weighted, bipartite graph consisting of two
kinds of nodes, called places and transitions, where arcs are either from a place to a
transition or from a transition to a place. In graphical representation, places are drawn
as circles, and transitions as either bars or boxes. If a marking (state) assigns to each
place p a nonnegative integer k, it is called that p is marked with k tokens. Pictorially,
k black dots (tokens) are placed in p.

Places are used to describe possible local system rates, named conditions or situa-
tions. Transitions are used to describe events that may modify the system state. Arcs
specify the relation between local states and events in two ways: they indicate the
local state in which the event can occur, and the local state transformations induced by
the event.

The presence of a token in a place is interpreted as holding the truth of the condi-
tion associated with the place. The only execution rule in a PN is the rule for transition
enabling and firing. A transition # is considered as enabled if each input place p of ¢ is
marked with at least w(p,#) tokens, where w(p,t) is the weight of the arc from p to £. An
enabled transition may or may not fire. A firing of an enabled transition ¢ removes
w(p,t) tokens from all its input places p, and adds w(p,t) tokens to each of its output
places, where w(t,p) is the weight of the arc from # to p. The movement of tokens
through the PN graph represents the flow of information or control in the system [18-
20].

Fig. 1 presents an example of a PN. The input place for transition #, is place p,, and
the set of output places for ¢, is [p;, p,].
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Fig. 1. Petri Net.
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For problems that include the completion of an activity, it is necessary and useful to
introduce time delays associated with transitions (activity executions) in their net
models. Such a PN model is known as a deterministic timed net if the delays are de-
terministically given, or as a stochastic net, if the delays are probabilistically specified.
In both cases, boxes of thick bars graphically represent transitions [17, 19].

The Stochastic Petri Net (SPN) model provides a more realistic representation of
matter [21]. In SPNs transitions are associated with random variables that express the
delay from enabling to the firing of the transition. The type of distribution in random
variables can be uniform, exponential, etc.

Reachability is a useful concept of PNs. Each initial marking M, has a reachability

set associated with it; this set consists of all the markings which can be reached from
M, through the firing of one or more transitions.

Each marking, which can be reached from the initial marking, is referred to as a
state. The reachability information is represented through a reachability graph, in
which each node corresponds to a state, and the edges are associated with transitions.
A directed edge is incident out of node M; and into node M, , if and only if there ex-

ists a transition ¢; whose firing changes the initial marking M; to the marking M;,; the
edge bears the label L. Reachability graphs enable as to find all the nodes which can be
reached from M, by the traversal of directed paths [22].

A PN is safe if the number of tokens in each place does not exceed 1 for any mark-
ing reachable from an initial marking M. A PN is live if, no matter what marking has

been reached from M, it is possible to ultimately fire any transition of the net by pro-

gressing through some further firing sequence. A PN is reversible if, for each possible
marking M, M, is reachable from M [17].

3 Fault Diagnosis Using Petri Nets

This paper simulates the actions that are followed by the transformer maintenance
personnel in order to diagnose the fault and repair the transformer. It is important to
notice that the maintenance staff is not able to know the exact problem from the be-
ginning of the diagnosis process; there is crucial information that is obtained during
the whole transformer fault diagnosis process.

To better model the transformer fault diagnosis process, stochastic PNs are used in
this paper. These nets provide a structural tool, like flow charts, with the additional
advantages of simulating dynamic and concurrent actions, and they provide the simu-
lation results using stochastic times for a number of transitions.

Fig. 2 presents the proposed PN model for transformer fault diagnosis, Fig. 3 shows
the "not on-site repair” subnet (i.e. in case that the transformer repair is implemented
in the factory), and Table 1 describes all places and transitions that constitute the PN
models of Fig. 2 and 3. Places in shadow boxes represent the crucial information that
is obtained during the transformer fault diagnosis process; these places represent two
opposite events, so tokens can be placed only in one of the places.
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Fig. 2. PN model for transformer fault diagnosis.

The proposed PN models the following transformer faults: short-circuit, overload-
ing, oil leakage and insulation failure. The protection equipment that is used for detec-
tion of all the faults mentioned above is an integrated safety detector. This device
contains four switches: a pressure switch, which trips the transformer operation in case
of a strong short-circuit; a thermostat switch which alarms when oil temperature ex-
ceeds a predetermined temperature level; another thermostat switch that stops the
transformer operation when oil temperature reaches the trip level; and an alarm switch
that operates when oil is reduced to a specified level. The last switch also detects an
insulation failure, as the generated bubbles reduce the oil level. The activation of the
above switches notifies the personnel, and makes it capable of understanding the gen-
eral type of the problem. The possible initial warnings are a) alarm of the thermostat
switch (thermostat switch cannot trip without earlier alarm), b) trip of the pressure
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switch, and c) alarm of the oil level detector. In case of thermostat switch alarm, it can
be a change to trip when the maintenance staff arrives to the transformer, depending
on problem’s seriousness and the time required arriving in transformer’s area.

When the alarm or trip thermostat switch is activated, there is an overloading prob-
lem in the transformer. The maintenance staff has to check if the loads are over the
transformer overloading limits, reduce the loads accordingly and restart the trans-
former (in case of trip).

If the pressure switch trips, the problem is the appearance of a strong short-circuit.
The repair of the damage can not be done in the transformer installation area; the
transformer must be disconnected and transferred in a dedicated repairing area (e.g. in
a transformer factory).

Fig. 3. PN model for the “not on-site repair” subnet.

The handling of the maintenance staff is more complex, in case of alarm of the oil
level detector. The possible problems can be oil leakage or insulation failure. Initially,
the maintenance staff has to check the exact kind of damage. There are two possible
contingencies: either the level of the oil indicator is low (p,,), or there are air bubbles

behind the observation glass (p;;). In the first case, the problem is oil leakage, other-

wise there is insulation failure. The operation of transformer has to stop and it is
checked if it is possible to repair the transformer on-site. This depends on a) the type
of problem: the repair can be done if the oil leakage is not wide (i.e. the size of hole in
the tank is very small) or if the insulation failure is on a part outside the tank, and b)
the existence of suitable tools. The capability of on-site repair enables repairing possi-
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bilities for the two possible problems (p,, and p,,) and the specific type (p,; or p,,)
enables the transition ¢, or £,, (on-site repair of the damage is possible). Then the staff

works on the problem (in the case of oil leakage, the lost oil has also to be replaced).
Finally, there is a check if everything works right. If there is still a problem, then the
transformer must be sent to a dedicated repairing area (i.e. on-site repair is not possi-
ble). The "not on-site repair" subnet of Fig. 3 is then models the transformer fault
diagnosis and repair process.

When the transformer arrives in the dedicated repairing area (not on-site repair),
before opening the tank, oil has to be removed. Fault diagnosis follows, and next
transformer repair is done. The time needed for transformer diagnosis and repair de-
pends on many factors, such as seriousness of the problem, availability of spare parts,
working load of factory personnel, etc. After repair, the transformer is reassembled
and is filled with oil, and the repaired transformer passes through quality control tests.
If the transformer passes successfully all the quality control tests, then it is sent back
in its area and is reinstalled (see Fig. 2), otherwise the repairing procedure is repeated.

Considering the sequence of transition firings and all marking reachable from the
initial marking, the reachability graph of the Petri subnet of Fig. 3 is drawn in Fig. 4
for the case of non-existence of any fault after the repair. The dotted arc represents the
modification carried out on the individual subnet, in order to validate its proper

Table 1. Description of PN places and transitions.

Main Petri net

p,,  Thermostat switch alarms

t,: Alarm is activated

p,:  Personnel is notified

t: Personnel is moving to transformer area
p,y  Existence of alarm or trip?

p;; Thermostat switch still alarms

t: Alarm is still activated

)% Thermostat switch tripped
t: Trip is activated
ps Need to check the loads

t; Loads are checked

ps;  Does transformer need to restart?
p,  Itdoesn’t need to restart

t: No restart is needed

ps; Itneeds to restart

t: Transformer is restarting

p,,  Loads have to be reduced properly
t: Loads are reduced properly

p,,»  Oil level detector alarms

Alarm is activated

p,s  Personnel is notified

t,: Personnel is moving to transformer area
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Table 1. Description of PN places and transitions (cont’d).
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Low level of oil indicator

Oil volume has reduced

Air bubbles in oil indicator’ s glass

Air bubbles are observed

Transformer needs to stop

Transformer is stopped

Existence of oil leakage or insulation failure?
Oil leakage

Existence of oil leakage

Insulation failure

Existence of insulation failure

Check for the exact type of fault
Transformer is checked

Is it possible repair fault on the spot?

It is not possible to repair

Fault cannot be repaired on the spot

It is possible to repair

Fault can be repaired on the spot
Possibility for repairing oil leakage
Problem of oil leakage

Repair of oil leakage is possible
Personnel prepares to repair transformer
Transformer is repaired

Lost oil needs to be replaced

Lost oil is replaced

Possibility for repairing insulation failure
Problem of insulation failure

Repair of insulation failure is possible
Need to replace problematic external parts
Parts are replaced

Check if everything works properly
Transformer is checked

Is transformer working properly?

It is not working properly

Fault still exists

It is working properly

Fault is repaired

Pressure switch trips

Trip is activated

Personnel is notified

Personnel is moving to transformer area
Identification of transformer’s fault
Existence of a powerful short-circuit
Transformer needs to disconnect
Transformer is disconnected

427
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Table 1. Description of PN places and transitions (cont’d).

P,  Transformer arrives in area of installation

t,s  Transformer is reinstalled
P, Transformer is ready to work
t,;  Transformer is restarted

3r
P> Transformer reworks properly

""Not on-site repair'' subnet

)% Transformer is sending to repairing area
t,: Transformer arrives to repairing area
p,  Oil has to be removed

t: Oil is removed

p,>  Inside search is needed

t,: Tank is opened

)% Check for the exact type of fault

t: Check is done

p,;  ldentification of fault

t; Fault is repaired

ps: Transformer has to be reassembled
t: Transformer is reassembled

p,  Oil has to be added

t: Oil is added

) 2% Check for the proper operation

t: Check is done

Dy Is transformer working properly?

)% It is not working properly
Fault still exists
p,s  Itis working properly

t,: Fault is repaired
p,- Transformer is ready to be sent back in its area
Uy Transformer is transferred
Table 2. Simulation results.

Fault Duration
Oil leakage 7 hours
Oil leakage (not on-site repair) 7 days
Overloading 4 hours
Insulation failure (bushings) 5 hours
Insulation failure (not on-site repair) 7 days
Short-circuit 7 days

ties. By examining this reachability graph, it is validated that the constructed model is
safe, live and reversible. The verification of these important PN properties assures that
our subnet is feasible and deadlock-free [18].
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In the proposed PN modeling, immediate, deterministic and stochastic transitions
are used, which take integer values that represent hours. For stochastic transitions,
uniform distribution is assumed (i.e. the duration for transition £, of main net can take

an integer value from interval [1 5]). In Table 2, simulation results for fault diagnosis
and repair are presented.
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Fig. 4. Reachability graph for the “not on-site repair” subnet.

4 Conclusions

Transformer fault diagnosis and repair is a complex task that includes many possible
types of faults and demands special trained personnel. This paper is concentrated on
the investigation of the applicability of Stochastic Petri Nets in the modeling of trans-
former fault diagnosis and repair process. Simulation results for the most common
types of transformer faults (overloading, oil leakage, short-circuit and insulation fail-
ure) are presented. The proposed methodology aims at identifying the transformer
fault and estimating the duration for transformer repair.
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As future research objectives, the modeling of other uncommon transformer faults
and the more detailed analysis of the not on-site repair process would help in better
understanding the diagnosis and repair and in acquiring better simulation results (by
improving the accuracy of the stochastic transitions).

References

1. Georgilakis, P.S., Doulamis, N.D., Doulamis, A.D., Hatziargyriou, N.D., Kollias, S.D.: A
novel iron loss reduction technique for distribution transformers based on a combined ge-
netic algorithm-neural network approach. IEEE Trans. Systems, Man, and Cybernetics, Part
C: Applications and Reviews 31 (2001) 16-34.

2. Fulchiron, D.: Protection of MV/LV Substation Transformers. Schneider Electric (1998),
Cahier Technique no 192.

3. Bengtsson, C: Status and trends in transformer monitoring. IEEE Trans. Power Delivery 11
(1996) 1379-1384.

4. Pugh P.S., Wagner H.H.: Detection of incipient faults in transformer by gas analysis. AIEE
Trans. 80 (1961) 189-195.

5. Kelly, J.J.: Transformer fault diagnosis by dissolved gas analysis. IEEE Trans. Industry
Applications 16 (1980) 777-782.

6. Oommen T.V. et al: Analysis of furanic compounds from cellulose aging by GC-MS, and
attempts to correlate with degree of polymerization. CIGRE Berlin Symposium, Paper 110-
2, April 1993.

7. Eriksson, T., Leijon, M., Bengtsson, C.: PD on-line monitoring of power transformers.
IEEE Stockholm Power Tech, 1995.

8. Hanique, E., Reijnders, H., Vaessen, P.: Frequency response analysis as a diagnostic tool.
Elektrotechniek 68 (1990) 549.

9. lldstad, E., Gifvert, U., Thirning, P.: Relation between return voltage and other methods for
measurement of dielectric response. IEEE Int. Symposium on Electrical Insulation, June
1994.

10. Wang, Z., Liu, Y., Griffin, P.J.: A combined ANN and expert system tool for transformer
fault diagnosis. IEEE Trans. Power Delivery 13 (1998) 1224-1229.

11. Zhang, Y., Ding, X., Liu, Y., Griffin, P.J.: An artificial neural network approach to trans-
former fault diagnosis. IEEE Trans. Power Delivery 11 (1996) 1836-1841.

12. Lin, C.E., Ling, J.-M., Huang, C.-L.: An expert system for transformer fault diagnosis using
dissolved gas analysis. IEEE Trans. Power Delivery 8 (1993) 231-238.

13. Tomsovic, K., Tapper, M., Ingvarsson, T.: A fuzzy information approach to integrating
different transformer diagnostic methods. IEEE Trans. Power Delivery 8 (1993) 1638-1646.

14. Farag, A.S., Mohandes, M., Al-Shaikh, A.: Diagnosing failed distribution transformers
using neural networks. IEEE Trans. Power Delivery 16 (2001) 631-636.

15. Peterson, J.L.: Petri Net theory and the modeling of systems. Prentice-Hall Inc., N.J. (1981).

16. Petri, C.A.: Kommunikation mit Automaten. Institut fiir Instrumentelle Mathematik, Bonn
(1962). Also, English translation: Communication with Automata. Griffiss Air Force Base,
New York (1966).

17. Murata, T.: Petri Nets: properties, analysis and applications. Proceedings of the IEEE 77
(1989) 541-580.



18.

19.

20.

21.

22.

Diagnosing Transformer Faults with Petri Nets 431

Fountas, N.A., Hatziargyriou, N.D., Valavanis, K.P.: Hierarchical time-extended Petri Nets
as a generic tool for power system restoration. IEEE Trans. Power Systems 12 (1997) 837-
843.

Marsan, M.A., Balbo, G., Conte, G., Donatelli, S., Franceschinis, G.: Modelling with gen-
eralized stochastic Petri Nets. Wiley, Chichester (1995).

Zhou, M.C., Zurawski, R.: Introduction to Petri Nets in flexible and agile automation. In:
Zhou, M.C. (ed.): Petri Nets in flexible and agile automation. Kluwer Academic Publishers,
Boston (1995) 1-42.

Moloy, M.K.: Performance analysis using stochastic Petri Nets. IEEE Trans. Computers 31
(1987) 913-917.

Jenkins, L., Khincha, H.P.: Deterministic and stochastic Petri Net models of protection
schemes. IEEE Trans. Power Delivery 7 (1992) 84-90.



	1 Introduction
	2 Overview of Petri Nets
	3 Fault Diagnosis Using Petri Nets
	4 Conclusions
	References

