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a  b  s  t  r  a  c  t

The  power  transformer  is  one  of the  most  critical  and  expensive  equipments  in an  electric  power  system.
If  it  is  out  of service  in  an  unexpected  way,  the  damage  for both  society  and  electric  utilities  is  very
significant.  Over  the  last  decades,  many  computational  tools  have  been  developed  to  monitor  the  ‘health’
of such  an  important  equipment.  The  classification  of incipient  faults  in  power  transformers  via  Dissolved
Gas  Analysis  (DGA)  is,  for instance,  a very  well  known  technique  for  this  purpose.  In this  paper  we present
an  intelligent  system  based  on  cognitive  systems  for fault  prognosis  in power  transformers.  The  proposed
system  combines  both  evolutionary  and  connectionist  mechanisms  into  a  hybrid  model  that  can  be
an essential  tool  in  the  development  of  a predictive  maintenance  technology,  to  anticipate  when  any
ognitive systems
ault prognosis
ault diagnosis
issolved Gas Analysis

equipment  fault  might  occur  and to  prevent  or reduce  unplanned  reactive  maintenance.  The  proposed
procedure  has  been  applied  to real databases  derived  from  chromatographic  tests  of  power  transformers
found  in  the  literature.  The  obtained  results  are  fully  described  showing  the  feasibility  and  validity  of
the  new  methodology.  The  proposed  system  can help  Transformer  Predictive  Maintenance  programmes
offering  a low  cost  and  highly  flexible  solution  for  fault  prognosis.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Power transformers are considered key-elements for the Elec-
ric Utilities (EU). When those equipments fail, households,
ndustries, and hospitals, to name a few, are prone to suffer some-
ow. Besides, an unplanned interruption in the power supply can
e translated into heavy fines for the EU. Hence, tools for diagnosis,
ault detection and fault prognosis are required. In the context of
ower transformers, several studies are noteworthy regarding the
spects of protection, monitoring and diagnostics, see for instance
1–5].

For many years, preventive maintenance programmes in power
ransformers consisted of inspections, tests and actions in peri-

dic time intervals usually suggested by the manufacturers or
etermined through practical experience. It was also common the
pplication of routine tests and procedures such as: measurement

∗ Corresponding author. Tel.: +55 3134093419.
E-mail addresses: sica@iceb.ufop.br

F.C. Sica), frederico.g.guimaraes@gmail.com (F.G. Guimarães), agnreis@gmail.com
A.J.R. Reis).

ttp://dx.doi.org/10.1016/j.epsr.2015.05.014
378-7796/© 2015 Elsevier B.V. All rights reserved.
of dielectric losses, insulation resistance and winding resistance;
physical–chemical analysis and chromatographic oil analysis; man-
ual or automatic monitoring of temperature [6]. Such analyses
allowed the operators to verify if a given transformer was  operat-
ing normally or if there were evidences of thermal and/or electrical
failures, for instance. These kind of failures stem from natural wear,
environmental actions and overloads, among other causes. Refer-
ence work in this area can be found in [6–8].

Among several fault detection methods, many faults that occur
in power transformers can be detected if one measures the gases
concentrations in their insulating oil. This procedure is known as
fault detection via Dissolved Gas Analysis (DGA) [6]. Usually, DGA
can be carried out in two  modes: off-line and on-line modes. In
the off-line mode, the power transformer has to be disconnected
from the power system and an oil sample is collected and taken to
a laboratory where it will be analysed via a gas chromatography
technique. Yet in the on-line mode, the power transform is kept
connected to the power system and the DGA is performed in loco

with a determined time interval (e.g. every 2 h) using, e.g., a com-
pact closed-loop gas chromatograph unit, which is mounted on or
near the monitored transformer. Techniques such as optical and
chromatography [9–11], electrical–chemical systems [12,13] and

dx.doi.org/10.1016/j.epsr.2015.05.014
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2015.05.014&domain=pdf
mailto:sica@iceb.ufop.br
mailto:frederico.g.guimaraes@gmail.com
mailto:agnreis@gmail.com
dx.doi.org/10.1016/j.epsr.2015.05.014
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Fig. 1. Duval’s Triangle Method.

ear-IR absorption spectroscopy [14] can be employed in the DGA
s well.

A method for fault classification in power transformers named
uval’s Triangle Method (DTM) is introduced in [6] and described in

EEE C57.104 [7] and in IEC 60599 [8] (see Fig. 1). DTM is based on
he levels of the three dissolved gases found in the power trans-
ormer oil: ethylene (C2H4), methane (CH4) and acetylene (C2H2).
he DGA by DTM involves the percentages of the aforementioned
ases ratios, see Eqs. (1)–(3), presented in a graphical form. The
hree sides of the triangle in cartesian coordinates x, y and z repre-
ent the relative proportion of CH4, C2H4 and C2H2, from 0 to 100%
or each gas. The intersections of all three gases ratios indicate the
ind of fault presented by the transformer. All types of faults in the
uval triangle can be found in Table 1.

In Eqs. (1)–(3), x is the concentration of CH4 in ppm, y is the
oncentration of C2H4 in ppm and z is the concentration of C2H2 in
pm.

H4 (%) = 100
x

(x + y + z)
(1)

2H4 (%) = 100
y

(x + y + z)
(2)

2H2 (%) = 100
z

(x + y + z)
(3)

Taking into consideration that there are not efficient mathe-
atical models to describe the relationship between the rate of

volution of these concentrations and the failures, and the pro-
ess of gathering historical data is a common practice nowadays,
he development of pattern classifiers based on Support Vector

achines [15–17], Fuzzy Logic approach [18], Neuro-Fuzzy mod-

ls [19,20], Wavenets [21,22], Neural Networks [23,24], stochastic
etri net based methodology [25], probabilistic classifier based on
article swarm optimizer [26], Decision Trees [27–29], and boot-
trap and Genetic Programming [30] has received a great deal of

able 1
aults described by the Duval’s Triangle Method (DTM).

Nomenclature Type of fault

PD Partial discharge
D1  Low energy discharge
D2 High energy discharge
DT Mix  of thermal and electrical faults
T1  Thermal fault with T < 300 ◦C
T2 Thermal fault with 300 < T < 700 ◦C
T3 Thermal fault with T > 700 ◦C
 Research 127 (2015) 109–117

attention. More recently, Duval himself and his colleagues pub-
lished a new fault detection method based on the application of
a gas-ratio combination [31].

The aforementioned works have at least two common points:

• the vast majority of papers in this field deal with off-line DGA.
• the authors focused on fault diagnosis in power transformers.

Fault prognosis was not a major concern. Incidentally, this latest
strategy is relatively new. Refs. [32–36] are few exceptions in this
particular subject.

It is in this context that we  present a new computational sys-
tem capable of carrying out fault prognosis in power transformers.
The new approach is based on a hybrid system formed by connec-
tionist and evolutionary mechanisms, which was applied to real
databases derived from chromatograph tests of power transform-
ers found in the literature [37]. Instead of informing the current
state of the transformer only, e.g. Normal Condition (NC), Electrical
Fault (EF), Thermal Fault (TF), the fault prognosis tool will estimate
– from a given current transformer state – if the transformer under
analysis is likely to present, for instance, a thermal failure in six
months and how the failure will evolve through time. Such tool is
of interest of the EU because it can become an essential tool for
the Transformer Predictive Maintenance (TPM). TPM can be seen
as a maintenance strategy that provides transformer failure early
detection and is able to recognize conditions that lead to defects.
Ideally, TPM should allow the maintenance frequency to be as low
as possible preventing unplanned reactive maintenance and reduc-
ing unnecessary preventive maintenance. The proposed prognosis
system is an intelligent system that was implemented with an
architecture for modelling cognitive systems.

The main contributions of this work are: (i) proposition of an on-
line intelligent fault prognosis system for power transformers that
is capable of predicting when and which type of fault is expected to
occur. The proposed system can help TPM programmes offering a
low cost and highly flexible solution for fault prognosis; addition-
ally the prognosis system manipulates the gases concentrations at
the same time as multiple inputs to the system. (ii) Proposition of
a general architecture for cognitive and knowledge based systems,
on which the fault prognosis system is implemented.

2. Fault prognosis system in power transformers

Prognosis (also Prognostics) is an engineering discipline involv-
ing the prediction of when a system or component will no longer
perform as intended and, if possible, classify which kind of fault will
occur [38–41]. The predicted time is termed Remaining Useful Life
(RUL), which is an important concept in contingency and in System
Health Management (SHM). Prognosis systems can be categorized
into data-driven methods and model-based methods [43]. In any
case, the method requires some initial knowledge about a model of
the system or component; or knowledge in the form of information
about previous fault cases and conditions.

Data-driven prognosis systems usually employ pattern recog-
nition and machine learning techniques to detect changes in the
states of the system of interest or changes in the monitored
variables. They are recommended when there is no appropriate
understanding of the physics behind the operation of the system,
or the principles relating its operation to fault conditions.

Industrial applications of Prognosis are diverse, ranging from
manufacturing, automotive and aerospace industries and also

power generation and distribution. In the power generation indus-
try, commercial applications of SHM include rotating machinery
[43] and wind turbines [44]. Renewable energy applications, such
as wind turbines, can also benefit from SHM technology based on
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Fig. 2. Cognitive process.

rognosis systems. Approaches based on statistical methods and
achine learning can be found in [45,46].
In [47], the authors propose an ensemble of data-driven prog-

ostic algorithms for robust prediction of RUL by the weighted sum
f the outputs of five different methods: a Similarity-Based Interpo-
ation (SBI) approach with Relevance Vector Machine (RVM) as the
egression technique, SBI with Support Vector Machine (SVM), SBI
ith the least-square exponential fitting, a Bayesian linear regres-

ion with the least-square quadratic fitting, and a Recurrent Neural
etwork (RNN) approach. Specifically on fault prognosis in power

ransformers, it is possible to find some few recent studies in the
iterature, as the ones described in [35,36]. In [35], the author
tilizes Bayesian Particle Filtering to estimate the RUL of the trans-
ormer, considering the degree of polymerization of the insulating

aterial and temperature measurements in specific points of the
ransformer (hotspots). In [36], an Adaptive Network-based Fuzzy
nference System (ANFIS) is used to infer changes in the dissolved
as concentrations. One ANFIS is defined for each gas such that spe-
ific fuzzy rules are applied for the dynamics of each gas considering
lso the operation time of the power transformer.

. Proposed cognitive system for fault prognosis

.1. Cognitive and intelligent systems

When considering knowledge based computational models and
ystems, as the fault detection and prediction system proposed in
his paper, the first step is the description and modelling of the
nowledge and consequently, how this knowledge is actually rep-
esented and stored. It is interesting to notice that the cognitive
rocess is a dynamic one. This dynamics is related to its interaction
ith the environment: collecting information, coding, storing and
rocessing this information such that some action in the environ-
ent can be performed (Fig. 2).
Artificial Cognitive Systems are systems designed with machine

earning techniques. They have the capacity of representing and
anipulating knowledge to assist or improve human expertise and

ognition, to perform complex decision-making and action in the
nvironment. An architecture for cognitive systems is actually a
lueprint for intelligent agents. Any proposed architecture should
rovide functionalities that facilitate the proposition of a model
or a computational system to act as an intelligent system in some
ense.

Therefore, in general, the modelling of a cognitive and intelligent
ystem should involve the following basic components:

Sensory system;
Storage, coding and processing system;
Actuation system;
Communication system.

The goal of this section is to describe the proposed system mod-
lling and implementation aspects. The modelling is described as

eneric as possible, making it useful to other applications involving
nowledge based systems, although the focus here is on the power
ransformer fault prognosis system.
Fig. 3. Basic architecture of the system.

3.2. Proposed architecture

The fault prognosis system (FPS) is developed on a general pro-
posed architecture for modelling cognitive systems. The designed
system combines connectionist and evolutionary models into a
knowledge based system, specifically, an automatic data-driven
prognosis system.

In general terms, the proposed architecture for the develop-
ment of cognitive systems uses the idea of autonomous intelligent
agents for clustering of information and processing of classes.
This clustering allows a better representation and organization of
the knowledge incorporated and manipulated by the agents and
provides better scalability. Another reason for the clustering of
information is to allow the separation of agents in terms of func-
tional classes, considering the kind of knowledge to be represented
and the type of actuation required. In this way, higher system
granularity can be achieved for the implementation of more com-
plex systems applications, such as for instance health monitoring
systems as described in [47]. The proposed architecture is a multi-
agent system that allows the use of different techniques together
in an ensemble approach, for example, employing Bayesian net-
works, fuzzy models and statistical models. The system is flexible
enough in terms of scalability to include new methods and hybrid
approaches for complex tasks.

Fig. 3 shows a macroscopic view of the system with multiple
clusters instantiated. Each cluster has three basic and fixed ele-
ments: (i) Embryonic Agent, (ii) CommonCluster Memory and (iii)
IntraClusterBus, with their respective agent instances.

The Embryonic Agent manages the creation or removal of agent
instances. This mechanism allows for the self-adaptation of the
multi-agent system given the environment dynamics. The Com-
monCluster Memory is a common area for long term information
storage (long term memory), that is, information such as configura-
tion, characterization of incorporated knowledge and codification
related to the actuation process. The IntraClusterBus and the Inter-
ClusterBus are communication elements represented by storage
structures of mailbox type in the case of software systems or based
on the Wishbone standard [48] in the case of hardware systems.

Still regarding Fig. 3, it is possible to notice the presence
of instances of agents in the clusters. Each agent, operating
autonomously and cooperatively, is responsible for: (i) acquisition
of sensory information (related to the sensory system); (ii) encod-
ing, storing and processing information; and (iii) actuation on the
environment.

In order to implement such functions, each agent has a func-
tional structure as illustrated in Fig. 4. In this figure, one can see
the basic elements that comprise the cognitive agent: the sensory
system; the storage, coding and processing system (SCP System);
the Agent Core and the Agent Memory. These elements will be
described next.

3.3. Sensory system
The sensory system must be able to pick up stimuli (information)
from the environment to feed the SCP System. The main function
of this unit is to process collected information such that it can be
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Fig. 4. Functional structure of each agent.
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Fig. 5. Functional structure of the sensory system.

anipulated by other functional units of the system and to facilitate
he actuation on the external environment. These two processing
ypes represent the deliberative and reactive behaviour, respec-
ively [8].

The sensory deliberative system is responsible for interfacing
he system with the environment for capturing, for example, image,
ound or other waveforms (stream devices). Regardless of the
evice type used to capture data, the goal of the sensory delibera-
ive system consists in encoding external stimuli in connectionist

appings. The connectionist maps will be the cognitive system
asis.

The structure of the sensory system is presented in Fig. 5. As
an be seen, the sensory system integrates mechanisms for cap-
uring both signals of the type stream and sampled data from
ensors/transducers.

In the fault prognosis system, it is assumed that the Sensor
evice Interface receives information from an on-line gas chro-
atograph unit that provides the gas concentrations for H2, C2H4,

2H2, CH4, C2H6.

.4. Storage, coding and processing system

In order to allow greater modularity and reuse of the structures
hat represent knowledge, the SCP System is based on a hybrid
opology, adopting, in this case, both the connectionist and sym-
olic models.

The SCP internal elements form the basis of the implemented
nowledge based system, which can be replicated in clusters for
etter information representation (classes of knowledge) and to
rovide greater dynamism to processing. Each cluster can evoke
unctions for the creation or removal of agents or even other clus-
ers. These functions are exported by the Embryonic Agent Layer
factory), as shown in Fig. 3.

For a better description of the system modelling, the internal
omponents of the SCP System will be summarized next.

.4.1. Connectionist layer
The connectionist layer is related to the reactive functionality,

ut also providing the basis for the deliberative functionality. The
onnectionist mappings form the basis of the cognitive system.

For the connectionist layer, we adopt an implementation based
n ensemble learning, in which each operation status of the power
ransformer (Normal Condition (NC), Electrical Fault (EF), Thermal
ault (TF)) is abstracted by a specific group of neural networks.

n our implementation, we have adopted the General Regression
eural Network (GRNN), originally proposed in [49].

The GRNN belongs to the class of probabilistic neural networks.
ts main advantage is requiring less training data samples than
 Research 127 (2015) 109–117

a back-propagation neural network would. The prediction of the
GRNN for a given input x is:

g(x) =
∑n

i=1yi exp(−(((x − xi)
T (x − xi))/(2�2)))

∑n
i=1 exp(−(((x − xi)

T (x − xi))/(2�2)))
(4)

In the GRNN model, x represents an input, the training data
samples are represented by {xi ; yi}. When the input is close to the
sample xj, the weight of the prediction yj is close to one and the con-
tribution of the other training samples becomes smaller. With this
model it is possible to predict the behaviour of systems with few
samples and interpolate smoothly between training data samples.
The smoothness parameter � can be determined with an iterative
method [49].

Ensemble learning methods involve employing a finite set of
different classifiers together in order to achieve better predictive
performance. Bootstrap aggregation was  adopted for the ensemble
classification [50]. In this approach, each model in the ensemble
vote with equal weight, thus the output of the ensemble is the sim-
ple average of the output of each classifier. There is one ensemble of
N neural networks trained for recognizing electrical fault, another
ensemble of N neural networks trained for recognizing thermal
fault and another ensemble for normal operation. These networks
form the connectionist layer.

ENC (x) = 1
N

N∑

s=1

gNC
s (x) (5)

ETF (x) = 1
N

N∑

s=1

gTF
s (x) (6)

EEF (x) = 1
N

N∑

s=1

gEF
s (x) (7)

ENC is the output of the ensemble associated with normal operation,
ETF is the output of the ensemble associated with thermal fault and
EEF is the output of the ensemble associated with electrical fault.

In the prognosis system for power transformers, considering the
Dissolved Gas Analysis (DGA), the input x is composed of the gas
concentrations for H2, C2H4, C2H2, CH4, C2H6 and the labelled out-
put is equal to one when belonging to the class, and equal to zero
when not belonging to the class.

3.4.2. Symbolic Layer
The Symbolic Layer implements an evolutionary mechanism for

evolving candidate conditions that maximize the probability of the
connectionist layer to detecting faults. The evolutionary algorithm
is based on Evolution Strategies [51]. Prognosis is a dynamic process
where predictions change with time and as new observation data is
available. The integration of the connectionist and the evolutionary
model is the basis of the prognosis system.

The initial population of the evolutionary mechanism is gener-
ated based on the current sample of gas concentrations from the
sensory system and a statistical model of the variation of these
gases with time. The statistical model of the dynamics of these
concentrations is developed from studies performed by [52]. The
statistical model tries to predict the next configuration of gases
based on the current one. Therefore, given the current sample of
gas concentrations, a population of � individuals is generated with
the statistical model, providing possible future scenarios for the

current concentration. The algorithm is detailed below.

1. Given the current sample of gas concentrations from DGA, gen-
erate an initial population {pt,k}, t = 1, . . .,  Tmax, k = 1, . . .,  �, with
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� individuals by applying the statistical model of the variation
of these gases with time.

. Classify the � individuals {pt,k} with the neural networks in the
connectionist layer in terms of normal operation, thermal fault or
electrical fault. The fitness values of the individuals correspond
to the maximum value among the outputs of the ensemble net-
works, which are values between zero and one. The classification
is determined by the biggest output:

�(pt,k) = max[ENC (pt,k), ETF (pt,k), EEF (pt,k)]

. Generate � offspring {ot,j}, j = 1, . . .,  � by selecting one individ-
ual with binary tournament and applying recombination and
Gaussian mutation to its values. The best parents have higher
probability of being selected for reproduction, hence producing
more offspring.

. Classify the � individuals, {ot,j}, with the neural networks in the
connectionist layer in terms of normal operation or fault. The fit-
ness values of the individuals correspond to the maximum value
among the outputs of the ensemble networks, which are values
between zero and one.

. Apply ES(� + �) selection, i.e. select the � best individuals based
on the fitness values. These individuals will form the parent pop-
ulation of the next iteration.

. Apply the statistical model over the � parent individuals, in order
to predict their possible next state.

. Return to step 2 until convergence.

Notice that the evolutionary model is actually evolving the
opulation in order to assess future scenarios for the current con-
entration of gases. Those future scenarios that are likely to lead
o a recognition condition are selected and reproduced. Therefore,
he prognosis is done along the evolutionary process. The method
onverges when the entire population is classified as fault or when
he maximum number of iterations is reached.

Each iteration of the evolutionary algorithm corresponds to one
ear, making the bridge between the model and the prognosis of
he power transformer. When the whole population is classified as
ault, the method stops and the number of iterations executed cor-
esponds to the number of years that a fault (electrical or thermal)
s predicted to occur with 100% (in other words, the RUL). Other-

ise, if the method stops by reaching the maximum number of
terations (Tmax) without having the entire population classified as
ault, then the prognosis corresponds to a given condition based on
he average fitness of the population for each ensemble, which gives

 perspective of the proportion of individuals in the population that
an be classified as fault or normal operation:

NC (t) = 1
�

�∑

k=1

ENC (pt,k) (8)

TF (t) = 1
�

�∑

k=1

ETF (pt,k) (9)

EF (t) = 1
�

�∑

k=1

EEF (pt,k) (10)

The prognosis is Normal Condition (NC) in the number of years
′ corresponding to the condition:

rNC (t′) > rTF (t′)) ∧ (rNC (t′) > rEF (t′)) ∧ (rNC (t′) > 0.5)
The prognosis is Thermal Fault (TF) in the number of years t′

orresponding to the condition:

rTF (t′) > rNC (t′)) ∧ (rTF (t′) > rEF (t′)) ∧ (rTF (t′) > 0.5)
Fig. 6. Prognosis steps.

The prognosis is Electrical Fault (EF) in the number of years t′

corresponding to the condition:

(rEF (t′) > rNC (t′)) ∧ (rEF (t′) > rTF (t′)) ∧ (rEF (t′) > 0.5)

3.5. Ontology Core

The basic function of the Ontology Core is to execute the XML
parser, which performs search and manipulation operators over the
XML  structures (with XML  denoting the ontologies themselves).
The ontologies, in our system, provide the representation of the
knowledge under manipulation, e.g., grammatical rules, a given
knowledge specification or an initial Bayesian network [53]. The
Ontology Memory module has the function of storing ontologies
manipulated by each agent cluster.

3.6. Agent Core

The Agent Core has the function of performing functions inher-
ent to the agents. Unlike the Ontology Memory, the Agent Memory
aims to store agents code and attributes (e.g., their states).

3.7. Actuation System

For initial and prototyping purposes, the Actuation System is
modelled as a simple text output stream.

3.8. Communication System

In addition to the need to model mechanisms related to the
knowledge representation and the cognition environment, it is
also necessary to have infrastructure for communication between
agents and between agent clusters. Joining the cognitive function-
alities, where each cluster stores part of the knowledge, intra and
inter communication mechanisms are also required. In Fig. 3, these
two communication levels are represented by IntraClusterBus and
InterClusterBus respectively. To facilitate the initial prototype, we
employ a model based on shared buffers of mailbox type.

3.9. Fault diagnosis system on the proposed architecture

To better illustrate the power transformer fault prognosis sys-
tem using the proposed architecture, Fig. 6 shows the subsystems
interactions and their functionalities. The numbers in the figure
indicate the sequence of actions during the system utilization, as

follows:

1. The Ontology Core & Memory provides to the Connectionist Layer,
as described in Section 3.4.1, the neural network settings and the
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Table  2
Test cases.

Case H2 CH4 C2H4 C2H6 C2H2 op Date

1

29 110 53 290 10 N 02/03/1983
26 51 52 530 5 N 17/08/1984
64 180 65 770 5 N 10/10/1986

620 2200 2000 1100 13 T 05/08/1987

2
29 02 16 1 0.4 N 11/01/1983
27 5 12 2 0.4 N 13/02/1984
18 3 80 0.4 0.4 E 08/06/1989
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Table 3
Test environment.

Item Description

Processor Intel Core i3-380M
Memory 3 GB DDR3
Clock frequency 2.53 GHz
Operating system CygWin emulated on Windows 7

The computational cost is low: one independent run of the pro-
posed fault prognosis system takes on average 6 ms  in the test
environment, therefore, it is available as soon as a sample of gas
concentration is provided. Of course the run time depends on the
p, operation; N, normal; T, thermal fault; E, electrical fault.

synaptic weights after the training stage. It is important to high-
light that the training of the models in the Connectionist Layer
occurs off-line using data samples taken by the power company
or databases available from the academic community. This data
is used to train the neural network in the task of recognizing
normal and fault conditions from the gas concentration values.

. The Ontology Core & Memory provides to the Symbolic Layer the
statistical model of the gases variation with time. The statistical
model can be built from analyses carried out in the specialized
literature or from observations built by the power company.
Thus, the use of this system does not become infeasible in the
case of utilities which do not have historical data. Additionally,
other models for forecasting the gases variation could be easily
adopted in the system.

. Sampled gas concentrations are presented to the Sensory System
to initiate the fault prognosis.

. The information of gases concentrations, after decodification by
the Sensory System,  is passed on to the Symbolic Layer, starting
the evolutionary algorithm described in Section 3.4.2.

. For each iteration of the evolutionary algorithm in Section 3.4.2,
the Conexionist Layer is triggered to perform the analysis and
classification of the offspring generated by the evolutionary
model.

. After the evolutionary algorithm stops, the prognosis report is
generated.

. Results

.1. Experimental data

The neural networks in the connectionist layer were trained
ith the data set IEC TC 10 from the work of Duval as cited in [54].

here are 73 instances of electrical fault, 34 instances of thermal
ault and 48 instances of normal operation.

Obtaining data to test and validate the proposed Prognosis sys-
em is not an easy task because utility companies do not usually
abel the measurement data of power transformers with the date it

as collected. Nonetheless, we utilize information available from
37], with data provided by an utility company which performed
he monitoring of its transformers, registering the gas concen-
rations and the dates of collecting this data. Two  test cases are
ummarized in Table 2. In the first test case, by analysing the data,
here is a thermal fault after 4 years and 5 months (4.42 years).
n the second case, there is an electrical fault after 6 years and 5

onths (6.42 years).

.2. Configuration of experiments
The fault prognosis system was implemented on a PC-based
omputer using GNU C++ compiler. Table 3 details the characteris-
ics of the environment used for implementation and testing.
C  Compiler GNU C++ vs 4.5.3
Mathematical analysis Scilab 5.4.1

4.3. Results

The Prognosis system was  applied to these test cases using the
concentration data collected on the first date in Table 2. Based on
this initial sample, the Prognosis system is started. The symbolic
layer generates a population whose individuals are classified as
normal operation, thermal fault or electrical fault by the connec-
tionist layer. After the evolutionary process converges, we  obtain
the type of fault and the prediction of when it is expected to occur.
Since the method is stochastic, we  run our method 120 times for
each case, generating different values for the Remaining Useful Life
(RUL) in years. The parameters used in the experiment are: � = 10,
� = 100, N = 5, Tmax = 15. The results are summarized in Fig. 7, which
shows the box plot of the RUL for all the independent runs for each
test case.

As we can see, the system correctly converges to an estimate
that is on average very close to the actual time of occurrence of
the fault. The predicted RUL for the case 1 is 4.75 ± 1.18, while the
predicted RUL for the case 2 is 6.125 ± 2.88. Figs. 8 and 9 show the
histograms of the results for each case.

Finally, we  perform an additional experiment, in which the ini-
tial state is randomly selected from one of the entries in Table 2.
Then the method is applied based on this initial state, thus reaching
a prognosis. The obtained RUL is compared with the actual time for
the fault, and the error is calculated. After 120 runs, we obtained
the following results: 20% of runs corresponded to the exact fault
time, 33.33% of runs corresponded to an error equal to one year,
31.67% of runs corresponded to an error equal to two  years and
15% of runs corresponded to an error equal or greater than three
years. These outcomes suggest that the proposed method here is
reliable for this application.
Fig. 7. Box plot of the RUL results over 120 independent runs.



F.C. Sica et al. / Electric Power Systems Research 127 (2015) 109–117 115

Fig. 8. Histogram of the RUL for the case 1 over 120 independent runs.
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Fig. 9. Histogram of the RUL for the case 2 over 120 independent runs.

arameters of the evolutionary algorithm �, �, and Tmax and on the
ype of machine learning technique and number of neural networks
n the ensemble in the connectionist layer.

In order to give a better idea about the accuracy of the method,
able 4 presents the confusion matrix of case 1 and case 2. It is
onsidered that an acceptable prognosis error is within one year (ı

 1).
In Table 4, considering ı = 1 and � = 5, let RT represent the real

ault time and PT represent the fault time predicted by the prognosis
ystem. We  have:

True Positive (TP): when RT − ı ≤ PT ≤ RT + ı, the predicted time is
within the margin of error.
False Positive (FP): when PT < RT − ı, the real fault occurred after
the time estimated by the prognosis system.

False Negative (FN): when RT + ı ≤ PT ≤ RT + �,  the real fault
occurred before the time estimated by the prognosis system.
True Negative (TN): when PT > RT + �,  the real fault occurred
much earlier than the time estimated by the prognosis system.

able 4
onfusion matrix.

Case TP FP FN TN

Case 1 50.00% 2.50% 30.83% 16.67%
Case 2 53.33% 45.00% 1.67% 0.00%
Fig. 10. Accuracy of the prognosis with respect to the time between the time of the
initial state and the time of failure.

FP imply unnecessary preventive maintenance action while FN
represent corrective or reactive maintenance, because a fault was
not predicted correctly. Although undesirable, FP are less critical
than FN. TN would represent a situation where the system does
not predict a fault and no fault actually happens.

From the confusion matrix described in Table 4, one can estab-
lish the accuracy obtained through the relation

ACC = TP + TN

P + N
.

Fig. 10 shows the accuracy in relation to the proximity of fault time.
We have observed in our experiments that when the initial state is
closer to when the fault actually occurred, the proposed system is
more accurate.

5. Conclusions

In this paper we introduced a data-driven intelligent fault Prog-
nosis system based on cognitive systems for health monitoring in
power transformers. The proposed system is implemented on a
generic architecture for modelling cognitive systems. A fault prog-
nosis system provides many benefits for the Electrical Utilities
because it can assist in power transformer preventive maintenance,
consequently, benefiting consumers such as households, industries
and hospitals.

The generic architecture allows the implementation of other
knowledge based applications and is flexible enough to allow for
changes or improvements in the techniques employed in the sym-
bolic and connectionist layers, if required for the application. The
proposed fault Prognosis system combines evolutionary and con-
nectionist mechanisms into a hybrid system. The connectionist
layer employs ensemble learning for its potential in achieving
higher accuracy and robustness. Ensemble learning can combine
together different classifiers based on machine learning that are
available in the literature and statistical methods. The symbolic
layer employs an evolutionary method and a statistical model for
the dynamics of the variation of the gas concentrations.

The results reported show that the system was  able to correctly
predict not only the type of fault but also when that fault is expected
to occur. This kind of prediction is very useful for System Health

Management. This is one important contribution of our work, since
it goes one step further than other research in the literature regard-
ing fault classification in power transformers.
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One of the advantages of our method is that knowledge about
he age of the power transformer as well as its history is not
equired. The methodology relies on DGA and neural networks to
ecognize the condition of the transformer.

Regarding costs for deployment of the proposed system, they
ould be estimated as a minimum since the proposed methodol-
gy can be implemented as a basic embedded system. The most
xpensive part is related to the DGA equipment itself.

Since the proposed architecture is flexible, one can use it for
arious applications. Given these characteristics, the applicability
f the architecture for other cognitive systems applications is wide.
oreover the developed fault prognosis application is of general

se in electric power systems.
As future work, we intend to improve the accuracy of the con-

ectionist layer by testing other machine learning methods in the
nsemble. Another important follow-up of this work is the hard-
are implementation, leading to an electronic system that could be

ctually embedded in power transformers, thus integrating system
ealth monitoring and management to the power system equip-
ent.
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