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MONITORING AND DIAGNOSIS METHODS FOR HIGH
VOLTAGE POWER TRANSFORMERS

lIoana FAGARASAN', Sorina COSTINAS?, Sergiu St. ILIESCU®,

Transformatoarele de putere de inaltd tensiune reprezintd unele din cele mai
costisitoare echipamente din statiile electrice din sistemul electroenergetic.
Defectele si opririle accidentale ale acestora nu cauzeazd numai costuri cu
reparatiile; ele conduc i la pierderi ecomonice datorate intreruperii alimentarii
consumatorilor. Testele preventive §i monitorizarea on-line sunt benefice pentru
prezicerea conditiilor incipiente ale defectelor si pentru stabilirea/programarea
actiunilor de mentenantd si de retrageri din exploatare/inlocuire. De aceea, in

existente.

One of the most costly equipment in electrical power systems are the High
Voltage Power Transformers (HVPT). Faults and failures for these equipments does
not only cause repair cost, furthermore economic losses occur due to interruptions
in consumers’ energy supply. Preventive tests and on-line monitoring are used to
predict incipient fault conditions, and to schedule outage maintenance and
retirement of the transformers. This paper presents a survey on various approaches
on monitoring and fault detection of electrical power transformers used to optimize
maintenance techniques. This optimization is not possible without a correct fault
diagnosis besides critical components and common failure modes knowledge.

Keywords: high voltage power transformer monitoring, fault detection and
diagnosis methods, maintenance.

1. Introduction

During the last years some newer maintenance strategies as predictive
maintenance or reability centred maintenance got more common as more
diagnostic and monitoring technologies were available on the market.

Many new devices have been developed to help in providing information
that can be used in diagnosing the health of transformers. There are many key
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measurements that can help in indicating if a transformer is healthy or not [1].
Faults and failures are documented and analysed using an electronical data base.
Various studies give an overview and help to compare collected operational
experience data with international values. HVPT differ in design and operation
parameters [2]. The result of power transformers management system is
increasing the life cycle of the transformers by:

e strict monitoring during entire transformer life cycle;

e performing diagnosis methods;

e maintenance advices recommendations.

2. Fault Detection and Diagnosis Approaches

Within automatic control of technical systems, supervisory functions serve
to indicate undesired or unpermitted process states and take appropriate actions in
order to maintain the operation and to avoid damages or accidents [3]. In Fig. 1 is
presented a general schema of process supervising system with fault diagnosis[4].
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Fig. 1. General schema of a process supervising system

Fault detection and diagnosis systems implement the following tasks: fault
detection, that is, the determination of faults present in a system and time of
detection, fault isolation, that is, the determination of the kind and exact location
of the fault (the component that is faulty) and fault identification, that is the size
and time variant behaviour of the fault [5].

The first level of the supervising system is represented by data acquisition
and automatic control function. Monitoring function assures measured signal
checking with regards to the tolerance and alarms are generated for the operators.
In the case of a dangerous process state, the automatic protection function starts
an appropriate counteraction. Supervision with fault diagnosis is based on
measured variables. Based on these variables, features are calculated and
symptoms are generated via change detection. If a fault has occurred the fault
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type, size and location must be identified. A fault diagnosis consists in
determining these characteristics of a fault. There are several different methods to
use the monitoring data and deduce useful information about the health of the
transformer. One method is to use analytical modelling and another one is to use
artificial intelligence techniques to identify the system, observe them, and detect
faults in the system once undesired patterns are observed. These patterns are
obtained using the expertise of individuals who have worked with transformers to
determine thresholds for making decisions based on different sensor values.

The monitoring signals and sensors and the most commonly accepted
thresholds used in transformer diagnostics are given in the following section 3.

3. Power Transformer Monitoring Systems

High Voltage Power Transformers (HVPT) monitoring systems includes
specific measurements regarding: the water in oil, combustible gas in oil,
temperature, gas pressure, insulation properties, partial discharge, acoustic
signatures, motor current profiles, bushing leakage current detection, moisture in
insulation, spectral content of shell vibration, and load current and voltage [6].

An overview of monitoring techniques used to evaluate the transformer
functioning based on specific measurements is given below.

The first considered technique is the Dissolved gas analysis (DGA). When
various faults develop, it is known that different gases are generated. By taking
samples of the mineral oil inside a transformer, one can determine what gases are
present and their concentration levels. In [7] Halstead proved that there is a
relationship between fault temperature and the composition of the gases dissolved
in oil (Fig. 2). Much effort has been made into creating diagnosis criteria for the
types and amounts of gases that are present in the oil [8]. Some studies have
focused on key gases and what faults they could identify [9]. A summary of the
relationship between fault types and the key gases is given in Table 1.

Table 1.
T Key gases for DGA and their fault type
9 Key Gas Chemical | Fault Type
g i Symbol
G Hydrogen H, Electrical Corona
g Carbon Monoxide CO Cellulose insulation
3 and CO, Breakdown
I Carbon Dioxide
: Methane and | CHy Low temperature
250 500 750 1000 1250 1500 1750 2000 Ethane C,Hg Oil breakdown
FAULT TEMPERATURE (°C) Acetylene C,H, Electrical Arcing
Fig. 2.Gases generated during breakdown Ethylene C,H,4 High  temperature
of dielectric oil oil breakdown
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Moisture Analysis. Water in the oil indicates paper aging, since the
cellulose insulation used in power transformers is known to produce water when it
degrades [10]. Water and oxygen in the mineral oil further increases the rate at
which the insulation will degrade ( and Fig. 4).

A fuzzy-logic identification tool was used to detect the water-in-paper
activity. On-line measurements of the water saturation in the oil, top and bottom
oil temperatures, and load are used to determine this activity [11].

The limit criterion for moisture content is almost universally used to
indicate insulation deterioration, oil leaks, and overheating of the transformer.

Partial Discharge Monitoring. Most incipient dielectric failures will
generate numerous partial discharges before the catastrophic electrical failure. The
measurement of partial discharges is probably the most effective method to detect
pending failure in the electrical system. During discharges, ultrahigh frequency
waves are emitted. Partial discharges may occur only right before failure but may
also be present for years before any type of failure. A high occurrence of partial
discharges can indicate voids, cracking, contamination or abnormal electrical
stress in the insulation [10].
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At first, techniques to be able to detect partial discharges were few and far
between. Luckily, because of the ultra-high frequency (UHF) waves produced
during partial discharge, sensors have been developed that use UHF couplers to
detect frequencies from 300-1500 MHz [12]. The advantage of partial discharge
sensors is the ability to detect the actual location of insulation deterioration, unlike
with dissolved gas sensors.

Temperature Monitoring. Abnormal temperature readings almost always
indicate some type of failure in a transformer. For this reason, it has become
common practice to monitor the hot spot, main tank, and bottom tank
temperatures on the shell of a transformer. Monitoring the temperature of the load
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tap changer (LTC) is critical in determining if this one would fail. In addition to
the LTC, abnormal temperatures in the bushings, pumps, and fans can all be signs
of impending failures.

The thermography technique is used to detect temperature gradients on
external surfaces of the transformer [13]. In order to make on-line monitoring
possible, thermocouples are placed externally on the transformer and provide real-
time data on the temperature at various locations on the transformer. High main
tank temperatures have been known to indicate oil deterioration, insulation
degradation, and water formation (Kirtley, 1996).

Vibration Monitoring. This diagnostic methods is used to detect a failure
in electrical insulation around the coils. Studies of transformer breakdowns have
shown that between 70 and 80% of failures are caused by a short circuit between
turns. While the frequency spectra of the vibration often proves more valuable
information, excessive vibrations on the shell of a transformer can often be an
indication of some malfunction of the transformer. The pumps or fans may no
longer be operating properly. The coils or magnetic core may have been jarred
loose. All of these malfunctions may ultimately lead to a transformer failure.

Current Monitoring. This diagnostic tools have been developed recently
for monitoring the currents on the primary, secondary, and tertiary coils [6]. In
addition, monitoring the current being drawn by the fans and pumps can also
indicate when there might be a failure in these accessory units. Monitoring these
currents may often be an easier and cheaper alternative than thermography or
other types of thermal monitoring. It is important to monitor the appropriate
operation of the cooling system.

Bushing, Current Transformers and Load Tap Changers Monitoring.
The life of a transformer is predominantly shortened by the deterioration of its
accessories (the bushings, load tap changers, and cooling system).

Nearly 50% of defects are from these accessories, while only 20% are
from the failure of the insulation system [14]. More notably, 70% of transformers
have revealed problems with the bushings.

Some of the causes of bushing failures include changing dielectric
properties with age, oil leaks, design or manufacturing flaws, or the presence of
moisture. Similar to the insulation around the transformer coils, there are also
layers of foil and oil impregnated insulation that surround the transformer
bushings and current transformers. There is a small amount of charging current
that flows when the system is running. Changes in this charging current can
indicate degradation in the insulation.

Overheated the load tap changers (LTCs) can result from many different
phenomena. Though the contact temperature cannot easily be measured directly,
the overheating will generally result in an increase in the LTC oil temperature.
Therefore, wear in an LTC can be detected by monitoring the temperature
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differential between the oil of the load tap changer and the oil of the main tank.
By monitoring the LTC temperature closely, the flashover between the contacts
can be avoided, which usually results in a short circuit of the regulating winding
and subsequent failure of the transformer.

4. Transformer Modelling for Fault Detection and Diagnosis

Many different methods for detection of an impending failure in a system
have been developed. These methods can be classified into two main categories:

e analytic model-based approach to fault detection. In this case, linear or
nonlinear system theory is used to develop system models. The model can
represent electrical, mechanical, thermal, or hybrid dynamics that take place in
the system. These analytic models attempt to represent the system by
mathematical expressions. From these models, fault detection may be
achieved analytically by comparing the model’s reconstructed and estimated
measurements with the actual behaviour of the system, depicted by available
sensor measurements. Model-based monitoring of transformers was
introduced by MIT researchers [15].

o fnowledge-based approach. From the human knowledge, rules are formed and
decisions are made based on the rules. This method can utilize artificial
intelligence for automatic generation of the rules and making decision [16, 17,
18].

If analytic evaluation of the residuals, in the analytic model based
approach, is not suitable, fault detection may be made by an expert system based
on heuristic rules. In this case, the final fault decision will be made by the human
operator, as might be the case with the knowledge-based approach as well.

The transformer system is very complex. Basically the construction of a
HYV power transformer is modelled by sub-systems as in Fig. 5.
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Fault descriptions could be assigned to various functional groups of the
model considering the components of the transformer affected by faults.

4.1. Analytic Model-based Approach

From the physical point of view it contains thermal, mechanical, electrical,
and fluid systems. Though most effort was made at linear models of the
transformer systems, it quickly became evident that non-linear models provided
for more accurate system identification [19]. Many different types of models have
been developed to try to identify the system and detect failures. Using these
models, it has become possible to detect faults by noticing abrupt and slowly
developing changes in the model parameters. The added complexity that non-
linearity introduces to system modelling renders it impractical in most cases.

The most common models that have been experimented with are thermal
models [13, 20, 21, 22, 23].

On the mechanical side, a mathematical model has been derived to express
the mechanical stresses due to forces on the transformer windings. This model
provides critical information on the possible damage that is caused from radial
short-circuit forces and gives an assessment of the possibility that a catastrophic
fault from a winding short circuit could occur [24]. Diagnostics of the electrical
system have been developed using the transfer function method [25].

In addition to the mechanical and electrical modelling strategies, fluid
models have been developed for the transformer oil and its gas content. The model
indicates the temperature levels at which the bubbles form and thus allows for
warnings when the temperature reaches the levels indicated by the model [26].
Finally, chemical models of the transformer insulation have also been developed.
The insulation model uses degree of polymerization and tensile strength of the
insulation to make fairly accurate estimations of the aging and life expectancy of
the insulation [27]. The thermal models and many of the others given above are
based in the time domain.

In the past few years, identification based models of power transformer
have been formed from frequency response data [28]. In this study, transformers
are identified through the use of a subspace-based algorithm in coordination with
non-linear least squares technique. The identified transformers have a dynamic
range of 1 MHz and still produce accurate models. In this method, mathematical
frequency-based models are formed from which equivalent circuits can be derived
to match the frequency response of the model. The resulting models are usually
higher order but can be reduced through model reduction and still produce highly
accurate mathematical representations of the system.
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4.2. Knowledge-based Approach

The modelling techniques described above require significant knowledge
about the system. The physics behind the operation of the transformer has to be
derived. This type of modelling is known as white box modelling. For the model
to be successful there must be information available about the inner operation of
the system. On the other side of the spectrum, there is black box modelling (Fig.6)
that does not require knowledge of the inner operation of the system. Artificial
intelligence is the clasic example of the black box mode and it trains itself the
system providing diagnostic information based on a set of inputs and outputs.
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Fig. 6. Comparison between white and black box diagnostics

The non-linearity of transformers makes it exceedingly difficult to create
white box models that provide a high level of accuracy. In addition, the many
subsystems (thermal, mechanical, electrical, fluid) present in a transformer make
the system modelling very complex. Therefor, a feasible solution is the black box
modelling, centred around various artificial intelligence techniques [16, 17, 18].
The artificial intelligence can solely be used or a hybrid of knowledge-based and
model-based techniques can be used (grey box diagnosis).

6. Conclusion

Transformer diagnosis is an expanding field of study. This diagnosis must
consider information delivered by the manufacturer, information relating to the
conditions of dissolved gas in the transformer, transformers size, volume of oil,
gassing rates, loading history and environmental factors and also on-line
information about disolved gases, moisture content, partial discharges,
temperature, vibration and current monitoring. The historic diagnosis records are
important in future similar case diagnosis.

Modern model based fault detection techniques can, in principle, be
applied to any system to provide continuous and unambiguous indication of the
condition of the system.

Intelligent systems as expert system, fuzzy techniques or artificial neural
networks has been also used for diagnose different faults of transformers. Expert
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systems are programmed according to “expert” knowledge regarding fault
condition evidence, and used thresholds from the sensors to determinate the
evidence of a fault. In order to complete knowledge requirements of an expert
system, much research has been done on data analysis through more analytical
and artificial intelligence techniques. These techniques are used to identify the
transformer dynamics and detect failures from this identification. Many different
methods have been tried, some with more success than others.

The diagnosis approaches developed by different research teams can be
divided into several parts. First relevant diagnostic data must be collected from
the sensors and historic diagnosis and operation data from the experts. From the
measurements some are chosen to be either inputs or outputs. Then the
appropriate implemented technique is used to estimate the outputs from the inputs.
These estimations are compared to the measured outputs and residual values are
obtained. If the residual values are grater then a thresholds limit than the
appearance of a fault is announced. The second step is to analyze the residuals
values in order to diagnose the occurred failure. The assessment of the
transformer health and any need for maintenance can be established.
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