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Large power transformers (LPT) are custom-built pieces of equipment that are crucial links to the bulk transmission
grid. Usually, they link a generator-transmission line and/or linking lines of different voltages. It is essential for large

power transformers to understand which condition of their components indicates an abnormal operation.

large power transformer condition monitoring transformer fault diagnosis

| 1. Introduction

In the current context of deregulation of electricity systems, each electricity company seeks to manage its assets
more efficiently, basing itself on conditional and proactive maintenance methodologies. This pursues to limit the
number of interruptions in the grid and thus avoid economic penalties that can be severe. More specifically, only

one large power transformer’s shutdown can lead to direct and indirect losses that would far exceed its price L.

It is even more essential for large power transformers to understand which condition of their components indicates
an abnormal operation. To systematize this point, it is shown in Figure 1 a drawing cut of a typical large power
transformer and its main components. The potential and associated abnormal conditions are presented based on

those identified.
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Figure 1. A large power transformer and its main components.

| 2. Active Part
2.1. Windings

The windings’ abnormal operating conditions are one of the most frequent causes of failures, for they can
experience wear at the mechanical, thermal, and dielectric levels 2. These three always appear in a coupled way,

and, most often, one of the phenomena proves to be more significant for the appearance of failure.

Mechanical anomalies are the windings’ loosening, displacement, or deformation B4 as shown in Figure 2a.
These anomalies originate from improper repair, poor maintenance, corrosion, manufacturing defects, vibrations,
and mechanical displacements within the transformer. On the other side, windings can present high thermal losses
in events such as a short circuit in the outer terminals. These losses usually give rise to “hot spots” that can lead to

small ruptures or even the total copper breaking in the windings.
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Thermal instability of the
Insulation paper

Figure 2. Examples of abnormal conditions in the windings, in (a) &, there is a deformation of the windings. In (b)

Bl there is a dielectric failure (poor condition of the insulation paper).

Dielectric anomalies come from disruptions of the insulating material between phases. Disruption occurs due to
high potential differences such that the resulting electric field causes ruptures within the dielectric material. These
can occur between turns of the same phase or between phases. Often, disruption will result in the appearance of

small, short circuits that will lead to local burning of the windings &, as shown in Figure 2b.

2.2. Transformer Core

One of the most frequent defects in the core © is shown in Figure 3. The displacement of the core blades due to
electromagnetic forces is verified due to high eddy currents that circulated in them. In this situation, each conductor
(blade) with an induced current produces a magnetic field that, when interacting with the currents circulating in the
opposite blade, provokes electromagnetic forces in it, which causes a deformation in the plates . Figure 4 shows
an illustration of this phenomenon. If the laminations presented induced currents circulating in opposite directions,
this would cause the appearance of repulsive electromagnetic forces, as in Figure 3, otherwise appear attractive

forces between laminated sheets.
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Figure 3. lllustration of a power transformer case presenting mechanical deformation of the core and laminated

electrical sheets 2.
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Figure 4. lllustration of forces according to the current direction.

| 3. Insulation System
3.1. Solid Insulation

Solid insulation is based on cellulose, namely paper and pressed wooden impregnated with oil forming a dielectric
and mechanical insulation of the windings. The abnormal operating conditions that arise in these elements result
mainly from the degradation of cellulose. The degradation has three mechanisms as its basis: hydrolysis
(decomposition of the chemical compound by reaction with water), pyrolysis (decomposition or transformation of
the compound by the action of heat), and oxygenation (combination of a substance with oxygen) . The hydrolysis
phenomenon is the mechanism that contributes most to the breakdown of the long chains of glucose rings that
make up cellulose. This degradation and aging of cellulose significantly contribute to the loss of dielectric and

mechanical properties that lead, for example, to short circuits between windings.

3.2. Liquid Insulation
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The dielectric fluid has two objectives: insulating the transformer core and its tank and cooling the transformer by
convection. The oil circulates through the main tank, absorbed by the paper (helps its cooling), giving it special
dielectric characteristics. Oil circulation also allows the removal of heat from the core to the environment, as the oil,
when heating, rises and enters the pipe that leads to the radiator.

The quality of the used oil greatly affects the properties of the insulation and cooling systems as particles (water,
rust, and acids) appear in it due to its aging B2, These make the oil more viscous, making its circulation difficult,
thus risking the transformer’s cooling capacity. If these particles are electrical conductors, such as water, they can
facilitate short-circuits between elements, representing a failure of the insulation system.

| 4. Components and Accessories

4.1. Bushings
Another type of transformer anomaly occurs in their bushings (Figure 5), which serve as insulation between the

passage of the outer conductors and the interior connection to the windings; they act as a path for each stage’s
current through the walls of the tank.
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Figure 5. OIP bushing and capacitive bushings scheme.

The bushings can be of the capacitive or non-capacitive type, and for transformers, with higher operating voltages,
it is usual to use the capacitive type bushings (Figure 5). Capacitive type bushings are classified as “OIP” (Oil
Impregnated Paper—Ilayers of oil-impregnated paper), “RIP” (Resin Impregnated Paper—paper impregnated with
epoxy resins), and “RBP” (Resin Bonded Paper—Ilayers of Bakelitized paper), the manufacture of the latter being
practically abandoned due to problems related to partial discharges 19
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In Figure 5 left, it is possible to visualize an OIP bushing, and in Figure 5 right, it represents its scheme. The
bushing is composed of a central conductor covered with paper impregnated in oil or resin (considering only the
bushings of the OIP and RIP type) and the external insulator, usually in porcelain. The bushing is represented by a
center conductor and several condensers between this and the mounting flange, as represented in its diagram
in Figure 5, right side. Between the central conductor and the capacitive tap (where measurements are taken),
there is the capacitor C1, which represents the value of the total capacitance in series resulting from the different
layers of electric potential distribution. The capacitor C2 translates the capacitance value between the capacitive

layer C2 and the capacitive tap; it corresponds to the insulation between C1 and the mounting flange 21,

Degradation of bushings, mainly those located at the high-voltage side, is reflected in the appearance of partial
discharges and the loss of dielectric properties that will lead to overheating, as illustrated in Figure 6. This

degradation may be due to the following set of factors:

« Contamination of insulators, due to deposition of contaminants (water, dust) on the surface of bushings 2 and,

for highly polluted places, they must be washed regularly;

« Water ingress, which can enter, for example, through small cracks in the porcelain, which can be the result of

mechanical damage to the bushing or else due to the bushing swelling and deflating with temperature [1324I:

« Aging process of the bushing 151161,
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Figure 6. Thermographic photographs of overheating bushings 22,

4.2. Tap-Changer

Tap-changer is one of the most critical components of a large power transformer 18] 35 it is one of the only that
exhibits a controlled displacement (Figure 7a). It can regulate the voltage and/or phase change by varying the ratio
of the number of turns of the transformer without interrupting the load, thus compensating for constant load
variations. There are two types of tap-changers: those using resistors or reactances during the switching process.
The first is installed inside the tank (they can have their oil or share it), while the second is usually welded to the

tank 22, In Europe, resistive-type tap-changers are generally used.
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Figure 7. On-load tap-changer. (a) tap-changer device commercially available; (b) diagram of the tap-changer

working principle.

The tap-changer comprises a “switch” switching component and a “plug selector” selection component, as
illustrated in Figure 7b. The entire switching process is driven by a single-phase induction motor placed outside the
transformer.

Variation of the number of turns ratio is intended to be carried out without interrupting the load current. The process
always occurs by connecting the next socket before undoing the previous connection. To avoid the high current
coming from the short circuit between turns, a transition impedance is inserted in the form of electrical resistance or
reactance, thus transferring the load current from one socket to the other.

In the on-load voltage regulator, abnormal operating conditions may also arise, which will be reflected in the
operation of the transformer. Some of them are presented below.

» The lack of maintenance of this equipment can lead to a desynchronization between the selector and the tap-

changer, causing the voltage regulator not to be in the correct position 29[211:

e OId or burnt condensers in the induction motor can lead to a loss of control in the direction of governor
movement or even cause the governor motor to stop and make it impossible to change the number of turns

ratio;
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« With frequent use, commutator springs lose elasticity and may even break. In this case, it will not be possible to
change the ratio of the number of turns of the regulator 22!;

« The voltage regulator is frequently used, which leads to wear of the entire switching mechanism &, especially in
the contacts responsible for the transition of plugs, which are subject to electric arcs. In the on-load voltage
regulator, the current interruption leads to the appearance of an electric arc, which leads to the formation of
gases that are the same as those that appear in the main transformer tank due to dielectric failures. As such, if

the tank is shared, false conclusions about dielectric failures and their location can result;

» When operating on the same contact for a long time, there is a risk of deposition of carbon particles, which can
char due to the heat from the increased contact resistance. In extreme cases, as shown in Figure 8a, the
contacts’ carbonization leads to the impossibility of operation as the contacts are stuck 231, This anomaly is not

very common in on-load voltage regulators and is more relevant for no-load voltage regulators.
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Figure 8. Abnormal condition in the on-load tap-changer (a) and current and voltage signals at the transformer
terminals (b) 23],

The example illustrated in Figure 8a occurred in a substation transformer and showed the occurrence of a severe
failure in the regulator switch. As can be seen from the evolution of voltages and currents at the transformer
terminals in Figure 8D, the fault was reflected in the signals by the appearance of oscillations in one of the currents

and the deformation associated with the respective voltage.

4.3. Tank

The tank contains the oil and provides physical protection and support for the different components of the
transformer, besides ensuring the grounding of the magnetic circuit and the various metal parts. The tank may
show cracks 24l essentially resulting from environmental wear and tear, such as those resulting from corrosive
environments, high humidity, vibrations, and solar radiation. The tank walls may also rupture due to high-pressure

gases resulting from internal arcs that vaporize the oil (23,

4.4. Cooling System

In a large power transformer, cooling is achieved through the forced circulation of oil, water, or air. Forced
circulation is based on the use of pumps and fans. There is a coding depending on the internal and external
cooling medium and the type of circulation they are subject to. For example, ONAN is interpreted as having an
internal cooling medium of mineral oil and external air, and the circulation in both is characterized by being natural.
Generally, internal cooling uses mineral oil “O” forced through the radiators and directed from these to the “D”
windings, or even if it is just forced “F”. External cooling uses “A” air or “W” water. For external circulation, there is
“N” for natural air convection and “F” for forced circulation. The same transformer can have several types of

cooling. Depending on the temperature and/or power it is subject to, it can activate or deactivate the fans and/or
pumps [28127],

The most significant anomalies in the cooling system lead to an increase in the temperature of the transformer oil,
which affects different components of the transformer and can even lead to an increase in the pressure of the
gases that form, leading to its explosion [28. These failures can, for example, originate from cracks in the tubes
where the oil circulates (causes a reduction in the amount of oil and leading to a reduction in heat exchange), or
even due to anomalies in the fans due to wrong measurements of the thermometers or malfunction of the
ventilation and pumping system. The example from 22 in Figure 9 makes it possible to visualize a case in which

the oil level dropped and prevented its circulation since the radiator valves are at a lower level.

https://encyclopedia.pub/entry/25023 11/15



Abnormal Operating Conditions of Oil-Immersed Large Power Transformers | Encyclopedia.pub

71.96'C

16.67°C
Ir3

Figure 9. Transformer thermographic photograph 22,

Until now, various abnormal operating conditions that lead to transformer failure have been pointed out. However, it

is not straightforward to enumerate them all. Table 1 summarizes, based on the information presented above and

in BAB1 the failure modes and most recurrent causes that appear in each component.

Table 1. Failure modes and common causes are associated with the most important transformers’ components.

Component

Core

Windings

Solid insulation

Insulation fluids

Failure Mode

Loss of efficiency

Short-circuit

Cannot provide insulation

Short-circuit

Event

Blade displacement

Mechanical damage

Insulation Failure

Mechanical damage

Insulation Failure

Conductive particles in the oil

Cause

—Eddy currents

—NManufacturing
deficiencies
—Corrosion

—Bad maintenance
—Vibrations
—Mechanical
displacements

—Overvoltage
—Overheating

—Cellulose aging

—Cellulose Aging
—Overheating

—Aging
—Overheating
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Component Failure Mode Event Cause

—Pumps/Fans failure
Overheating Oil does not cool —Particles in ail (aging
and overheating)

- —Insulator contamination
Partial discharges and loss of

Bushings Overheating . . . —Water inlet
dielectric properties .
—Aging
—Breakage of springs
On-load voltage Inability to change the . —Lack of maintenance
. Mechanical damage —Old or burnt condensers
regulator number of turns ratio o
—Carbonization
—Switching system wear
Qil tank Oil leakage Damage to tank walls _ngh gas pressure
—Environmental wear
—Pipe cracks
. . N . —Particles in oil (aging
Cooling system Overheating Cooling incapacity and overheating)
—Pump/fan failures
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