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Thermal Effects of Artificial Lamination Faults in
a Three-Phase Transformer Core Using Infrared
Thermography

Ehsan Altayef, Sofiane Chiheb, Fateh Anayi, Michael Packianather and Eheda Hassan

Abstract—Transformer core lamination faults can significantly affect transformer performance, reliability, and
operational lifetime by increasing core losses and localized heating. This paper investigates the thermal effects of edge
burr faults and inter-laminar insulation deterioration. An experimental test rig consisting of a 15 kVA three-phase
transformer and a FLIR C2 thermal imaging camera was developed to capture temperature distributions under healthy
and faulty operating conditions. Faults were introduced by creating controlled short circuits between laminations with
varying affected areas and numbers of shorted laminations. Thermal images were acquired at different magnetic flux
densities ranging from 0.5 T to 1.8 T under no-load conditions. The results demonstrate that both fault types produce
noticeable temperature rises compared with healthy operation, with the severity of heating increasing as the flux density
and fault size increase. Edge burr faults resulted in localized hot spots and temperature rises of up to 10% compared
with healthy conditions, while insulation deterioration faults produced temperature increases exceeding 18% for severe
fault scenarios at 1.8 T. The findings confirm that infrared thermography provides an effective non-invasive technique
for detecting and assessing transformer core lamination faults and can support condition monitoring and early fault
diagnosis in power transformers.

Keywords—Power transformer, Transformer core faults, Edge burrs, Lamination insulation degradation, Infrared
thermography, Thermal imaging, Condition monitoring.

Similarly, mechanical defects such as edge burrs can
create localized short-circuit paths that increase
circulating currents within the core [14], [15], [17]. These
defects generate excessive heat, increase iron losses,
accelerate insulation ageing, and may ultimately

I. INTRODUCTION

Power transformers are among the most critical and expensive
assets in electrical power systems, serving as essential links
between generation, transmission, and distribution networks.

Their reliable operation is therefore vital for ensuring
continuity of supply and maintaining the stability of modern
power grids [1]-[6]. Although transformer failures can
originate from several sources, defects associated with the
magnetic core remain particularly important because they can
develop gradually and remain undetected until significant
damage has occurred [9], [18].

The transformer core is manufactured from thin grain-
oriented electrical steel laminations insulated from one
another to suppress eddy currents and minimize core
losses [13]. The effectiveness of this design relies heavily
on the integrity of the insulation coating between adjacent
laminations. During manufacturing, transportation,
installation, or long-term operation, the insulation layer
may deteriorate or become damaged, leading to
unintended electrical contact between laminations.
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compromise transformer efficiency and reliability [18],
[19].

Early detection of core lamination faults has attracted
considerable attention in recent years. Various diagnostic
techniques have been proposed, including no-load current
analysis, vibration monitoring, acoustic emission methods, flux
measurement, dissolved gas analysis, and frequency-response-
based approaches [10]-[12], [25], [26]. While these techniques
can provide valuable information regarding transformer
condition, they often require complex signal processing,
specialised equipment, or indirect interpretation of fault
signatures. Furthermore, some methods may have limited
sensitivity to localized defects in their early stages [11], [25].

Infrared thermography has emerged as a promising non-contact
diagnostic tool for condition monitoring of electrical equipment
[71, [8]. Since thermal abnormalities are frequently associated
with increased losses and fault development, thermal imaging
can provide direct visual evidence of abnormal operating
conditions. In transformer cores, localized short circuits
between laminations generate hot spots that can be detected
through temperature distribution analysis [20]-[24]. Despite
the growing interest in thermographic inspection, relatively
few experimental studies have systematically investigated the
thermal behaviour of different types of artificial lamination
faults under controlled operating conditions and varying
magnetic flux densities [21]-[24].

This paper presents an experimental investigation into the
thermal effects of two common transformer core defects: edge
burr faults and inter-laminar insulation deterioration. A
dedicated fault-test platform based on a 15 kVA three-phase
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transformer was developed to simulate various fault severities
by creating controlled short circuits between laminations.
Thermal images were acquired using a FLIR infrared camera
under healthy and faulty conditions for flux densities ranging
from 0.5 T to 1.8 T. The objective is to quantify the relationship
between fault severity, magnetic flux density, and temperature
rise within the transformer core, thereby evaluating the
effectiveness of thermal imaging as a diagnostic tool for
detecting and assessing lamination-related faults.

The contributions of this work are threefold. First, a
comprehensive experimental dataset of thermal responses for
multiple artificial lamination fault scenarios is established.
Second, the influence of fault size and flux density on
transformer core temperature is analysed quantitatively. Third,
the study demonstrates the capability of infrared thermography
to distinguish between healthy and faulty operating conditions,
providing valuable insight for future transformer condition
monitoring and fault diagnosis systems. The experimental
framework and fault scenarios investigated in this study build
upon previous investigations of transformer core lamination
faults and their effects on transformer performance [27]-[29].
Recent advances in transformer fault diagnosis and electrical
machine analysis have also provided additional motivation for
the present work [30]-[33].

II. EXPERIMENTAL SET-UP AND SAMPLE

As complimentary studies for previous fault and estimation
works (e.g., [30]-[33]), the paper treat transformer core faults.
This section describes the data acquisition system and
experimental procedure employed to investigate the effects of
lamination faults in power transformers. The experimental
fault-testing platform was developed by the Magnetics Group
at the Cardiff School of Engineering to facilitate controlled
fault simulation and thermal analysis. The system enables the
identification of hotspot regions within the transformer core
through thermal imaging. Figure 1 presents a photograph of the
experimental setup together with a schematic representation of
the measurement system..
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Fig. 1: Experimental Set-up
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The experimental test rig comprises several key components,
including a 15 kVA three-phase power transformer, specially
designed clamping fixtures to secure the transformer during the
introduction of edge burr faults, and a rotary tool used to
remove approximately 400 mm? of insulation from the
transformer core laminations to simulate the second fault
condition investigated in this study. The magnetic flux density
was determined from the measured voltage and current signals
acquired using a power analyser connected to the transformer.
A thermal imaging camera was employed throughout the
experiments to capture the temperature distribution of both
healthy and faulty transformer cores, enabling a comparative
thermal analysis.

The transformer core is constructed from a stack of 520 grain-
oriented electrical steel laminations. It features a dual-window
core structure with window dimensions of 320 mm x 120 mm
and overall core dimensions of 540 mm x 520 mm.
Furthermore, both the primary and secondary windings are
uniformly wound around the core limbs, each consisting of 50
turns of insulated copper conductor with a cross-sectional area
of 1.5 mm?2

III. PROPOSED FAULTS DETAILS

A. Artificial Lamination Faults

In this study, two common transformer core faults were
investigated: edge burrs and interlaminar insulation
deterioration. These faults are among the most frequently
occurring defects in transformer cores and can significantly
affect transformer performance. To evaluate their impact, no-
load tests were conducted, as no-load current measurements
provide an indication of the transformer's no-load (iron) losses.
During these tests, the transformer primary winding was
energised with its rated voltage of 220 V, while the secondary
winding remained open-circuited.

To assess the thermal effects of the investigated faults, the
transformer was first examined under healthy operating
conditions to establish a baseline for comparison. During this
stage, the three-phase voltage and current were recorded at
magnetic flux densities 0f 0.5, 0.8, 1.0, 1.5, 1.7, and 1.8 T. Each
experiment was repeated three times to ensure the accuracy,
repeatability, and reliability of the measured data. Furthermore,
the data for each fault condition were collected on separate
days, allowing sufficient time for the transformer core to return
to ambient temperature before subsequent measurements. This
procedure minimised the influence of residual heating on the
experimental results. The following sections describe each fault
condition in detail.

B. Edge Burr Fault

To simulate the edge burr fault, an artificial short circuit was
introduced between adjacent laminations of the transformer
core. Four fault scenarios were considered, each representing a
different number of short-circuited laminations (i.e., different
affected areas). Prior to fault implementation, baseline
measurements were obtained wunder healthy operating
conditions over a range of magnetic flux densities from 0.5 T
to 1.8 T to establish a reference for comparison.

Following the baseline measurements, edge burr faults were
introduced at various locations on the transformer core
according to the predefined fault scenarios. A custom-designed
clamping device, shown in Figure 2, was developed to fit the
experimental transformer core used in this study. The clamping
mechanism ensured firm and consistent electrical contact
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between the artificial burr material and the edges of the
laminated core stack, thereby providing repeatable and reliable
fault conditions throughout the experiments.
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Fig. 2: Clamping device used for the laminations fault fixation

As illustrated in Figure 2, the clamping device consists of two
wooden plates fastened using two plastic bolts, which apply
uniform pressure to the copper foil placed on both sides of the
laminated core stack. Since both wood and plastic are non-
conductive and exhibit negligible electromagnetic interference,
their influence on the experimental measurements can be
considered insignificant. This assumption is consistent with
previous studies, which have similarly neglected the effect of
the clamping device on the experimental results (e.g., [19],

[27]).

Four edge burr fault scenarios were implemented by varying
the number of short-circuited laminations and the
corresponding contact area, as illustrated in Figure 3. In the first
scenario (Figure 3(a)), a thin metal strip was inserted to create
a short circuit between two adjacent laminations within the 520-
lamination transformer core. The contact area measured 45 mm
in length and 0.5 mm in width, corresponding to an affected
area of 22.5 mm?.

i Affected area

(a) Scenario 1

Affected area &
=SS |

(d) Scenario 4

(¢) Scenario 3

Fig. 3: Artificial edge burr lamination faults (a) scenario 1, (b) scenario 2,
(c) scenario 3 and (d) scenario 4

the second scenario (Figure 3(b)), a wider metal strip measuring
45 mm x 10 mm was employed, producing a contact area of
450 mm? This configuration increased the number of short-
circuited laminations from two to approximately 33, thereby
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representing a more severe edge burr fault.

For the third scenario (Figure 3(c)), a copper wire with a
diameter of 1.3 mm was used to establish a short circuit across
four adjacent laminations. The resulting contact area measured
approximately 45 mm x 1.3 mm (58.5 mm?).

The fourth fault scenario, shown in Figure 3(d), consisted of a
localized short circuit between two laminations with a contact
area of 9 mm x 15 mm (135 mm?). This configuration was
included to investigate the influence of contact geometry on the
thermal behaviour of the transformer core.

C. Lamination Insulation Fault

Transformer cores are constructed from thin electrical steel
laminations to minimise eddy current losses and improve
operating efficiency. Each lamination is coated on both sides
with a thin inorganic insulating layer, typically 1-3 pum thick,
to prevent direct electrical contact between adjacent
laminations. However, deterioration of the inter-laminar
insulation may occur due to several factors, including ageing of
the insulating coating, mechanical damage caused by external
objects, and overheating resulting from winding failures or
other abnormal operating conditions [29].

To investigate the thermal effects of inter-laminar insulation
deterioration, artificial insulation faults were introduced into
the transformer core, and thermal images were captured to
assess the resulting temperature distribution. The fault was
created by carefully removing the insulating coating from the
selected laminations and inserting a copper strip between them
to maintain electrical contact, thereby simulating insulation
breakdown. The fault preparation procedure is illustrated in
Figure 4.

15 kVA three-phase
transformer

Rotary Tool

Affected area

Fig. 4: Experimental setup used for the laminations fault analysis

To simulate inter-laminar insulation deterioration, artificial
insulation damage was introduced on the opposing surfaces of
selected transformer core laminations. Fault conditions
involving short circuits between 2, 6, 8, and 12 laminations
were investigated at magnetic flux densities of 0.5, 1.0, 1.5, 1.7,
and 1.8 T. The insulation damage was created by removing
approximately 40 mm? of the insulating coating using a rotary
tool, thereby establishing electrical contact between adjacent
laminations. To evaluate the influence of fault location on the
transformer's thermal behaviour, the artificial faults were
introduced at different positions within the transformer core.

IV.HEALTHY OPERATION MODE

This section presents the experimental results obtained from the
thermal analysis of the transformer under healthy and faulty
operating conditions. Thermal images were captured at various
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magnetic flux density levels to evaluate the influence of the
investigated lamination faults on the transformer core
temperature distribution. A FLIR C2 thermal imaging camera
was used to record all thermal images. For each fault scenario
and flux density level, six thermal images with a resolution of
80 x 60 pixels were captured at 15-minute intervals throughout
the experimental period. This acquisition procedure ensured
consistent monitoring of the temperature evolution under each
operating condition. The specifications of the FLIR C2 thermal
camera are summarised in Table 1.

- PR S
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’

Fig. 5:Thermal camera

The specifications of the camera are presented in table 1.

TABLE 1 SPECIFICATIONS OF THE CAMERA

PARAMETER VALUE

1 Focal length 1.54 mm

2 Size (L¥*W*H) 124.46*78.74*12.44
mm

3 IR sensor 80*60 (4,800
measurement pixel)

4  Operating temperature range -10°C to +50°C

5 Storage temperature range -40°C to +70°C

6 Digital camera 640*480 pixel

7 Image frequency 9 Hz

8 Accuracy +2°C

9 Thermal sensitivity <0.10°C

The thermal analysis was performed by first capturing thermal
images of the transformer core under healthy operating
conditions to establish a reference for comparison with the
faulty conditions. These reference images provided a baseline
for evaluating the temperature variations caused by the
introduced lamination faults.

Although the FLIR C2 thermal camera has a relatively low
image resolution compared with more recent thermal imaging
systems, it was sufficient to identify the temperature
distribution and hotspot locations associated with the
investigated faults. Since the induced faults were located at the
edges of the transformer core laminations, thermal images were
captured from the side profiles of the transformer rather than
the front surface. This viewing angle provided a clearer
representation of the fault-affected regions and enabled more
accurate observation of the corresponding thermal patterns, as
illustrated in Figure 6.

Fig. 6: The caught image on the profiles of the transformer

For improved visualisation, Figure 7 presents the thermal
images of the transformer core under healthy operating
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conditions prior to the introduction of any faults. These images
serve as a reference for evaluating the thermal effects of the
investigated lamination faults. The maximum and minimum
temperatures obtained from each thermal image provide a clear
representation of the transformer core temperature distribution
at different magnetic flux density levels. These temperature
values were subsequently extracted as input features for the
fault detection and classification process described in the
following section.

e) 1.7T

(15T
Fig. 7: Healthy operation mode results

For the healthy operating condition of the transformer core, it
is observed that magnetic flux density has a significant
influence on the temperature rise in the no-load transformer. At
low flux density levels, as shown in Figure 7(a), the core
temperature remains relatively low, with maximum and
minimum values of approximately 25.3 °C and 19.1 °C,
respectively. In contrast, at the highest flux density of 1.8 T
(Figure 7(f)), a noticeable increase in temperature is observed,
with maximum and minimum values rising to approximately
29.8 °C and 23.3 °C, respectively. This trend clearly indicates
that higher magnetic flux densities lead to increased core
heating under no-load conditions.

V. FAULTY OPERATION MODE

A. Edge Burrs fault

This section presents the thermal imaging results for the first
type of fault considered in this study, namely the edge burr
fault. This fault was implemented at different scenarios and
locations within the transformer core to evaluate its thermal
impact. Figures 8 and 9 illustrate representative thermal images
obtained at magnetic flux densities of 0.5 T and 1.8 T for fault
scenarios 1 and 4, respectively. These figures are provided to
demonstrate the influence of magnetic flux density on the
temperature distribution of the transformer core under edge
burr fault conditions.

Fig. 9: Scenario 4 faulty operation mode results

The obtained thermal images indicate a clear difference
between the temperature distribution under edge burr fault
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conditions and that observed during healthy operation. This
confirms that edge burr faults have a significant impact on the
transformer core temperature and, consequently, on overall
transformer performance. In general, an increase in temperature
is observed across all fault scenarios.

For example, at a magnetic flux density of 1.8 T, the
temperature under healthy conditions is approximately 1 °C
lower than that observed in fault scenario 1. A more
pronounced increase is observed in scenario 4, where the
temperature is approximately 5 °C higher than the healthy
condition. Furthermore, scenario 4 exhibits an increase of
around 4 °C compared with scenario 1 at the same flux density.
These results demonstrate that the rate of temperature rise
becomes more significant with increasing magnetic flux density
and a higher number of affected laminations within the
transformer core.

Edge burr faults lead to increased core temperature, which in
turn contributes to higher core losses and increased current
losses. This temperature rise may also degrade the properties of
the insulating materials, thereby reducing transformer
efficiency and operational reliability. For this reason, further
investigation of such faults in high-capacity transformers is
strongly recommended.

Overall, the thermal imaging results show that edge burr faults
can increase transformer core temperature by approximately
3.2% in scenario 1 compared with healthy conditions, and up to
approximately 16.1% in scenario 4. In addition, scenario 4
exhibits a temperature increase of about 12.5% relative to
scenario 1, indicating a clear relationship between fault severity
and thermal response. These findings confirm that both
magnetic flux density and the extent of lamination short-
circuiting play a critical role in determining the thermal
behaviour of the transformer core.

Lamination Insulation Faults

In this section, the thermal imaging results for the second type
of fault, namely inter-laminar insulation degradation, are
presented. This fault was introduced by selectively removing
the insulating coating from the transformer core laminations,
thereby creating electrical contact between adjacent layers.
Figure 10 illustrates the corresponding thermal images of the
transformer core under fault conditions.

The results correspond to short-circuit conditions involving 2,
6, 8, and 12 affected laminations, evaluated at magnetic flux
densities of 0.5 T and 1.8 T. It should be noted that the influence
of fault location on the position of the inter-laminar short circuit
has been previously investigated using current signal analysis
in [27]. In this study, the same fault placement strategy and
positioning methodology were adopted to ensure consistency
and comparability of results.

0.5 T, 2 Laminations 0.5 T, 6 Laminations 0.5 T, 8 Laminations .5 T, 12 Laminations

1-48_T,71:aminations
Fig. 10: Faulty operation mode results at 0.5 and 1.8 T

1.8 T, 6 Laminations 1.8 T, 8 Laminations 1.8 T, 12 Laminations
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From the results presented in this figure, it is evident that the
size of the fault, defined by the number of short-circuited
laminations, has a significant influence on the transformer core
temperature. The thermal measurements indicate that the
temperature increases as the number of affected laminations
increases, as illustrated in the figure. Specifically, the figure
presents the maximum and minimum temperature values as a
function of the number of affected laminations at magnetic flux
densities of 0.5 T and 1.8 T.

The results demonstrate that the temperature rise associated
with inter-laminar insulation faults is strongly dependent on
both the number of shorted laminations and the applied flux
density. For fault cases involving 2, 6, 8, and 12 short-circuited
laminations, the highest temperatures are observed at a flux
density of 1.8 T, with increases exceeding 9 °C compared with
the corresponding values at 0.5 T for the 12-lamination fault
scenario. For the case of two shorted laminations, the
temperature increases by more than 4 °C across the flux density
range from 0.5 T to 1.8 T. In addition, temperature rises of
approximately 6 °C are observed for the six- and eight-
lamination fault cases over the same flux density range.

Overall, the transformer core temperature under insulation
degradation faults increases with both the severity of the fault
(number of short-circuited laminations) and the magnetic flux
density. This pronounced temperature rise may lead to
increased core losses, particularly eddy current losses, which
can reduce transformer efficiency and, in severe cases,
contribute to operational failure.

Finally, the thermal data acquired using the FLIR C2 camera
were stored in the device’s internal memory and subsequently
transferred to a personal computer for post-processing and
feature extraction.

VI. CONCLUSION

This paper has presented an experimental investigation into the
thermal behaviour of a three-phase transformer core under
healthy and faulty lamination conditions using infrared
thermography. Two common transformer core defects, namely
edge burr faults and lamination insulation deterioration, were
artificially introduced into a 15 kVA transformer core and
analysed at different magnetic flux densities ranging from 0.5
Tto1.8T.

The thermal imaging results demonstrated that both fault types
cause significant temperature increases compared with healthy
operating conditions. For edge burr faults, the transformer core
temperature increased with both the flux density and the extent
of the short-circuited lamination area. The largest edge burr
scenario produced temperature rises of approximately 5 °C
above healthy conditions at 1.8 T. Similarly, insulation
deterioration  faults  generated  progressively  higher
temperatures as the number of short-circuited laminations
increased. The most severe insulation fault scenario, involving
twelve affected laminations, produced temperature increases
exceeding 9 °C at high flux density.

The experimental findings indicate that lamination faults create
additional eddy-current paths, leading to increased core losses
and localized hot spots that may accelerate insulation ageing
and reduce transformer efficiency and reliability. Furthermore,
the results confirm that thermal imaging is a practical, non-
invasive, and effective diagnostic technique for identifying
transformer core lamination defects and evaluating their
severity.
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Future work will focus on advanced thermal image processing
and machine learning techniques for automatic fault detection,

class

ification, and severity assessment, as well as extending the

investigation to larger power transformers operating under
practical loading conditions.
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