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Abstract. Elevated winding insulation temperature, driven by harmonic distortions, is a key factor in transformer lifespan reduction. Conventional
models often oversimplify the effect of combined current and voltage harmonics. This paper proposes an electro-thermal modeling approach,
incorporating dual heat sources from core and winding domains, to enhance HST estimation in distribution transformers affected by photovoltaic-
induced (PV)-induced harmonic losses. A sophisticated numerical approach, Finite Element Analysis (FEA), is employed using COMSOL Multiphysics
software, with a 250-minute time-dependent study assessing thermal effects. The results, verified against a mathematical model approach based on
IEEE C57.110-2018 guidance, demonstrate that higher levels of harmonics lead to a rapid increase in HST, accelerating the time to reach the aging
factor temperature and consequently diminishing the transformer’s operational lifespan. Specifically, the per-unit life of the transformer decreases
from 0.219 in Case 1 to 0.154 in Case 2 and 0.027 in Case 3, while the aging acceleration factor increases from 4.310 to 5.683 and 21.7, respectively.
The methods showed over 95% alignment with the mathematical modeling approach, confirming the model’s precision in its predictive capability.
The novelty of this study lies in its enhanced electro-thermal framework, which overcomes the limitations of conventional methods by integrating
dual heat sources and providing a refined assessment of transformer aging under harmonic distortions. This advancement offers a more precise and
computationally efficient approach for assessing transformer thermal stress under harmonic distortions.
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1. Introduction harmonic current content produced by transformers can
increase due to direct current (DC) injection from PV inverters
(Fortes et al. 2020). In one such study, a 45 kVA three-phase
five-legged transformer demonstrated that harmonic current
propagation was higher when the inverter operated at 20% of
its nominal power. This highlights the impact of PV inverter
operating conditions on harmonic distortions in transformers.
The introduction of PV systems into distribution networks can
also increase transformer load losses and potential failures, as
demonstrated by Majeed & Nwulu, (2022), where the increased
penetration of PV systems in a low-voltage radial distribution

The stability of an electrical distribution network critically
depends on the condition of its distribution transformers. One
major factor contributing to transformer failure is the elevation
of its winding insulation temperature, exacerbated by the
presence of harmonic distortions. Harmonic distortions have
become increasingly significant with the widespread integration
of renewable energy systems, particularly photovoltaic (PV)
systems (Ackermann et al., 2001; Hamza et al., 2021; Hossain et
al., 2023; Panigrahi et al., 2020). Harmonics, which are electrical

distortions at multiple of the fundamental frequency, can
originate from various non-linear loads in distribution systems.
With the introduction of PV systems and inverters, these
harmonics are becoming more pronounced. This interaction
may lead to the amplification of certain harmonic frequencies,
creating a distinct harmonic spectrum within the transformer
(Hajipour et al. 2017; Ruiz et al. 2021; Yuan et al, 2023). The
intermittent nature of solar energy generation, specifically from
PV systems, introduces voltage and current harmonics, that
yield greater core and winding losses, leading to higher
temperature rises (Ugar et al. 2017). Studies have shown that the
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system elevated transformer load loss.

1.1 Related Works

Temperature is a critical in determining transformer
performance and longevity (Abdali et al. 2024; AJ et al. 2018; El
Batawy & Morsi, 2017; Ledén-Martinez et al. 2023; Yang et al.,
2019). The winding insulation, as the most thermally vulnerable
component, is designed to prevent the winding’s HST from
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exceeding a specific limit. Surpassing this limit accelerates
insulation degradation, leading to reduced transformer life and
premature failure. Factors such as harmonics, load variation,
and other operational conditions contribute to temperature rise
(Cazacu et al. 2018; Soleimani & Kezunovic, 2020). Effective
temperature analysis is essential for managing aging, insulation
health, and operational lifespan. Monitoring temperature,
particularly under harmonic distortion, is crucial for health
monitoring, predictive maintenance, and load management
(Ameérico et al. 2024; Awadallah et al. 2015; Gorginpour et al.
2022; Lu et al. 2019). For instance, Awadallah et al. (2015), have
attempted a lifetime estimation of a three-phase dry-type
transformer. The authors quantified the amount of harmonic
distortion caused by solar panel and its inverter using
experimental approach. The worst loading scenario case caused
increment on the winding HST which reduced 8.3% of its
lifetime. The study has its limitation, where the impact of voltage
harmonics towards the lifetime reduction is not considered.
Another novel approach was proposed by Taheri et al., (2019),
who studied the thermal behavior of a 500 kVA oil-immersed
transformer using a Thermal Radiation Model that incorporated
solar radiation. This study demonstrated how solar radiation
influences transformer oil temperature and, consequently, the
loss of life due to increased temperatures. Thango & Bokoro,
(2022) suggested modifying the IEEE loading guide standard of
HST formulation to create a more detailed thermal model for
predicting temperature rise under harmonic load conditions. On
the other hand, Wan et al,, (2019) focused on the effect of
harmonic distortion levels, reporting a dramatic temperature
rise at a 40% harmonic distortion rate, where HST reached
102.7 K, exceeding the safe operational limit of 78 K. This study
highlights the direct link between high harmonic content and

the risk of thermal damage, emphasizing the need for regulatory
measures to cap distortion levels. Chen et al. (2023) investigated
converter transformers and observed differential effects of
harmonic currents on winding temperatures. The study found
that the grid-side winding experienced a 2.7°C increase in HST,
while the valve-side winding saw a 1.6°C rise. These findings
indicate that harmonic currents unevenly impact winding
losses, necessitating targeted strategies for loss reduction in
specific winding regions. Shaoxin et al. (2019) provided a
contrasting perspective by calculating HST under controlled
harmonic conditions. The study reported an HST of 73.4°C,
which, while elevated, remained within safe operational limits.
This finding suggests that transformers can tolerate certain
levels of harmonic distortion without compromising safety,
provided effective thermal management strategies are
implemented. Liu et al. (2024) provided a detailed quantification
of winding losses and HST in UHV converter transformers
under high-frequency harmonic currents. The study revealed
that winding losses increase exponentially with frequency,
leading to substantial temperature rises. Moreover, the study
validated its simulation accuracy, reporting a hotspot
temperature error of just 0.58 K. These precise measurements
underscore the reliability of advanced modeling approaches for
predicting harmonic-induced thermal impacts.

Electro-thermal modeling methods, such as the Finite
Element Analysis (FEA), have proven highly effective in
modeling and analyzing the thermal behavior of transformers
under various operating conditions. For instance, it was
employed by Si et al,, (2020) to examine the impact of magnetic
flux and eddy current losses on the HST of oil circulation
transformers. This study revealed that leakage magnetic flux
tends to concentrate at the core’s contact points, leading to
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increased hotspot temperatures and greater inner temperature
difference within the coil. Similarly, FEA modeling was also
applied by (Das & Chatterjee, 2017) in focusing on the flow rate
and temperature distribution in oil-filled disc-type winding
transformers, emphasizing the effect of cooling duct dimension
on hotspot location and temperature. Xiao et al. (2022) utilized
a thermal-fluid coupling model using FEM to study the
temperature field distribution and hot spot temperature rise in
oil-type transformers under rated operation and over-
nameplate load conditions, primarily influenced by ohmic
losses. However, the study does not specifically address the
impact of harmonic towards transformer hotspot temperature.
Said et al. (2020) employed FEA to analyze the effects of
unbalanced harmonic loads, highlighting a substantial rise in
HST when transitioning from a rated load to an unbalanced
harmonic load. The study focused exclusively on eddy current
losses generated by harmonic currents, where a single heat
source generated from the eddy current harmonic loss is
appointed in the transformer thermal model. However, the
study could be improved by analyzing the concurrent impact of
both current and voltage harmonics through the influence of PV
systems on different harmonic losses generation.

1.2 Research Gap and Novelty

Recent research has extensively investigated the effect of
harmonics on transformer performance, indicating their
potential to worsen temperature increases due to higher eddy
current losses and core saturation (Awadallah et al., 2016; Dao
& Phung, 2018). However, existing literature often separates the
impact of current harmonics and voltage harmonics on the
operational condition of the transformer, as portrayed in Table
1, leaving a significant gap in understanding their concurrent
influence on both load and no-load losses. These losses are
critical factors in determining a transformer’s definitive
temperature rise and overall operational health. While
traditional methods provide foundational insights, they fail to
meet the combined effects of harmonics on transformer
performance, particularly, under the complex conditions
introduced by renewable energy integration. This gap
underscores the need for extensive examinations that consider
the simultaneous impact of harmonics on both load and no-load
conditions, which is essential for accurate transformer health
and lifetime prediction. To address this gap, this study
introduced a novel dual heat source approach that uniquely
integrates the effect of both core and winding losses under
harmonic distortions, a perspective that has not been
comprehensively explored in prior research. Unlike
conventional methods that treat core and winding losses
separately (Abdali et al., 2024; Said et al., 2020), the proposed
electro-thermal model, developed using FEA, captures the
thermal interactions between the two heat sources. This
integrated approach enables a more accurate estimation of the
HST and provides a detailed understanding of the thermal
stresses imposed on transformer insulation under harmonic-rich
environments. The novelty of this work lies in its ability to
bridge the gap between load and no-load loss analysis, offering
a unified framework that captures the combined impact of
harmonics on transformer performance. By leveraging this
advanced technique, the study not only provides utilities with a
robust tool to mitigate potential harm caused by harmonics from
renewable energy systems connected to distribution
transformers. The proposed model eliminates the reliance on
laborious calculations or unreliable sensor data for monitoring
hotspot temperatures, offering a significant advancement over
conventional approaches. This innovative solution not only
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enhance the precision of transformer health monitoring but also
improve the maintenance strategies and operational
dependability. By addressing the limitation of traditional
methods, this study represents a critical step forward in
ensuring the resilience of transformers in harmonic-rich
environments.

2. Model Description

2.1 Test System and Specifications

In the proposed three-phase electrical system, Figure 1
provides a comprehensive view of a three-phase GCPV system,
comprising key components such as a three-phase grid source,
a 200 kVA 11 kV/400 V three-phase distribution transformer,
photovoltaic (PV) panels, an inverter to convert the energy
produced by PV panel from DC to AC power source and three-
phase unbalanced AC loads. Additional components associated
with the PV system are included in the designed block diagram
such as a DC-DC boost converter which incorporates the
maximum power point tracking (MPPT) to extract the
maximum power from solar PV panels, a pulse width modulator
(PWM) to generate the controlled pulse of reference current
signals to the inverter, and LCL filter to improve the quality of
power supplied to the grid. It is worth mentioning that this study
models a rectifier supplying passive elements at the consumer
side to emulate harmonic loads. The distribution transformer is
designed to exhibit the characteristics of a real distribution
transformer in a low-voltage network. The parameters,
including rated losses and temperature data, are detailed in
Table 2. The solar PV system, designed as a grid-connected
model, is integrated into the distribution network with
appropriately defined parameters.

2.2 Harmonic Loss Model

The formulations related in the power loss calculation are
adopted from IEEE Std C57.110-2018 (2018). Power losses of
distribution transformer consists of load losses, P;; and no-load
losses, Py; basically the total power losses of the distribution
transformer, P; are achieved by the summation of the both
losses as in the expression (1).

Pr= Py + Py, (1)

Where P;; is the value of load losses where it can be obtained
along the operation of the distribution transformer supplying to

Grid Source 11 kV

e
Three- Phase I
Transformer

200 kVA DC
11kv/ 400V AC

Inv

Three- Phase Harmonic Load

Fig. 1 General Model for Grid-Connected Solar Network
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Table 2
Transformer and Solar Panel Specifications
Transformer

Capacity 200 kVA
Primary Voltage 11,000 V
Secondary Voltage 400 V
Primary Current, I 10.5A
Secondary Current, I, 288.68 A

Frequency 50 Hz

Short Circuit Capacity, MVA,, 7 MVA
Rated Load Loss, P;;_g 2600 W
Rated No Load Loss, Py;_g 325W
Rated Ohmic Loss, P;zz_g 1187.5 W
Rated Eddy Current Loss, Pgc_g 847.5 W
Rated Other Stray Loss, Pyg;_r 565 W
Ambient Temperature 30°C
Rated Top Oil Temperature 55°C
Gradient Temperature 48°C

PV System
Power Output per Panel 213.5W
Irradiance 1000 W/m?
Ambient Temperature, T, 30°C
Open circuit voltage, V. 36.3V
Short-circuit current, Iy, 7.84 A
Voltage at maximum power point, Vy,p 29V
Current at maximum power point, I;,p 7.35 A
No. of MPPT Channel 1
Maximum Efficiency 97%

the load. These losses result in the generation of heat, which
increase the temperature of the transformer windings. It
consists of ohmic loss, P2 eddy current loss, Pg. and other
stray losses, Pys; .

Py = Ppg+ Pgc + Pogg, (2)

Ohmic loss, often referred as I?R loss or copper loss, can be
defined as the power loss occurs due to the result of the load
current flowing through the transformer windings encountering
resistance. If the root mean square (RMS) load current increases
due to the presence of harmonic components, the ohmic loss
will be escalated accordingly.

h=max 2
1
P = Ppg_p zh (i) (3)

=1

Where P,2j_p, is the rated value of ohmic loss, h is the harmonic
order, I, is the RMS value of harmonic current and I is the
RMS value of current at rated condition. Eddy current loss, Pk
is a stray loss in winding components and it is proportional to
the square ofload current and approximately proportional to the
square of harmonic order frequency. Winding eddy current loss
is a significant characteristic that causes excessive winding loss
and winding temperature rise in transformers supplying non-
sinusoidal load currents.

2

h=max In 5
Pgc = Pgc-g (1_) h (4)
h=1 R

Where Pgc_p is the value of rated eddy current loss. On the
other hand, other stray loss, Pys; is commonly recognized in the
core, clamps, and other structural parts of the transformer.

h=max In 2 08
Post = Posi-r het (a) h (5)

Int. J. Renew. Energy Dev 2025, 14(3), 450-462

| 453

Where Py, g is the value of rated other stray losses. The heat
produced by other stray losses is dissipated through the cooling
air, which is why these losses do not affect dry-type
transformers. However, these losses may have an impact on
liquid-immersed transformers as the losses from the other
structural parts of a transformer can further heat the cooling
liquid. Meanwhile, Py, is the no-load loss often referred to as
core loss, P, which is generated due to the magnetization of
induced voltage in the core.

h=max m
V 1
PC—h =PC—R XZ (V_:) Xﬁ (6)

h=1

Where P_p are the core losses at rated condition, V}, is the RMS
value of voltage at hth harmonic order, and V is the RMS value
of voltage at rated fundamental frequency, h is the harmonic
order and m represents the magnetic characteristic of the
distribution transformer’s core which lies between the values of
0 and 2 (Dao & Phung, 2018).

2.3 Hotspot Temperature Model from IEEE Standard Formulation

The hottest-spot temperature of a liquid-immersed transformer
consists of three main components as represented in Equation
(5). According to the standard of IEEE Std C57.91-2011 (2011),
the limit of aging factor is established by the reference
temperature of 110°C. Moreover, it is important to note that
transformers designed for an ONAN cooling system, the
empirical constant m and n, are also taken from the standard,
which have been empirically specified to the power of 0.8.

Ous = 04 + 070 + 0 (7)

Where 6, is the winding hottest-spot temperature in °C, 8, is
the average ambient temperature in °C, 6, is the top-oil rise
over ambient temperature in °C and 6;; is the thermal gradient

m
Or0 = 010, X [ﬂ] ®)

Pri r+PNL

Where 607, is the top-oil temperature at rated condition, P, is
the load loss under harmonic condition in kW, Py is the no-load
loss in kW, P;;_p is the rated load loss in kW and m is the
winding cooling empirical constant. However, since this study
ponders the no-load loss contribution from voltage harmonics,
the formulation necessitates the corrected no-load loss value
under harmonic conditions in the expression.

0.8
Pri+Pyi,
010 = Oro, X |22 | 9
10 = Orox X |5 = (9)

Where Py, is the no load loss value under harmonic condition
in kW and Py, _p is the rated no-load loss value in kW.
Meanwhile, the thermal gradient is the winding hottest-spot
temperature rise over the top-oil temperature.

0.8
0 = 05 g X [ PLi ] (10)

Where 6; p is the rated thermal gradient in °C. it is noteworthy
to mention that the insulating liquid temperature rise above
ambient temperature shall not exceed 65 °C when measured
near the top of the main tank.
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2.4 Lifetime Estimation Model

The transformer lifetime expectancy is estimated by utilizing the
standardized ageing equation based on the relation of hottest-
spot temperature and the winding insulation per-unit life time as
expressed in (11), referred from the standard of IEEE Std
C57.91-2011 (2011).

15,000
per unit life = 9.8 x 10-18¢ (arr273) (11)

Where 0H is the hottest-spot temperature in °C. It reflects the
aging rate speeds up beyond the standard when the
temperature exceeds the reference temperature of 110 °C and
the aging rate reduced below the normal when the temperature
is below reference temperature. On the other hand, ageing
acceleration factor, F,, quantifies the equivalent aging of the
transformer

(15000_ 15000 )
Fy0 = e\'383 OH+273

(12)

Where 6H is the hottest-spot temperature in °C. F,, indicates
value greater than 1 when the HST exceeds temperature
reference signifies an increased in aging acceleration of
transformer. Conversely, a value less than 1 indicates slower
aging acceleration.

2.5 Cost of Transformer Losses

Beyond the technical impact of harmonic-induced losses on
transformers thermal stresses and operational lifetime, the
economic implications are also considered, particularly in terms
of total cost of losses (TCL) (Soleimani & Kezunovic, 2021;
Thango et al., 2021). Additionally, these losses contribute to
increase capital and maintenance cost that must be justified
against expected efficiency gains and extended transformer
lifespan.

Where A is the assigned cost of no-load losses per watt, Py, is
the value of no-load losses, B is the assigned cost of load-losses
per watt, and Py, is the value of load losses. The capitalization
of no-load and load losses can be expressed as (14) and (15).

_ PW X Cigyp, X 8760

14
1000 (14)

Where PW is the transformer’s present worth and Cyyyy, is the
annual cost of energy per kWh.

_ PW X Ciyp X 8760

1.2
X [—
1000 (IR

) (15)

Where [}, is the loading current and Iy, is the rated current of the
transformer. The present worth (PW) is the deferred monetary
expenses influenced by the interest rate and inflation.

1+ ar”
1- 1+i]
i—a

PW = (16)

Where a is the inflation index, i is the projected interest rate per
year and n is the transformer’s lifetime in years.
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Table 3
Transformer and Solar Panel Specifications
PV panel String- Peak Penetration
. per Full
Case Series Inverter Load Ratin
Configurations Output (kW) %) g
0
1 - 0 0
2 3-16 10.23 33.33
3 6-16 20.46 66.66
2.5 Case Study

This study evaluates the harmonic content levels in
transformers under varying conditions of photovoltaic (PV)
integration using Fast Fourier Transform (FFT) analysis. The
analysis considers three distinct scenarios, each representing a
different level of PV penetration and inverter output power.
Case 1 models a transformer operating in a conventional grid
without PV integration, serving as a baseline. Cases 2 and 3
simulate grid-connected PV (GCPV) systems with varied PV
penetration levels achieved through configuring PV panels to
generate different peak inverter output as percentages of the
transformer’s full load rating (Majeed et al. 2022). These
configurations and the corresponding penetration levels,
calculated as a percentage of total load, are outlined in Table 3.
This simulation-based approach ensures a controlled
assessment of harmonic impacts under predefined conditions.

3. Proposed Electro-Thermal Model
3.1 Finite Element Analysis (FEA) Implementation

The electro-thermal approach of distribution transformers is
conducted using Finite Element Analysis using COMSOL
Multiphysics software to examine the impact of harmonic
distortion on insulation transformer temperature rise. A two-
dimensional cross-sectional model of an oil-immersed, three-
phase distribution transformer is created to simulate a real
distribution transformer. By initializing appropriate material
properties, initial conditions, and boundary settings, the
enormous complexity in the geometry design is reduced while
maintaining the accuracy of the results (Comsol, 2022). The
implementation of FEA for HST simulation for the distribution
transformer begins with parameter initialization, where the
necessary simulation parameters are defined. Subsequently, the
two-dimensional cross-sectional geometry of the transformer is
designed, incorporating vital components such as cores,
windings, and coolant. Next, the relevant material properties are
then assigned, including the iron core, copper winding domain,
and transformer oil as a coolant. Following this, a Multiphysics
setting is established, integrating various physical phenomena
involved in the simulation such as heat transfer, electromagnetic
heating, and magnetic field physics settings. The boundary and
initial conditions are defined based on corresponding values of
transformer losses and temperature conditions, setting the stage
for accurate simulation conditions. A computational grid is then
generated through mesh creation, after which the simulation is
executed and monitored for convergence. Once convergence is
achieved, the results are analyzed to interpret the outcomes.
Finally, the process concludes, marking the end of the
simulation procedure. Figure 2 illustrates the workflow of the
FEA implementation.
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Fig. 2 FEA Implementation in the Proposed Study

3.2 Geometry Design and Material Properties Setting

The transformer thermal model is created using a finite element
method (FEM) approach and represents a two-dimensional
cross-section of a three-phase liquid-immersed transformer.
The model includes three limbs of the transformer core, each
corresponding to a phase, with concentric circles within each
limb representing the windings. The surrounding area is filled
with transformer coolant. Figure 3 illustrates a finely meshed
geometric model, designed for a comprehensive heat transfer
study. Each of the three circular regions corresponds to an
individual transformer phase, encapsulated within a robust grid
that enables precise thermal and fluid dynamic analyses, with
the courtesy of material properties setting as demonstrated in
Table 4. The properties of each material are chosen to match
the criteria of the thermal model and suit the problem to be
solved in this research. For instance, the relative permeability
indicates the tendency of the material to pass in free space,
which explains the higher value required for the iron domain to

—— Coolant

Winding Domain ||

Core Domain

ololo,

- Wwall

Fig. 3 Geometry Design Electro-Thermal Model
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support the formation of the magnetic field. Meanwhile, the
relative permittivity defines the quantity of the energy that can
be deposited in the material of particular equipment, where the
nature value is 1. Electrical conductivity defines a material’s
ability to conduct electric current, explaining zero conductivity
for the transformer oil coolant domain. On the other hand, the
heat capacity at constant pressure, represents the heat supplied
by the model while maintaining a constant pressure, implying
the heat transfer within and outside the model occurs gradually.
It is also worth mentioning that some material properties of the
oil domain such as heat capacity, density, and thermal
conductivity are similar to those of copper and iron. This is due
to the oil domain practically overriding the other two domains
in the model.

3.3 Multiphysics Implementation

The transformer model is simulated with the employment of
coupled heat transfer and electromagnetic equations. The
mathematical expressions for the heat transfer study are
expressed in (17) and (18), respectively (Said et al. 2020).

a
d,pCy 5+ dzpCpu. VT +V.0 = d,Q + Go + d;Qrea (1)

pCy 2=

p o T PCu. VT = V.(kVT) + Q, (18)

Where d, is the thickness of the geometry which has been
uniformly set to 1metre, p is the density, C, is the specific heat
capacity at constant pressure, u is the thermal heat coefficient,
T is the temperature, q is the conductive heat flux, Q is the heat
source, qo is the convection heat flux, k is the thermal
conductivity, Q;q is the thermo-elasticity damping which
normally being neglected in general practical problem, and the
last but not least, Q, is the electromagnetic heat source.

3.4 Boundary Condition Settings

The computational problem of the electro-thermal model can be
accurately solved by selecting appropriate boundary conditions.
For this thermal model, both Neumann and Dirichlet boundary
conditions are applied for the core and the winding, as shown
by the blue lines (Das & Chatterjee, 2017) in Figure 4. The heat

Table 4
Material Properties of Electro-Thermal Model

Domain Material

Property
Copper Iron Oil
Relative permeability 1 4000 1
Relative permittivity 1 1 1
Electrical 5.998 X 1.120
conductivity (%) 107 % 107 0
Heat capacity at Overrides
constant]pressure 385 440 Copper and
(kg7) Iron
. Overrides
Density (m—gx) 8940 7870 Copper and
Iron
Thermal conductivity Overrides
(L 400 762 Copper and
m.K) Iron
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Fig. 4 Boundary Condition Settings

boundary conditions reflect the thermal insulation of the
domains, preventing any energy interchange with the
surrounding environment. In this scenario, the heat flux, g
across the boundaries vector, n has been disabled and becomes
zZero.

-n.q=0 (19)

3.5 Dual Heat Source Appointment Based on Harmonic Losses

A novel dual heat source approach is employed for this study to
accurately simulate the hottest spot temperature in the
transformer due to the combined impact of current and voltage
harmonics. This approach represents the simultaneous impact
of both current and voltage harmonics on the HST, allowing for
a more comprehensive assessment of the thermal stress
induced by harmonic distortions, thereby enhancing the state-
of-the-art techniques of temperature rise monitoring, which
considers only one in isolation (Abdali et al., 2024; Said et al.,
2020). The first heat source, as shown in Figure 5(a), is
attributed to load loss resulting from the composition of current
harmonics, which occur owing to non-linear loads and

O00-000

(b)
Fig 5 Dual Heat Source Appointment
Winding Domain

—_

a) Core Domain (b)
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Fig. 6 Mesh Creation and HST Evaluation Region

significantly impact the thermal profile of the transformer
windings. The second heat source, which is demonstrated in
Figure 5(b) originates from no-load loss due to voltage
harmonics, which arise as an additional aspect from distortions
in the supply voltage waveform and induce additional core
losses even in the absence of loads. Therefore, the heat sources,
which represented as Q, are being applied specifically on the
winding and core simultaneously as depicted. The heat sources
are defined as the heat rate of harmonic losses, P, over volume,
V as expressed in Equation (20).

Py

Q=+ (20)

4

3.6 Mesh Creation and HST Evaluation for Solution Computation

Finally, the thermal model was segmented into physics-
controlled meshes, using a fine element size. This mesh creation
is crucial for capturing the complex interactions between the
solid and liquid phases, facilitating a greater understanding of
thermal distribution and cooling efficiency. Regarding the HST
evaluation, the selected region on the thermal model, as shown
in red colour in Figure 6, represents the transformer’s winding
insulation, where an abnormal temperature rise is anticipated
(Skillen et al. 2012). This temperature transition is driven by the
dynamic heat source injections from copper and winding
components. Therefore, by referring to the limit standard, the
compliance of the HST is demonstrated throughout the
simulation based on the heat transfer study.

4. Results and Discussion

This section presents a detailed analysis of harmonics in both
voltage and current, followed by the assessment of transformer
losses attributable to these harmonics. Finally, the electro-
thermal model is employed to determine the hottest-spot
temperature of the transformer’s winding insulation, offering
insights into their implications for thermal efficiency and
operational integrity.

4.1 Transformer Harmonic and Loss Analysis

Figure 7(a) illustrates the harmonic current magnitude
distribution across three distinct cases, each corresponding to a
different condition. In Case 1, characterized by the absence of
PV penetration and solely influenced by harmonic load, the
transformer experiences minimal harmonic currents across all
harmonic orders, with the highest value recorded at the 3™
harmonic at 2.78%. this minimal distortion is reflected in the
overall total current harmonic distortion (THDi) of 2.99%. In
Case 2, with the introduction of PV into the system, a moderated
level of harmonic emerges, characterized by noticeable peaks at
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the 3rd and 5th harmonic orders, reaching 4.85% and 1.44%,
leading to a higher THDi of 7.58%. the increase is attributed to
the interaction between the PV inverter switching
characteristics and the grid, which introduces additional
harmonic components. The impact of high PV penetration is
most evident in Case 3, where harmonic distortion is
significantly elevated. The 3rd harmonic current magnitude
exceeds 10%, and there are consistently higher harmonic
currents across all orders, resulting in a THDi of 12.05%. This
trend proves that as the PV penetration increases, the inverter-
driven harmonics become more dominant, intensifying overall
system distortion. Following the analysis of harmonic currents,
Figure 7(b) illustrates the distribution of harmonic voltage
magnitudes for the cases. In Case 1, the voltage harmonics is
minimal, with the 3rd harmonic at 1.60%, corresponding to an
overall total voltage harmonic distortion (THDv) of 2.44%. The
trend shifts in Case 2 where voltage harmonics become
pronounced, particularly at the 5th, 9th, and 15th orders, each
ranging between 1% and 2%, resulting in a THDv of 6.65%. Case
3 presents the most significant distortion, with notable peaks at
the 3rd and 15th harmonics, reaching 8.23% and 6.63%,
respectively, leading to a pointedly higher THDv of 16.43%.
This case also displays a broader distribution of elevated
harmonic magnitudes across the lower to higher orders,
underscoring the more severe impact of distortion.
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Table 5
Transformer Harmonic Loss Evaluation
Case Type of Loss Rated Real Corrected
Value (W)  Value (W) Value (W)
P, 2600 2612.39 2622.88
1 Py 325 325.33 325.33
Total 2925 2937.72 2948
P, 2600 2666.89 2730.19
2 Py. 325 326.14 326.14
Total 2925 2993.03 3056.33
P, 2600 2921.15 3289.53
3 Py. 325 329.57 329.57
Total 2925 3250.72 3619.09

The impact of harmonics on the distribution transformer is
assessed through harmonic loss evaluation, as detailed in Table
5. The rated value represents the baseline loss value, excluding
unusual factors to provide a reference for comparison. Notably,
the harmonic loss factor is applied exclusively to winding eddy
current losses and other stray losses, as ohmic losses are
frequency-independent and directly proportional to the current,
typically addressed by considering the increased RMS current
due to harmonic components. This assumption aligns with
transformer loss models and ensures that the analysis
accurately reflects the primary sources of additional losses
under harmonic conditions. Based on the rated values, the total
enhanced loss, encompassing both load and no-load losses, is
calculated. The results indicate a clear trend, as the harmonic
levels rise, the additional losses incurred by the transformer
increase. For instance, in Case 1, representing a conventional
grid distribution transformer without PV input, the additional
loss is minimal, approximately 0.36%. In contrast, Case 2,
involving a PV system with 33.33% peak inverter output, shows
a significant escalation in additional loss of 2.11%. This increase
is attributed to the harmonic current generated by the PV
inverter, which elevate winding eddy current and stray losses,
reinforce the assumption that inverter-induced harmonics
significantly impact transformer efficiency. The highest
additional loss is observed in Case 3, with a peak inverter output
is increased to 66.67%, demonstrating a strong correlation
between higher PV capacities and increased transformer loss,
where the additional accumulated losses incurred in the
transformer reach 12.61%. These findings are consistent with
previous studies, such as those by Sanjay Kulshreshtha & Dr D.K
Chaturvedi (2024) and (Loaena, 2017), who also reported a
proportional relationship between harmonic distortion levels
and transformer losses. The escalation in values reinforces the
progression of additional losses as harmonic distortion
intensifies, further supporting the correlation between higher
harmonic levels and the degradation in transformer
performance, which will be discussed in the next section.

4.2 Hotspot Temperature Analysis Using Proposed Method

The hottest-spot temperature behavior is observed based on the
harmonic composition from each case. It is important to recall
that the reference temperature of 110°C indicates the threshold
at which the aging rate of transformer insulation accelerates
beyond the standard, whereas operation below this threshold
reduces the aging rate (Institute of Electrical and Electronics
Engineers, 2022). Conclusively, the graph depicted in Figure 8
summarizes the hottest-spot temperature (HST) behavior in a
transformer subjected to three different harmonic conditions,
influenced by PV system integration. The time to reach this
critical temperature varies significantly across the three cases,

ISSN: 2252-4940/© 2025. The Author(s). Published by CBIORE



M.H.M. Wazir et al
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indicating the profound impact of harmonic distortions on
transformer heating.

Figure 9(a) demonstrates the contour simulation of the
hottest spot in a transformer up to 250 minutes under the
influence of harmonic conditions from Case 1, where the heat
source from load loss and no-load loss are 2622 W and 325 W,
respectively. Initially, the temperature rises gradually from the
ambient temperature of 30°C, showing a steady increase that
becomes more pronounced as time progresses. The winding
insulation temperature reaches the IEEE aging factor
temperature at approximately the 200th minute. This slower
temperature rise is indicative of minimal harmonic losses.
Under low harmonic conditions, the additional losses generated
by harmonic currents are relatively small, allowing the
transformer to operate closer to its nominal thermal
performance. By the end of the simulation, the hottest spot
temperature approaches 125.46°C. Consequently, the
temperature increment is gradual, taking longer to reach the
critical 110°C mark. This upward trend highlights the impact of
harmonic loads on transformer heating. However, it is
noteworthy that the temperature remains below the normal
insulation reference temperature of 110°C throughout the
observed period until the 200th minute. However, the rapid
temperature increase towards the end of the period warrants
attention to ensure continued safe operation under prolonged
exposure to such loads.

On the other hand, Figure 9(b) illustrates the contour
simulation of the hottest spot in a transformer under harmonic
conditions from Case 2, with the increased load and no-load loss
of 2730 W and 326 W, respectively. The curve's upward
trajectory signifies the continuous heating of the transformer,
with the hottest spot temperature nearing the critical insulation
reference temperature of 110°C towards the end of the
simulation period at the value of 129.24°C, while the winding
insulation temperature surpasses the reference temperature
around the 178th minute. This intermediate behavior suggests
a moderate level of harmonic distortions, which contributes
higher additional losses compared to Case 1. The increased
losses from harmonics accelerate the heating process, causing
the HST to rise more quickly. This earlier crossing point
highlights the escalating impact of harmonics, where moderate
levels already cause noticeable deviations from the ideal
thermal performance This trend emphasizes the significant
thermal impact of harmonic loads on the transformer.
Importantly, while the temperature approaches the normal
insulation reference limit of 110°C, it does not exceed it,
indicating that the transformer remains within its safe
operational limits during the simulated time frame. However,
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the close proximity to the insulation limit towards the end
suggests the necessity for careful monitoring and potentially
enhanced cooling strategies to ensure sustained safe operation
under prolonged harmonic loading.

Meanwhile, Figure 9(c) depicts the contour simulation of the
hottest spot in a transformer subjected to Case 3 condition,
where the load loss and the no-load loss values are escalated to
2730 W and 326 W, respectively. The data points, reveal a
consistent rise in temperature starting from 30°C, reaching the
value of 148.80°C by the end of the simulation period. This
temperature surpasses the normal insulation reference
temperature roughly at the 149th minute, showcasing the
steepest temperature rise among the three cases. This rapid
increase in HST is due to the highest level of harmonic
distortions, which introduce substantial additional losses. High
harmonic conditions lead to significant heating effects as the
transformer experiences increased core losses and copper
losses. The resultant thermal stress not only accelerates the
temperature rise but also poses a risk of overheating, potentially
shortening the transformer’s lifespan and compromising its
reliability. The differences in temperature rise rates and the
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Table 6
Comparison of Proposed Method against Mathematical Approach
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Final Hottest-Spot Temperature via

Final Hottest-Spot Temperature via

Case Study Proposed Model (°C) Mathematical Model (°C) Similarity Percentage (%)
1 125.46 124.84 99.51
2 129.24 127.78 98.87
3 148.8 142.66 95.87

respective times of crossing the reference temperature across
the three cases underscore the critical influence of harmonic
distortions on transformer thermal performance. Higher
harmonic conditions cause greater additional losses, leading to
faster temperature increases and earlier crossing points of the
critical 110°C threshold. These findings align with previous
studies, including those conducted by Awadallah et al. (2016),
which reported increase in hottest-spot temperatures due to
harmonic distortion from solar panel operation compared to
normal condition. The variations underscore the sensitivity of
the transformer’s thermal performance to the specific harmonic
content introduced by PV integration, highlighting the need for
careful consideration of these factors in modern power systems.

4.3 Comparison of Hottest-Spot Temperature with Mathematical
Approach

Before the evaluation of the operational lifetime, it is necessary
to validate the HST evaluation using FEA method results for
hotspot temperature in COMSOL against the mathematical
analysis through the IEEE (C57.110-2018 standard, as
demonstrated in Table 6. The comparison of hottest-spot
temperature refers to the final insulation temperature based on
the time-dependent study against the mathematical calculations
through the IEEE standard formulations, which utilize the
aforementioned rated loss values and expressions. This
comparison demonstrates the high degree of accuracy of the
FEA method, with similarity percentages exceeding 95% across
all case studies. This strong correlation validates the reliability
of the FEA approach, confirming that it can produce highly
accurate results for transformer HST, effectively reducing the
need for labor-intensive manual calculations and expensive
laboratory tests. Furthermore, the close agreement between the
two methods underscores the capability of the proposed
method to provide a dependable indication of the transformer’s
thermal condition, ensuring efficiency in predicting transformer
lifespan and preventing premature failures.

4.4 Transformer Lifetime Estimation Analysis

The lifetime estimation of the distribution transformer is
observed by referring to the relationship between the hottest-
spot temperature (HST), winding insulation per-unit lifetime,
and aging acceleration factor. Since insulation degradation is
directly linked to temperature rise, evaluating these parameters
provides crucial insights into the long-term reliability of the
transformers under different harmonic conditions. Figure 10 (a)
and Figure 10(b) compare the per-unit (PU) life and aging
acceleration factor (FAA) of the transformer for each case
respectively. These metrics are evaluated based on the final
HST from proposed method and IEEE standard formulations.
The analysis reveals progressive degradation in transformer
performance and accelerated aging due to aforementioned
scenarios. For instance, in the conventional grid of Case 1, the
corresponding per-unit life for the transformer is 0.2189 and
0.2321 for the proposed and IEEE methods, respectively. This

indicates a relatively low reduction in lifetime. The FAA is also
low, at 4.5702 and 4.3098, respectively. Meanwhile, with the
integration of the PV system, there is a noticeable increase in
the thermal stress in Case 2. The per-unit life values of the
corresponding transformer decrease to 0.1357 and 0.1760,
respectively.  This shows a significant reduction in the
transformer lifespan owing to the increased harmonic content.
This is further corroborated by the rise in FAA, which increases
to 6.510 for the proposed method and 5.682 for the IEEE model.
Finally, in the increased PV inverter output scenario, the
transformer undergoes severe stress, as reflected by the highest
reach of HST. The PU life dropped intensely to 0.0273 for the
proposed method and 0.0461 for the IEEE model, indicating
substantial aging and reduced operational reliability.
Meanwhile, the value of FAA experienced a sharp increase to
36.69 and 21.70, respectively. These significant increases
indicate an exponential acceleration of insulation degradation,
emphasizing that higher distortions drastically shorten
transformer service life. These findings are comparable to an
existing study by Taheri et al. (2019), which reported a range of
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34.46%-42.64% increase in the loss of life reduction due to solar
radiation. This drastic change underscores the severe effect of
excessive harmonic distortions from the PV inverter output,
particularly at higher levels of generation. The results illustrate
the profound impact of PV integration and increased inverter
output on transformer aging and performance. As PV systems
are integrated into the grid, the harmonic distortions contribute
to elevated HST values, leading to reduced PU life and
increased FAA.

4.5 Economic Evaluation on Cost of Transformer Losses

The economic impacts of harmonic-induced losses extend
beyond increased energy costs, as they directly influence the
transformer’s expected lifetime and premature failure. The total
cost of losses (TCL) can be assessed under both rated and
harmonic-induced conditions by relating the harmonic loss
composition. Therefore, the cost of losses is determined from
the harmonic losses in both rated and harmonic-induced
conditions, the investment index, the interest rate, and the
annual energy cost. This approach ensures a comprehensive
evaluation of the financial implications of harmonics,
considering both direct energy-related expenses and long-term
asset depreciation. Table 7 presents the characteristic
parameters used for cost evaluation. Table 8 depicts the
comparison of the total cost of transformers due to different
harmonic conditions. The assigned cost of no-load loss, 4, and
the assigned cost of load loss, B, are determined as 38.193 and
7.941, respectively. These values are primarily derived based on
the cost of energy per year, investment index, and interest rate.
Since A and B serve as fixed multipliers for evaluating the loss-
related costs, they remain unchanged irrespective of harmonic
conditions in each case. Under rated operating conditions, the
total loss is 2937 W, resulting in a total cost of losses is
RM33,153.74, which serves as a baseline for comparison. The
cost of losses increases as harmonic distortion increases across
case studies. In Case 1, where the cumulative harmonic loss is
2948.21 W, the cost increases from RM 33153.74 to RM
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33252.74. However, in Case 2, the increased cumulative
harmonic losses of 3056.33 W result in a higher cost of losses,
reaching RM 34135.79. The trend intensified in Case 3, where
the cumulative harmonic losses further increased to 3619.10 W,
driving the cost to RM 38708.33, highlighting the substantial
economic impact of harmonics. These cost variations align with
the reduction in per-unit lifetime, which decreases from 0.2189
in Case 1t00.1537 in Case 2 and drops to 0.0273 in Case 3. This
sharp decline in transformer lifespan under high harmonic
conditions demonstrates the long-term financial risks
associated with excessive harmonic distortions, consistent with
the findings of Soleimani & Kezunovic (2021) and Thango et al.
(2021). Based on these observations, it can be deduced that the
presence of harmonic adversely influences both the technical
and economic efficiencies of transformers. These explorations
emphasize the importance of exploring solutions that not only
enhance technical performance but also mitigate the economic
burden imposed by the utility.

5. Conclusion

This paper presents an advancement in the electro-thermal
design of distribution transformers by introducing an improved
method for evaluating HST under the influence of harmonic
distortions, specifically from PV system integration. The dual
heat source approach, which accounts for both the core and
winding domains, enhances the precision of HST estimation,
offering a more detailed understanding of the thermal stresses
imposed on transformer winding insulation. Through a
comprehensive time-dependent analysis using COMSOL
Multiphysics, it was demonstrated that the harmonics led to a
notable elevation in the HST, with distinct variations in trends
across different harmonic levels. In Case 3, characterized by the
highest harmonic level, the HST reaches the normal insulation
reference temperature significantly faster than Case 2 and Case
1, where harmonic levels are moderate and low, respectively.
This rapid rise in HST in Case 3 correlates with a dramatic
reduction in per-unit life, from 0.219 in Case 1 to 0.027, and an

Table 7
Economic Evaluations Parameters
Description Value
Cost of Energy, Cyy, (RM/year) 0.437/kWh
Rating Current, I (A) 288.68
Loading Current, [, (A) 131.63
Inflation Index, a (%) 3.1
Interest Rate, i (%) 10
Table 8
Cost Comparison Based on Different Cases
Conditions
Parameter
Rated Case 1 Case 2 Case 3
No-Load Loss Capitalization, A
(RM/W) 38.193 38.193 38.193 38.193
No-Load Loss (W) 325.00 325.33 326.14 329.57
Load Loss Capitalization, B (RM/W) 7.941 7.941 7.941 7.941
Load Loss (W) 2612 2622.88 2730.19 3289.53
Cost of Losses (RM) 33153.74 33252.74 34135.79 38708.33
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increase in the acceleration factor from 4.310 to 21.7. This
increase in temperature has a direct correlation with the
potential for premature transformer failure, as validated by
comparison with IEEE-based formulations. With a similarity of
more than 95%, the model reliably mirrors IEEE formulations,
confirming its robustness and consistency in thermal-stress
prediction.

However, it is important to acknowledge the limitations of
this study. This analysis proposes a model assuming constant
ambient conditions and idealized oil-type transformer behavior,
which may not fully capture the complexities of real-world
operating environments. Variations in ambient temperature,
load fluctuations, and non-ideal transformer characteristics
could influence the results. These assumptions simplify the
analysis but may restrict the applicability of the findings to more
diverse and complex grid conditions. Moreover, future work
may include a detailed financial analysis of transformer
efficiency losses and the cost of potential mitigation strategies
such as harmonic filtering or optimized loading practices.
Despite these limitations, this advancement provides utility
engineers and researchers with a reliable predictive tool to
assess and mitigate thermal stress-related transformer failures
in PV-integrated power systems. Furthermore, the insights
gained from this study can guide the development of design and
operational strategies to enhance transformer resilience, such
as optimized loading practices or harmonic filtering solutions, in
environments with significant harmonic distortion. Future
studies could build upon this work by refining the model and
exploring advanced mitigation techniques to address challenges
in harmonic-rich networks, further supporting the deployment
of renewable energy systems.
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