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Abstract

The growing demand for electrical energy, together with increasingly complex operating conditions caused by nonlinear
loads and the widespread integration of renewable energy sources, has led to increased harmonic distortion in power
systems. As critical assets in distribution networks, transformers are particularly vulnerable to harmonic-induced losses
and thermal stress, which can accelerate insulation aging and reduce service life. This study investigates the thermal
effects of harmonics on a medium-voltage distribution transformer using a coupled electromagnetic—thermal approach
based on the finite element method. In the proposed workflow, ANSYS Maxwell is used to compute electromagnetic
quantities and harmonic-dependent losses, and these losses are then used as inputs to an equivalent electro-thermal
model to predict top-oil and winding hot-spot temperatures. The electromagnetic model is validated under no-load and
short-circuit conditions, and simulations are conducted for linear and nonlinear loads at 50%, 100%, and 125% of rated
load. The hybrid thermal prediction results show good agreement with detailed ANSYS Mechanical simulations, with a
deviation of approximately 3% in the linear-load case and 0.016% in the nonlinear-load case. The results show that
harmonic loading significantly increases load-related losses and hot-spot temperature, while also revealing a non-
uniform temperature distribution that enables hot-spot localization. The obtained spatial hot-spot information supports
insulation loss-of-life assessment and provides practical guidance for design improvement, sensor placement, periodic
inspection/testing, spare-part planning, and condition-based maintenance under harmonic operating conditions.

Keywords: Current harmonics, electromagnetic-thermal modeling, finite element method, medium-voltage transformer,

thermal behavior.

1. Introduction

Power transformers are essential elements in
electrical power distribution networks [1]. Similar to
all devices, transformers are subject to aging, and the
dominant factor in this regard is the loss-dependent
temperature [2]. In recent studies, transformer aging
and insulation degradation have been shown to be
closely associated with thermally driven electrical and
electro-thermal fault mechanisms, which can be
effectively identified through dissolved gas analysis
and data-driven diagnostic models [3, 4]. Such
loss-induced heating is minimized when the
transformer operates at the nominal system frequency
(50 Hz) with sinusoidal voltage and current
waveforms. However, the growing penetration of
converters, hybrid configurations, and nonlinear loads
result in  high-level harmonic  parameters.
Consequently, the waveforms of the current and
voltage become distorted and are no longer purely
sinusoidal. These harmonics affect both the amplitude
and the frequency spectrum of the transformer [5].
High harmonic amplitudes contribute to higher I°R
losses, elevated thermal stress, and a decline in
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transformer efficiency. Furthermore, the appearance of
high-order frequency 4 (5%, 7%, 11t 13% 17% 19t
etc.) is directly proportional not only to power losses
in core (hysteresis loss, eddy loss and excessive loss)
[6], but also to eddy-current loss (Pec ~ h?) and
other stray loss (Post ~ h%®) in the winding.
Consequently, the transformer generally reaches
higher temperatures, particularly in the parts, where
the hot-spot temperature is critical with respect to the
temperature-dependent lifetime duration of the
transformer [2].

Considering the cost and importance of the
transformer, one must build a model to calculate the
power loss and predict the transformer temperature in
the presence of harmonics. This will facilitate the
identification of transformers requiring maintenance
and contribute to maintaining power distribution
stability.

Among the models for predicting transformer
lifespan, the thermal model is the most widely
accepted and used by scientific organizations such as
IEC and IEEE. By simplifying complex systems into
equivalent electro-thermal models using RC circuits,
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thermal models can predict the increase in oil peak
temperature, the temperature on the windings, and
especially, the appearance of hot-spots [7]. With
temperature models, the two most common methods
are circuit-based models and numerical methods
[8-10]. Circuit-based models have the advantage of
being easy to implement, flexible, and applicable to
many types of transformers [8-9]. The authors of work
[8] created a thermal model to calculate top-oil and
hot-spot temperatures for distribution transformers
without external cooling. The most important
contribution is that the authors considered the
nonlinearity of the oil and winding resistance, which
improved the accuracy of the calculation model when
operating under various load conditions. Work [9]
further extended the model to calculate oil temperature
and hot-spot temperature on the windings under the
operating conditions of transformers transmitting
nonlinear loads. However, the drawback of this model
is that it cannot provide a comprehensive view of the
loss and temperature distribution of the internal
components of the transformer because of the
assumption of a uniform temperature distribution in
the oil.

The second method overcomes the drawback of the
previous method by providing a picture of the
processes occurring in the transformer, such as the
temperature distribution, fluid velocity field, and
hot-spot location [10-11]. In [10], core losses and flux
distribution were obtained using Finite Element
Method (FEM), and the resulting loss data were
subsequently incorporated into an equivalent circuit in
MULTISIM to evaluate the transformer’s thermal
behavior. The results obtained from the model
compared with actual measurements showed a small
error of approximately 2°C for winding temperature
and 4°C for oil temperature. In [11], a
three-dimensional (3D) model linking the electric
field, fluid flow, and temperature was established. The
loss data obtained from FEM were then used as inputs
to solve the mass- and momentum-conservation
equations using the Finite Volume Method (FVM),
enabling the prediction of the flow field and the
resulting non-uniform temperature distribution within
the transformer. The reported errors between
simulation and measurements are below 3°C.

However, a significant drawback of numerical
methods is their dependence on comprehensive input
data and high computational requirements, often
requiring powerful hardware and long simulation
times; moreover, model setup can be complex.
Therefore, to address these limitations, this study
improves the determination of input parameters.
Instead of relying on theoretical or rated loss values,
a 3D FEM model in ANSYS Maxwell is used to
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extract accurate local loss data under harmonic
conditions. The resulting outputs (e.g., currents, loss
components, and hot-spot losses) are then used as
inputs to the differential equations of the equivalent
electro-thermal circuit model. This hybrid framework
balances accuracy and computational cost: whereas a
full 3D FEM thermal simulation is time-consuming,
solving the electro-thermal differential equations in
MATLAB/Simulink (Runge—Kutta) supports
efficient, potentially real-time monitoring. Finally, this
approach goes beyond temperature prediction by
integrating IEC 60076-7 to directly assess insulation
loss of life, providing a more comprehensive view of
transformer reliability in modern power-grid
environments.

The ANSYS model was validated under various
operating  conditions, including no-load and
short-circuit tests. Simulations are performed for both
linear and nonlinear loading at 50%, 100%, and 125%
of rated load. The results demonstrate the severe
impact of harmonics on the top-oil temperature and the
winding hot-spot temperature. In addition, the winding
region with the maximum loss is identified using field
plots in ANSYS Maxwell and ANSYS Mechanical,
which is consistent with the hot-spot location on the
coil. In this study, the nonlinear load is modeled as a
DC motor drive consisting of a DC motor—equivalent
RL load fed by a three-phase controlled rectifier; the
rectifier operation (e.g., firing-angle control) injects
harmonic currents into the transformer.

The remainder of this paper is organized as
follows. Section 2 presents the theoretical background
and methodology, including the analysis of
harmonic-induced losses in transformers and the
implementation of a coupled electromagnetic—thermal
model. Section 3 describes the finite element modeling
of the medium-voltage distribution transformer and
discusses the validation of the proposed model under
various operating conditions. The simulation results,
including power losses, temperature rise, hot-spot
behavior, and insulation loss of life under harmonic
and non-harmonic loads, are analyzed and discussed in
this section. Finally, Section 4 concludes the paper and
outlines the main findings and limitations of the study,
along with perspectives for future research.

2. Methodology
2.1. Loss Computation Using Finite Element Method

For sinusoidal steady-state electromagnetic
analysis at angular frequency w, Maxwell’s equations
can be written in the frequency domain as follows [12]:

(1)
(2)

1
Vx;B=aE+j£wE

VXE=—jwB
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V.eE =p
V.uH =0

3)
4)

where, E is the electric field strength [V/m]; B is the
magnetic flux density [T]; H is the magnetic field
strength [A/m]; p is the charge density [C/m?]; € is the
electric permittivity [F/m]; p is the permeability
[H/m]; and o is the electrical conductivity [S/m].

Solving Maxwell’s equation requires using the
vector potential 4 and the electric potential ¢. The
scalar potential can be used to describe an external
voltage or current in a conductor and is defined by:

1
V X ;(V X A) = (0 +jew)(— jwA—Vp) (5)
The total current flowing through a conductor is
given by the integral of the current density over a
cross-sectional area (.

Ir=IL,+1,.+1; = f (0 + jew)(— jwA — V)dQ (6)
Q

I; denotes the current supplied by an external
source, expressed as:

I, = f —aV¢ d (7
Q
I, is the induced eddy-current, given by:
I, = f—jwaA dqQ (8)
QO
And I, is the displacement current:
Iy = f—jew(ij + Vo) do 9
Q

Equations (5) and (6) are fundamental for
calculating A and ¢, which are subsequently used to
determine variables such as B, E, and J. Consequently,
the loss values of the transformer can be determined.
The losses per unit length of the conductor are
computed by integrating the loss density over the
cross-section and assembling the finite-element
contributions e, as follows:

1 1
Py = [ U+ 22ds = (2 + )0 (10)
N e

2.2. Effects of Harmonics on Losses in Transformers

Transformer losses are generally classified as no-
load loss Py; and load loss Pr;. Pyy in a power
transformer primarily comprises core losses resulting
from induced eddy currents and magnetic hysteresis
during core magnetization. These losses are dependent
on the frequency, amplitude, and waveform of the
excitation voltage [6]:
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PNL
= > CnfuBipea + ke B pea

n
+ kafhllsB}l:;SJeak) (11)

where f, = hf; is the frequency of the A" harmonic
considered, f; = 50 Hz is the fundamental frequency,
and By, peqr is the peak value of the magnetic flux
density due to 4™ harmonic. The terms ky, k. , k,, and
a were determined using core steel sheet data [6].

Py, is subdivided into Py losses ( I*Ra ), winding
eddy-current losses Pgrc and other stray losses Post .
The total load-loss equation is given in [5]:

P, = Py + Ppe + Pogy, (12)

Under sinusoidal current waveform conditions,
P, can be calculated by multiplying the resistance
winding Ry, with the square of the load current I3;.
Under harmonic waveform conditions, P;. can be
calculated [13]:

h=max
12
Py =P 2
dc — Ydc-R 12
h=1 R

where P;._p is the resistance loss at the rated load
current /g [W]; I is related to the current at harmonic
order 4 [A]; & is the harmonic order.

Based on the IEEE C57.110-2018 standard, the
eddy-current losses Pxc in the winding caused by the
generated magnetic flux are considered to vary
according to the square of the RMS current and the
square of the harmonic frequency:

h=max 1,272
Zh=1 h Ih

I}

(13)

Pge = Ppe_g (14)

where Pgc.r is the eddy-current loss at rated load [W].

Other stray losses are a component of eddy-current
losses generated in the structural components of the
transformer due to induced currents, excluding
windings [5]. Several factors contribute, like the core
size, transformer voltage level, structural materials
used in the tank, and the effect of harmonic currents

that cause rise losses [13]:
h=max 12
h
Pos. = PosiL-r Z ho® =

12
h=1 R

(15)

where Posi-r is the other stray loss at rated load [W].

These increased losses raise the temperature of the
transformer compared to when a pure sine wave is
applied, as mentioned in Section 2.2. Therefore, it is
necessary to determine the increased losses caused by
using ANSY'S Maxwell software.

2.3. Transformer Thermal Model

Owing to uneven temperature distribution, the part
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working at the highest temperature often deteriorates
the most. Therefore, the aging rate is referenced based
on the hot-spot temperature of the winding [14]. To
analyze the temperature of the transformer, a simple
equivalent circuit representing the thermal flow
equations for the transformer is shown in Table 1. The
model is characterized by using an equivalent current
source to represent the heat generated by losses, and a
nonlinear equivalent resistor to represent the effect of
convective cooling by air or oil [15].

The electrical equations of the equivalent circuit
can be expressed as:

dv
v= Ryl andi = CelE (16)

The corresponding thermal laws are:
0 = Ryyq and g = Crh% a7

Table 1. Parameter of thermal-electrical equivalent
model

Thermal Electrical

Heat transfer rate g [W] Current i [A]

Temperature 6 [°C] Voltage v [V]

Thermal resistance Ry,

[°C/W]

Resistance R,; [Q]

Thermal capacitance Cyp,
[Joules/°C]

Capacitance C; [F]

The analogy between the heat transfer process and
the charge-discharge process of an electrical circuit is
reflected in the capacitor element C. Capacitance C,;
stores the electrical energy, and thermal capacitance
Cyp, stores heat energy, such as in oil.

To use this model, it is necessary to assume that the
temperature distribution in the medium (oil) is uniform
at any given time. Next, the Biot number (Bi) is
calculated, which is defined as the ratio between the
thermal resistance of the oil and the thermal resistance
of the air. Swift assumes that the temperature in the oil
is uniform at all times, or it is known as the “/umped
capacitance” model. This 1is reasonable for
transformer oil because the internal thermal resistance
of the object (oil) is considerably lower than the

surface thermal resistance (air). Therefore, Bi
Roil

= « 1 and in this research, the temperature within
air

the oil can be considered uniform.
2.3.1. Oil-to-air model

In the thermal and equivalent-circuit models shown
in Figs. 1 and 2 [15], all losses are represented as heat
sources supplied to the system.

The differential equation for the equivalent circuit,
as follows [15]:
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d9ou
dt

[eoil_eambll/n
Rth—oil

qre + dcu = Cth oil (18)

Where g, is the heat generated by Py, [W]; q¢y 18
the heat produced by P;; [W]; Cin_oir 1S combined into
a single equivalent capacitor [W.min/°C]; Rep_oi
represents the equivalent thermal resistance of the oil
[°C/W]; Bamp is the ambient temp [°C]; 6,;; is the
top-oil temp [°C]; and 7 is the cooling constant [17].

Gout

AAA

Ha mb

Fig. 1. Thermal representation of heat transfer from
oil to ambient air

Reyp_
gai.! th—oil

Py

Goil l
qre T qcu (T) Cth—ail ]’

1 Gout
<-_+> 6amb

Fig. 2. Electrical-thermal equivalent circuit

From (18), we have:

1

Pyi—n+ Pypy 1
5 [AOour]n = Tou

B0t
ol 4 (6,
Pyp—y + Pri-r [6ou -

dt amb] (19)

Here, 7,y = Cin—oiRen-oi denotes the top oil time
constant [min], while A@,;z represents the rated
top-oil temperature rise above the ambient level [K].
Following (13), (14), and (15), the load loss
Py, _y at the harmonic load which is equal to:
muxlh

P
dc—-R
12
h=1

max

POSL R ZE: h08

The equation calculates the top oil temperature
using Egs. (9) and (10):

axp2 2

Zm
+ Pgc-r Yz
R

(20)

Dt Pypu+ Py
Toit LPni—r + Prir

1 1
Deozl [AeoilR]n - [Hoil - gamb]" (21)

The top-oil temperature obtained from the oil-air
thermal model is subsequently used as the ambient
reference for the winding—oil model.
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2.3.2. Winding-to-oil model 15000 15000 )

V(p.u)= e( 383 Oy+273

25
The heat transfer model from the winding to the oil (25)
is illustrated in Fig. 3, adapted from [15]. This model The per unit loss of life factor is:
determines the hot-spot on the coil. 2
(15000_ 15000 )
L(p.u)= f e\ 383 0m+273)(t (26)
t1

GH Rth—H
£ Jout Predicting the reduced lifespan of a transformer
Qi ﬁ l o allows for an assessment of the extent of damage to

equipment operating under higher harmonic

qw CT Cin-n ‘l’ CD 8,11 conditions.

3. Valid Model and Results
* 3.1. Transformer Thermal Model
3.1.1. Information of model

Fig. 3. Winding-to-oil model

In this paper, an analysis distribution transformer
(320 kVA, 35/0.4 kV) is modeled using ANSYS
Maxwell software. The results are presented in Tables

From the thermal model of the winding to the oil,
we establish the equation for the electrical-thermal
equivalent circuit:

2 and 3.
doy 1 1 . .
aw = Cen-y——+ [0 — Ooulm (22) Table 2. Nominal electrical parameters of the
dt  Rep-y
transformer
With qy, is the heat createq by coil loss at the Rated Power Srated 320 KVA
hot-spot [W]; C¢,_p is the capacitance of the hot-spot oh 3
[W.min/°C]; R;,_p is the thermal resistance of the ase
hot-spot under rated conditions [°C/W]; 8y is the Voltage 35+£2x25%/04kV
hot-spot temperature [°C]; and m is the cooling Frequency 50 Hz
constant. Vector Group Yyo-12
From (12), we have: No-load Losses P, 385W
max ﬁ +P yrmax ﬁ No-load Current iy% 2
h=1 12 EC-H(pu) Zh= 12 1 do , K
R R [AGy_plm = 1) —2 Short Circuit Losses P, 3170 W
1+ Ppe-repw L dt Short-circuit voltage u,% 4
+[0y — Opulm (23) Cooling ONAN

Where, Py._, is the per unit (p.u.) loss at the

. . . Table 3. Winding and core dimensions of the
hot-spot location at the harmonic load; P;._ is the p.u £

. transformer
loss at the hot-spot location at the rated load; z, : R
. . High winding
represents the winding time constant at the hot-spot Material
[min]; and A@y indicates the temperature rise of the atetia Copper
hot-spot relative to the top oil [K]. Number of turns 2450
Height [mm] 345
So hot-spot temperature is calculated: Inner Diameter [mm] 263
max I max Ih Low winding
h=172 + Prc—n(puw) 2heiq 72 1 -
D6 = E R R [7Gy_p]m (24) Material Copper
HE 1+ Prc—ripw) | Number of turns 28
1 .
—[64 = Oou]m Height [mm] 375
Inner Diameter [mm] 182
Using the same Runge—Kutta numerical method Core
for differential (21) and (24), we can calculate the top- Material 27GHI100
oil and hot-spot temp. These results are discussed in Thickness [mm] 027
Section 3.3. Length [mm] 830
2.3.3. Loss of insulation life Height [mm] 720
. . 4-st limb and
IEC 60076-7 provides a method for assessing the Type Siep core fmb ai

3-step yoke core

insulation loss of life of a transformer based on 8. The
relative ageing rate V is defined by (25).

42
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3.1.2. Winding and magnetic circuit model of

transformer

The electrical and geometrical design parameters
of this transformer serve as the basis for constructing
the model and performing simulations in ANSYS
Maxwell. The simulation model is illustrated in
Fig. 4.

Fig. 4. Model of 35/0.4 kV transformer in ANSYS
Maxwell

During the calculation and transient analysis in
ANSYS Maxwell, the transformer is energized
through an external excitation circuit created using
ANSYS Twin Builder. The external excitation circuit

is shown in Fig. 5.

Fig. 5. External excitation circuit model

3.2. Valid Model

In this study, the simulation process incorporates
several operating conditions to compare the obtained
results with calculated data and to evaluate the model’s
reliability under practical operation. The operation
modes considered include no-load, short-circuit, and
load conditions, both with and without harmonic
distortion.

3.2.1. No-load and short circuit simulation

Fig. 6. Results of U, under no-load and short-circuit
conditions
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During the no-load operation period, a
high-voltage winding is supplied with the rated
voltage. Meanwhile, the low-voltage winding is
connected to a high-value resistor to simulate an open
circuit. In the short-circuit stage, the low-voltage
winding is shorted. The results for these two operating
conditions are illustrated in Figs. 6 and 7, respectively.

In the no-load condition, Iy = 0 A4 and
U,y =217.53 V, exhibiting a deviation of 1.36% from
the calculated value of 220 ¥V, which falls within the
acceptable tolerance range. In the short-circuit
condition, I,y =3.93 kA and Up, =21.81 V, indicating
high accuracy and good agreement with the practical
short-circuit test results.

IpCA NoLoadShoriCicuit ANSYS

otk

1250 ms |
— Curreni(CA_A)

|Setupt : Transient 49242

1— cu
625 - Setupl

1 Cument(CA_C)
Setup1 - Transien t

1Al

625

Short circuit

1250

ms
CumentiHA_A)

Setup - Transient | 3938
Current(HA_B)

Setupt : Transient | 142
Curreni(HA_G)

urrent(t
Setup? - Transient 3819

kAL

10 Ed £ a0 50 o
Time (ms]

Fig. 7. Results of I, under no-load and short-circuit
conditions

3.2.2. Simulation load operation without harmonics

As shown in Table 4, under this condition without
harmonic distortion, the simulation results exhibit
deviations within the acceptable range compared with
the calculated values.

Table 4. Comparison of simulated and calculated
electrical quantities

50% Srated  100% Sratea  125% Sratea
Simulation 35.7 35.7 35.7
Calculation 35 35 35
Utinerrv [kV] Deviation 2 2 2
[%]
Simulation 388.62 388.62 388.62
Calculation 400 400 400
Uiner IV peviation 2.8 2.8 2.8
[7]
Simulation 2.696 5.19 6.36
v [A] Calculation 2.639 5.28 6.6
Deviation 2.11 1.7 3.63
[%]
Simulation 230.94 452.36 577.35
Iy [A] Calculation 234.62 461.88 554.42
) Deviation 1.59 2.06 3.97
[7]
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3.2.3. Simulation load operation with harmonics

In this study, the harmonic source is modeled using
a three-phase bridge-rectifier circuit with thyristors.
The harmonic source is directly connected to the
0.4 kV secondary side of the transformer. The firing
angle of the thyristors for each operating condition is
set as follows: 71° at 50% Syawed, 52.5° at 100% Syareq
and 38° at 125%S,areq. After performing the simulation
using ANSYS and analyzing the total harmonic
distortion (THD) of the voltage (THDu [%]) and
current (THDi [%]) in MATLAB, the results obtained
from the harmonic distortion are presented in Table 5.

The simulation results reveal that an increase in the
firing angle associated with reduced load levels results
in a higher THD. Moreover, higher voltage levels are
correlated with lower THD values. The harmonic
spectrum is shown as Fig. 8, which includes high-order
harmonics (5%, 7%, ..., 21%, 239, ..., 37%, 41%, 4319,
Based on (14) and (15), both the order harmonic and
amplitude increase power losses in the transformer;
therefore, both facilitate a rise in temperature. This is
presented in Section 3.3.

Table 5. Summary of simulation results considering
harmonics

Up[V] THDu  I,[A] THDi
50% HV 20786 3.67 2.87 3529
Sed LV 23227  14.62 233.9 3821
100% HV 20574 5.64 515  28.80
Smed LV 22469 2424 429.6  30.23
125% HV 20471 6.25 6.52  26.03
Sed LV 221.04  26.55 560.7  27.16

THD,% (HV)

Mag. (% of Fundamental)

20
10
. n I | | | - 1

1 5 71 13 17 19 23 25 29 31 35 37 41 43
Harmonic order
50%S,gmy W 100%S e 125%S e

Fig. 8. Harmonic current spectrum of HV winding

The simulation results were validated against
analytical calculations performed in Matlab/Simulink,
demonstrating a high level of accuracy. Accurate
specification and input of material parameters were
found to be sufficient for the model to yield loss
estimation. This provides a credible foundation for
subsequent thermal analyses, including hot-spot
temperature evaluation.

3.3. Results of Simulation

Table 6 summarizes the values of Py; and Py, for
the two cases, considering and not considering the
effect of harmonics, as obtained from the simulations
performed in Section 3.2.3.
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Table 6. Power loss results

Load 50% Srated 100% Srared 125% Srated
THDi 0 35.29 0 2880 0 26.03
Pac [W] 655 986 2550 2884 3870 4650
Prec [W] 30 748 112 1293 170 1120
Post [W] 184 49.8 18.43 123 184 200.6
Pxr [W] 250 303 250 305 250 305

P [W] 703 1784 2680 4300 4058 5971
Pr[%] — 254 — 160 — 147

From Table 6, we observe that load losses increase
proportionally with the applied load. Furthermore,
higher THDi values correlate with increased load
losses, ranging from 1.47 to 2.54 times the losses
observed without harmonics. Therefore, the top-oil
temperature increases very quickly and is much higher
than that without harmonics. This is shown in Fig. 9.

Table 5 summarizes the HV/LV voltage and
current magnitudes and their total harmonic distortion
under different loading levels. At 50% load, the HV
voltage magnitude changes only slightly between the
sinusoidal and harmonic cases (20.786 kV versus
20.207 kV), i.e., by about 2-3%, and the HV-side
voltage distortion remains relatively low, with
THDu < 6.25%. In principle, voltage harmonics can
make the core flux non-sinusoidal and introduce
higher-order flux components, thereby increasing core
(no-load) losses. However, Table 6 shows that the
no-load loss Py increases from 250 W to 303-305 W
under harmonic conditions (an absolute increase of
53-55 W). Although this is a noticeable relative
increase in Py, itself, its contribution is small
compared with the dominant load-related losses; when
normalized by P;;, the increment corresponds to only
1.37% (50% Sraea), 0.62% (100% Syareq), and 0.45%
(125% Srated)-

Therefore, in the investigated cases, the
contribution of voltage harmonics to the thermal
response is secondary and is neglected in the thermal
differential-equation setup; accordingly, the no-load
loss is modeled primarily based on the fundamental
voltage component. In contrast, Table 6 indicates that
current harmonics significantly increase load-related
losses, which dominantly drive the observed
temperature rise.

In contrast, current harmonics have a much
stronger impact on load-related losses, with P
increasing by approximately 1.47-2.54 times
compared with the sinusoidal case (Table 6). This
increase in losses leads to higher top-oil and winding
temperatures, as shown in Figs. 9-10. Therefore, the
subsequent analysis focuses primarily on the thermal
impact driven by current harmonics, while voltage
harmonics are considered only to justify their
comparatively minor contribution under the
investigated conditions.

The simulation process is conducted for the three
load modes, with each stage lasting 60 min. From the
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simulation results in Fig. 9, it is clear that the higher
the THD;I, the faster the oil temperature increases. At ¢
=60 min, THDi = 35.29%, 6;; increases from 40°C to
70°C. At ¢t = 180 min, 0,; increases from 67°C to
80°C, which is more than 13°C compared with the case
without harmonics.

85 T

Top-oil temperature (°C)

= = theta_oil_without harmonic

== theta_oil_harmonic

80 100 120 140 160
Time (min)

60 180

Fig. 9. Top-oil temperature

The comparison of temperatures under nonlinear
and linear loads in Fig. 10 clearly assesses the severity
of the harmonic waves. For the hot-spot temperature
on the winding, there is a significant difference
between the pure sine wave load and harmonic load.
The largest temperature difference occurs at = 60 min,
reaching 42°C. At 100% Srues, harmonic waves
increase the temperature from 77°C to 110°C. For
125% Syarea harmonic waves increase the temperature
from 102°C to 121°C.
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Fig. 10. Hot-spot temperature on winding

Using field plots in ANSYS, the hot-spot region
on the winding can be visually localized under both
linear (THDi = 0%) and nonlinear (THDi =26.03%)
loading conditions, as shown in Figs. 11-13. The
temperature maps indicate a clearly non-uniform
thermal field in the winding—core region, where a
few localized zones exhibit significantly higher
temperatures than the surrounding parts; under
harmonic loading, the peak temperature level and
the thermal gradient become more severe, making
the hot-spot region more critical.
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(b)

Fig. 11. Temperature distribution under linear loading
at 125% Srawed (With THDi = 0%): (a) 3D view of coil
and core temperatures; (b) cross-sectional view
highlighting the hot-spot location

(b)

Fig. 12. Temperature distribution under nonlinear
loading at 125% Syaes (with THDi = 26.03%): (a) 3D
view of coil and core temperatures; (b) cross-sectional
view highlighting the hot-spot location
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Fig. 13. Hot-spot on low voltage winding when
nonlinear load (with THDi = 26.03%)

This spatial information provides practical
guidance for (i) design improvement, such as
targeted reinforcement of insulation and structural
adjustments at thermally stressed winding areas;
and (ii) condition monitoring, by supporting sensor
placement at the identified hot-spot locations. From
an asset-management perspective, the identified
hot-spot regions can support utilities and industrial
operators in optimizing periodic inspection and
testing of both liquid and solid insulation,
prioritizing spare-part planning for thermally
stressed components, and implementing more
effective condition-based maintenance (CBM)
under harmonic operating conditions by integrating
dissolved gas analysis (DGA) with complementary
fault-diagnosis tools.

To assess the feasibility and efficiency of the
proposed hybrid approach, where FEM provides
loss inputs and the lumped thermal model rapidly
solves the thermal response, we compare the
predicted results with detailed thermal simulations
in ANSYS Mechanical, as summarized in Table 7.
From the comparison results in this Table, the
deviation between the analytical formula and the
simulation is not large: it is approximately 3% in the
linear-load case, whereas it decreases to only
0.016% in the nonlinear-load case. In ANSYS
Mechanical, the hottest point is in the middle of the
low-voltage winding, while in ANSYS Maxwell, the
greatest losses are at the top of the winding,
presumably where the temperature is highest.
Despite the different locations, the temperature
difference between the two points is not too large,
less than 1.83%. This shows that the model
combining FEM simulation and equivalent circuits,
which was calculated from Matlab/Simulink, is
reliable enough, and demonstrates the ability to
visually observe the uneven distribution and
accurately determine the spatial location of the hot-
spot on the coil without spending too much setup
and calculation time. To ensure more accurate hot
temperature location determination, ANSYS
Mechanical should be used.
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Table 7. Difference between the results of (24) and
ANSYS Simulation Mechanics

Hot-spot Temperature Linear load Nonlinear load

on winding [°C] [°C]
Differential Eq. (24) 102.70 120.90
ANSYS Mechanical 105.91 120.88
Deviation [%] 3.03 0.016

In addition, based on the results shown in Figs. 10
and 13 and the data summarized in Table 8, it can be
observed that the increase in hot-spot temperature
under harmonic loading significantly accelerates
insulation aging and increases the transformer’s loss of
life. Under the investigated severe operating condition
(nonlinear load at 125% overload, cycle duration 120
min), the calculated insulation loss of life over one
cycle reaches 66.6 min, compared with 5.031 min
under the corresponding linear-load case. This
indicates a substantial increase in life consumption
under harmonic operating conditions. Consistently, the
loss-of-life factor also increases markedly from
0.08385 p.u. (linear load) to 1.11 p.u. (nonlinear load).

Table 8. The loss of lifetime of a transformer

Linear load Nonlinear

load
Loss of life factor [p.u.] 0.08385 1.11
Load cycle duration [min] 60 60
Loss of life over a cycle [min] 5.031 66.6

Following the wvalidation and thermal-aging
analysis discussed above, the parameter values listed
in Table 9 are used as inputs to the transformer thermal
model to calculate the top-oil and winding hot-spot
temperatures via (21) and (24) for the investigated
loading cases (50%, 100%, and 125%S,4eq). The
corresponding temperature results are then reported in
Fig. 9 and Fig. 10.

Table 9. Parameters input for the transformer thermal
model

Quantity 50% Sratea 100% Sratea 125% Srated
Livad rated [A] 2.697 5.19 6.36
Tioad_harmonic [A] 2.87 5.15 6.52
Pri/Pny at rated 2.812 10.72 16.232
Oamp [°C] 30
A8, g [°C] 38
n 0.9
m 0.8
A8y n [°C] 25
Tpi1, MiN 170
Ty, Min 6
Pdc-hotspor [W] 68.8 244 364.95
PECR hotspor [W] 30 115 176.7
PEc-H_hotspor [W] 32 139.3 292.04
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4. Conclusion

This study developed and validated a coupled
electromagnetic—thermal framework for evaluating the
thermal effects of harmonics in distribution
transformers under linear and nonlinear loading
conditions. By combining FEM-based electromagnetic
loss computation with an equivalent electro-thermal
model, the proposed approach enables estimation of
top-oil and winding hot-spot temperatures, spatial
hot-spot localization, and IEC-based insulation
loss-of-life assessment under harmonic operating
conditions. The results show that, for the investigated
cases, current harmonics are the dominant driver of the
observed temperature rise because they significantly
increase load-related losses, while the contribution of
voltage harmonics to the thermal response is
comparatively secondary. In addition, the identified
non-uniform temperature distribution and hot-spot
regions provide practical value for transformer design
refinement (e.g., insulation reinforcement), sensor
placement, periodic inspection/testing, spare-part
planning, and CBM.

Despite these contributions, the present model still
has limitations. In particular, it does not fully account
for nonlinear thermal and magnetic material
properties, temperature-dependent variations in oil
cooling performance, and the detailed thermal
behavior of transformer components under severe
harmonic excitation. In addition, the current thermal
simulation focuses on the winding—core region for
hot-spot assessment and does not include the
transformer tank. Future work will extend the thermal
simulation domain to include the transformer tank and
its boundary heat-transfer interactions, enabling a
more comprehensive assessment of temperature
distribution, hot-spot propagation, and practical
cooling/monitoring design under harmonic loading.
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