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Abstract: Harmonics in the power grid contribute to increased power losses in both the core and
windings of power transformers. These losses lead to abnormal rises in temperature causing over-
heating and reduce the efficiency of the transformer. If the losses and temperature exceed the values
set during the design stage for linear load conditions, it can damage the transformer’s insulating
materials and shorten its lifespan. To assess the thermal impact of power system harmonics on
transformers under steady-state and transient conditions, the rated losses and harmonic losses of the
transformer are calculated. These losses are then inputted into a developed thermal 3D finite element
method (FEM) performance model to determine the temperature distribution of transformer compo-
nents. The numerical results from the thermal model will be compared with data from a Hyundai test
report and real measurements from Egypt’s Kureimat power plant, specifically a 750 MW combined
cycle power plant. The thermal modeling is focused on a step-up (16.5/240 kV), 240 £+ 4 x 2.5%,
180/240/300 MVA power transformer operating in ONAN, ONAF1, and ONAF2 modes. This paper
shows that the developed model aligns closely with actual measurements and the HYUNDALI test
report. The loss calculations reveal that the discrepancy in total losses, with and without accounting
for harmonics, becomes more pronounced as the load increases. Using this model, the presence of
grid harmonics results in a higher temperature distribution across transformer components, leading
to an increase in the hot spot temperature.

Keywords: nonlinear load; harmonic losses; transformer thermal model; finite element method

1. Introduction

In electrical power systems, the power transformer stands out as the most costly and
significant element. To counteract the elevated losses caused by harmonic currents, the
transformer must undergo thermal expansion. Nowadays, the use of non-linear loads
places additional strain on supply transformers, leading to increased inherent losses that
can reinforce machine aging or lead to failure [1].

Transformers are usually designed to operate at their specified frequency under a
linear load. However, when a non-linear load is present, it generates harmonic currents [2].
The presence of harmonic currents elevates losses in both the winding and the structure of
the transformer, while harmonic voltages contribute to losses in the magnetic core. The
skin effects result in increased heat dissipation in the windings, leading to losses such as
harmonic losses, eddy currents, core losses, and the square of the rms current.

Harmonic distortion primarily impacts transformer losses, including ohmic, eddy,
and stray losses influenced by harmonic current loads. Previous research has explored the
effects of harmonics on power transformer losses over time [3,4], yet these efforts often
overlooked harmonics requirements.

To enhance clarity, it is important to include information on harmonic content in terms
of Total Harmonic Distortion (THD), as well as the characteristics of harmonic sources.
THD is a measure of the distortion of the voltage or current waveform caused by the
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presence of harmonic frequencies. It quantifies how much of the signal is made up of
harmonics as a percentage of the fundamental frequency. A high THD indicates significant
harmonic distortion, which leads to increased eddy currents and higher transformer losses,
especially in the windings and core.

Harmonic Sources include industrial equipment such as variable speed drives, unin-
terruptible power supplies (UPS), electric arc furnaces, and power electronic devices. Each
harmonic source has unique characteristics that determine the magnitude and order of
harmonics they produce. For instance, VFDs often introduce lower-order harmonics (e.g.,
5th, 7th), while UPS systems can generate a wider spectrum of harmonics.

Understanding the nature of the harmonics impacting the transformer—both the
frequency spectrum and amplitude—provides valuable insights into the impact on trans-
former thermal performance. Harmonics can lead to increased I°R losses, heating, and
reduced transformer lifespan. Furthermore, harmonics raise the eddy current losses in
transformer cores and windings, exacerbating temperature rise and potentially requiring
more robust cooling mechanisms.

As Total Harmonic Distortion (THD) rises, transformer losses increase, leading to
higher temperatures and reduced performance [5,6]. Ref. [7] experimentally measured
harmonic current distortion and calculated transformer efficiency under nonlinear loads,
showing that efficiency improves as THD decreases. Additionally, non-sinusoidal voltages
cause extra core losses, but these are less impactful compared to THD-induced load losses.
Ref. [8] found that eddy current and resistance losses in transformer windings increase
exponentially with higher frequency, leading to an exponential rise in winding hot-spot tem-
perature. The influence of higher harmonics on transformer losses was further examined in
Ref. [9], determining the no-load losses for various harmonic voltages and currents, along
with their phase values. Ref. [10] quantitatively evaluated the non-sinusoidal steady-state
operation of transformers by examining loss distribution and found that nonlinear loads
cause significant distortion in electric current waveforms. This results in extra losses and
thermal stress in the power system, raising the transformer’s hot-spot temperature, which
may degrade insulation and shorten transformer life. Ref. [11] concluded that the impact
of harmonics from residential loads on a transformer is proportional to the square of the
transformer current’s THD. Finally, Ref. [12] analyzed how harmonic currents affect wind-
ing resistance, eddy current, and stray losses, revealing that higher harmonic distortion
and frequency cause faster load loss increases.

Recent studies focusing on the behavior of power loss due to nonlinear loads and
challenges in low power quality have become more prominent with the rise of the smart
grid concept. Investigating the impact of nonlinear loads on transformers has become a key
area of research [13-18]. Much attention has been directed towards assessing how voltage
and current harmonics affect power transformers [19].

Notably, there has been a lack of comprehensive studies on temperature distribution
methodology within power transformers to examine the impact of grid harmonics using
thermal models.

In the paper recently published by the authors [20], a thermal model was developed
and validated against experimental results to investigate the temperature distribution
inside a three-phase oil-insulated power transformer. The finite-element technique was
used to obtain the steady-state temperature distribution and the transient temperature
distribution at fixed time intervals at any specified location within this kind of transformer.

Therefore, in this paper, the 3D thermal model is used and tailored to carry out
the harmonic impacts on the transformer thermal performance in both steady-state and
transient conditions over 24 h with actual loads. Harmonic losses were evaluated for
different loads (180 MVA /240 MVA /300 MVA), comparing losses (copper, eddy current,
and stray losses) with and without considering harmonics based on the transformer’s
loading. Additionally, the model determined temperature distribution and identified hot
spots within the power transformer.
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In this study, the focus is on modeling a Generation Transformer (180/240/300) MVA
with specifications of (16.5/240 KV), situated at the Kureimat Power Plant (750 MW—
Combined Cycle) in Egypt. The aim is to create a 3D thermal model using Finite Element
Method (FEM) based on the fundamental heat transfer principles in ANSYS. The objectives
outlined in this paper are as follows:

e Validate the model’s accuracy by comparing temperature distributions against a
HAUNDALI test report’s data, specifically focusing on linear loads and disregarding
grid harmonics.

e  Analyze the 3D model considering the impact of grid harmonics (nonlinear load) by
calculating harmonic losses, incorporating these losses into the model, and compar-
ing results with measured temperatures of the Generation Transformer (300 MVA,
16.5/240 KV) at Kureimat Power Plant.

e Investigate the effects of varying transformer loads on ohmic, eddy current, and other
stray losses concerning grid harmonics.

e  Generate transient simulations to observe temperature variations in transformer com-
ponents over time, considering harmonics induced by actual loads, with simulations
running for 24 h under variable loads.

e  Utilize a pyrometer measuring device to verify the modeled tank temperature against
calculated values.

2. Methodology

The methodology employs ANSYS 19 software to develop a 3D model of a power
transformer using the Finite Element Method (FEM). This transformer is a three-phase
oil-immersed unit connected to a turbo generator, designed to step up the voltage from
16.5 kV to a transmission level of 220 kV using a Delta-Star Connection. The methodology
for analyzing the impact of grid harmonics on the model’s thermal performance involves
the following steps:

1.  Creating a 3D thermal model with ANSYS software, based on the actual dimensions
and geometry of the transformer [21]. The transformer structure includes components
such as the external tank, insulating oil, iron core, and copper windings (HV and LV).
2. Calculating transformer losses in two scenarios:

e  Without considering harmonic measurements for three different loads (300, 240,
and 180 MVA at full load).

e  Considering the harmonic losses by using current harmonic measurements and
substituting them into loss factors equations to determine the I?R, eddy current
losses, and other stray losses at different loads (180, 240, and 300 MVA).

3. Applying these losses as inputs to the model so the ANSYS model can calculate the
temperature distribution based on these losses.

4. Analyzing the temperature distribution within the transformer under different load
conditions using the models.

5. Verifying the accuracy of the FEM model predictions using the test report from Hyundai.

6. Comparing the temperature distribution results from the FEM analysis in both scenar-
ios to evaluate the effect of grid harmonics.

7. The pyrometer device is used for measuring the transformer tank temperature for
several points and compared with the calculated value.

In this study, Finite Element Method (FEM) is a powerful tool used for analyzing
temperature distribution in complex structures like power transformers. Here are some
advantages of using FEM over Computational Fluid Dynamics (CFD) Simulation Software
for example:

m  Accuracy in Solid Structures: FEM is particularly well-suited for analyzing the
temperature distribution in solid structures. Power transformers have complex solid
geometries, and FEM can provide highly accurate results for heat conduction within
these solids.
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m  Mesh Flexibility: FEM allows for greater flexibility in meshing complex geometries. It
can easily handle irregular shapes and varying material properties, which are common
in power transformers.

m  Integration with Structural Analysis: FEM is often integrated with structural analysis
tools. This allows for simultaneous analysis of thermal and mechanical stresses, pro-
viding a comprehensive understanding of the transformer’s behavior under different
operating conditions.

m  Efficiency in Solving Equations: FEM uses variation methods to minimize error and
efficiently solve the governing equations for heat transfer. This can be computationally
less intensive compared to CFD, which often involves solving complex fluid flow
equations alongside heat transfer.

m  Simplicity for Steady-State Problems: For steady-state thermal analysis, FEM can be
simpler to set up and solve compared to CFD, which requires detailed modeling of
fluid flow and turbulence, which can be unnecessary if the primary concern is heat
conduction in solids.

m  Reduced Computational Resources: FEM generally requires fewer computational
resources for thermal analysis in solids compared to CFD, which can be highly de-
manding due to the need to resolve fluid flow fields and their interactions with
heat transfer.

3. Transformer Losses under Harmonic Conditions

The increase in non-linear loads over recent years has led to a deviation from sinusoidal
load currents. This non-sinusoidal current causes the transformer to experience higher
losses and temperatures.

The losses in transformers are categorized into two main types: Py, iron core losses
and Py load losses, which encompass winding losses and stray losses [22].

Py = Pni + Prr 1)

The load loss Py, can be calculated using Equation (2) and includes the following
components: P, which represents ohmic current losses in windings, Pgc, which stands for
eddy losses in windings, and Pqg;,, referring to other stray losses caused by structures other
than windings [23].

Prp = P+ Pgc + PosL 2)

There is currently no test method available to distinguish between winding eddy
losses and stray losses in structural components. Total stray losses (P1g) are determined
by subtracting the load losses measured during the impedance test from the ohmic cur-
rent losses.

Prsp = P — P = Ppc + PosL 3)

3.1. Ohmic Current Losses

The calculation involves monitoring the increase in winding current caused by the
harmonic component. As the load current increases, so do these losses. Equation (4) details
the ohmic loss in the winding under harmonic conditions [23].

h=hmax ;2

P=Rx) — "L (4)

where

R: winding resistance
I},: rms current at harmonic (h)
h: harmonic order.
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3.2. Eddy Current Loss in the Windings

The eddy current loss of windings is proportional to the square of current and the
square of harmonic frequency in harmonic conditions. In Equation (5), it represents a
fraction involving the square of the current and the harmonic frequency in the harmonic

state [23].

h=h I, 2
Pgc =Ppcr XY pp hz(ﬁ) ()
where Pgc.r is rated eddy current loss of windings, Iy, is the current related hth harmonics,
IR is rated load current, and h is the order of harmonics. Also, the harmonic loss factor for
eddy current loss of winding can be expressed as follows [23]:

h=h I, 2
FaL =3, . hz(g) (6)

3.3. Other Stray Losses

Because of the relationship between electromagnetic flux and conductor, voltage is
induced in the conductor, causing eddy currents to flow, which raises the temperature
and causes loss. Another type of stray loss is a portion of the eddy current loss generated
in the structural components of the transformer, excluding the windings [23,24]. Various
factors contribute to this, such as the size of the core, the voltage class of the transformer,
the construction materials used in the tank structure, and the clamps [25].

h=hmax, 0.8 Iy 2
Post =PosL-r XY ., h (§) 7)

Posir is the other stray losses at rated sinusoidal load and Ppg, is the corresponding losses
under non-sinusoidal loads.
The loss factor for other stray losses:

h=h NG
FyL-stR = hzlmaxho‘s(ﬁ) 8)

Under non-sinusoidal currents, it is only necessary to multiply the rated other stray
loss by harmonic loss factor Fy -sTR.

Therefore, when dealing with nonlinear currents, the harmonic loss factor is increased
by the ohmic loss, eddy current, and other stray losses. In the presence of harmonics, the
Fri1-stR factor increases other stray losses, the Fyyy, factor increases eddy current loss, and
the I?R loss factor increases I’R loss.

4. Estimating and Analyzing Harmonic Loads” Transformer Losses and Capacity

The study involves calculating losses for three different loads (300, 240, and 180 MVA
at full load), considering the influence of grid harmonics. This calculation relies on the
computation of harmonic loss factors, based on the harmonic scaling data provided in
Table 1. Subsequently, Tables 2—4 facilitate the calculation of corrected eddy current loss
and other incidental losses.

The calculation is based on actual measured harmonic currents at the transformer’s
LV terminals when the LV side is supplied with a rated voltage of 16.5 kV and a frequency
of 50 Hz. The harmonic currents considered (measured) in relation to the 1st harmonic
current are indicated in the tables reported in [21].
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Table 1. Measured values of harmonic currents.

Parameters Magnitude (%)
h Phase X1 Phase X2 Phase X3

1th 100 100 100

3th 8.65 34.42 30.35
5th 37.56 41.07 39.35
7th 21.25 22.62 22.53
9th 0.41 5.79 6.57
11th 6.04 5.54 7.64
13th 4.63 5.62 5.24
15th 0.18 1.01 1.25

Table 2. Losses at full load (300 MVA).

Types of Losses Rated Losses (KW) Corrected Losses (KW) Harmonic Loss Factor
’Rat75°C 571.87 680.53 1.19

Eddy current losses 34.23 219.1 6.4

Other stray losses 69.49 88.95 1.28

Total stray losses at 75 °C 103.72 308.05

Load losses at 75 °C 675.59 988.58

No load losses 98.99 98.99

Table 3. Losses at load (240 MVA).

Types of Losses Rated Losses (KW) Corrected Losses (KW) Harmonic Loss Factor
I’Rat 75 °C 364.33 433.55 1.19

Eddy current losses 22.45 143.68 6.4

Other stray losses 45.6 58.37 1.28

Total stray losses at 75 °C 68.05 202.05

Load losses at 75 °C 432.38 635.6

No load losses 98.99 98.99

Table 4. Losses at load (180 MVA).

Types of Losses Rated Losses (KW) Corrected Losses (KW) Harmonic Loss Factor
I’Rat 75 °C 205 243.95 1.19

Eddy current losses 12.6 80.64 6.4

Other stray losses 25.6 32.77 1.28

Total stray losses at 75 °C 38.2 113.41

Load losses at 75 °C 243.2 357.36

No load losses 98.99 98.99

For determining eddy currents and other stray losses, one can refer to the Interna-
tional Standard Recommendations [19] applicable to oil-filled distribution transformers as
shown in Equation (9). The total stray losses for the transformer under consideration are
documented in the Hyundai test report [21] for each load condition.

Ppc-r = 0.33P1sL-r, PosL-r = 0.67Prs.—r )

5. The Thermal Model for the Transformer

The distribution losses of the model are determined using the transformer loss equa-
tions provided in Section 3 of the article, based on the data from the Hyundai Test Report
(Technical Documentation) [21]. The calculated loss values for the transformer, as shown in
Tables 2—4, are applied to the thermal model according to each specific case.
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Before using the power transformer model to evaluate harmonic impacts, it is essential
to confirm its accuracy. The fundamental assumptions for the proposed thermal model of
this transformer type include the uniform distribution of heat generated per unit volume per
unit time within the iron core and the insulation at the tank base. The winding configuration,
arrangement, and cooling method greatly influence the complex heat distribution within the
windings. To simplify the analysis, winding insulation is excluded due to its lower dielectric
loss compared to copper losses in conductors. Ambient temperature measurements are
consistently considered, and the thermo-physical properties of transformer materials and
oil, which vary with temperature, are detailed in [26]. Only % of the transformer was
modeled, as shown in Figure 1, due to the symmetry on the x and y axes of the transformer.
This simplification reduces computation time.

Figure 1. 3D Simulation model.

The heat produced by transformer losses leads to a rise in temperature. When the
winding temperature is below 65 °C, the cooling mode is Oil-Natural Air-Natural (ONAN).
However, if the winding temperature exceeds 65 °C, the cooling system employs both
air force and natural oil cooling. The first set of fans (ONAF1), consisting of 10 fans (five
on each side), operates initially. When the coil temperature surpasses 75 °C, the second
set of fans (ONAF2) activates, with 10 fans operating on each side. The heat varies with
environmental changes, and these cooling modes, along with their respective parameters
and limits, are summarized as follows:

1.  Heatis transferred through thermal conduction from the inner part of the core or wind-
ings and spreads to the oiled surface outside and by the same conduction mechanism
through the transformer tank wall.

The conduction heat transfer mode is ruled by Fourier’s law, which is stated as follows:
q=KVT (w/mz) (10)

k is the thermal conductivity for the materials used in the core and windings, and VT is
the rate of temperature change over a distance in the direction of heat flow (°C/m).

2. Convection is responsible for moving heat from the external parts of the core and
windings to the insulating oil, then from the oil to the inside walls of the tank, and
finally from the tank’s outer surfaces to the air around it.

In the proposed model, the type of convective heat transfer whether natural or forced
depends on the load level. The temperature of transformer windings is controlled by the
load and influences the cooling mechanism.



Energies 2024, 17, 4871

8 of 17

The mathematical expression for the convective boundary condition in isotropic (three-
dimensional) systems is derived by considering the energy balance on the specified surface,
as outlined in Ref. [27].

dT dT dT
— —K——-K—=h(T-T 11
dx dy dz ( B) (1)
According to traditional Nusselt number correlations, the heat transfer coefficient is
defined as follows:

h= %Nu (12)

The average Nusselt number is calculated for both natural and forced convection scenarios,
involving heat exchange between the outer surfaces of the iron core, the LV and HV
windings, and the fluid surrounding them. This includes the heat transfer between the oil
and the inner surface of the tank and, finally, between the outer surface of the tank and the
surrounding air:

0.387Ra'/®

Nul/2 = 0.825 +
049 9/16 8/27
{1 n ( £ ) }

(13)

For free convection for vertical plates in laminar and turbulent flow with uniform wall
temperature, Equation (13) is utilized.

However, the average Nusselt number for free convection on a horizontal plate relies
on two factors: whether the surface is pointing up or down, and whether the temperature
of the plate surface is higher or lower than that of the surrounding fluid [27].

With the heated surface facing upward:

Nu = 0.14(GrPr)'/? (14)
With the heated surface facing downward:
Nu = 0.27(GrPr)/* (15)

The Rayleigh number (Ra), Grashof number (Gr), and Prandtl number (Pr), among
other dimensionless parameters of free convection, are described in [27].

The Reynolds number (Re) determines whether laminar or turbulent flow occurs over
a flat plate in forced convection [27].

If the Reynolds number is fewer than 5 x 10°, the Nusselt number for laminar flow
along a flat plate is specified by [27]:

Nu = 0.678Pr"3Re? (16)

However, if the Reynolds number is larger than 5 x 10, for turbulent flow along a flat
plate, the Nusselt number is provided by [27]:

Nu = 0.29Pr"4*Re08 (17)

3. The temperature difference between the active components (core and windings) and
the outer surfaces of the tank leads to radiation heat transfer between them and from
the tank’s exterior to the area immediately surrounding the transformer.

To establish the mathematical representation of the radiation boundary condition in
three dimensions, an energy balance is applied at the surface, as referenced in [27,28].
dT ,dT _dT

o . 4 T4
kg kgy kg = <o (i -) (18)
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The term of z is reduced for the two-dimension model. The process to estimate the
view factor between surfaces is implemented by the following integration [28].

1 cosbjcosb);

A line of length R connects the elemental areas on surfaces dA; and dAj, forming the
polar angles 0; and 0;, respectively. The elemental areas’ positions on A; and A; affect the
values of R, 6;, and ;.

The 3D geometry of the transformer model, depicted in Figure 2, is constructed and
simulated using Finite Element Method ANSYS 19 software. The outcomes were obtained
by solving the governing heat transfer equation, represented below as Equation (20):

d dT d dT d dT , ~dT

where T is the temperature (K), X, y, and z are spatial variables (m), while K, q’, p, ¢, and t
are, respectively, the thermal conductivity in (W/m-K), the heat transfer rate (W/m?3), the
density (kg/ m®), the specific heat (J/kg-K), and the time (s).

External Tank

Core

i / Insulating Oil

HV Winding

LV Winding

Figure 2. Schematic of transformer with elements layout for finite element formulation for 3D model.

6. Results and Analysis
6.1. Variation of Transformer Losses with Harmonics

The results from Tables 2—4 reveal that as the transformer operates at higher loads,
the losses due to harmonics increase compared to losses without considering harmonics.
Specifically, when the transformer is fully loaded at 300 MVA, the harmonic losses are
1.46 times greater than losses without harmonics; at 240 MVA load, the ratio is 1.47; and at
180 MVA load, it is 1.47 times larger.

Furthermore, Tables 2—4 illustrate that the difference in total losses with and without
accounting for harmonics becomes more significant with increasing load. This difference is
quantified as 114 KW, 203 KW, and 313 KW at loads of 180, 240, and 300 MVA, respectively.

Figures 3-5 provide a visual comparison of losses with and without considering
harmonics, depending on the transformer’s load. Notably, the impact of harmonics is most
pronounced in eddy-current losses, which also exhibit the highest harmonic loss factor
according to Tables 3-5.
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Figure 5. Influence of harmonics on other stray losses.



Energies 2024, 17, 4871

11 of 17

Table 5. The comparison between results of calculation values.

Mean Absolute Percentage

Parameters Without Harmonics With Harmonics Error [MAPE %]
Loads Calculated (°C) Calculated (°C) Measured (°C)
180 MVA 54.35 58.89 58 1.5
240 MVA 57.71 71.59 70.54 1.49
(The transformer does not
have a recorded value since
300 MV 68.28 87.36 it operates under normal

conditions without being
fully loaded.)

6.2. The Model Accuracy

In a power transformer, temperature distribution is a critical aspect of its thermal
performance and lifespan. The temperature inside a transformer varies spatially, and
the distribution depends on factors such as the transformer’s design, loading conditions,

cooling methods, and the heat generated by electrical losses.

Detailed Temperature Profile:

Core and Windings: Highest temperatures due to direct heat generation.
Oil: The heat is transferred from the core and windings to the cooling fluid. Oil closer
to the windings will be warmer, and as it rises, it transfers heat to the outer walls.

e  Outer Tank: Assumed to be close to ambient temperature, with a temperature gradient

from the interior (hotter) to the exterior (cooler).

The aim of these simulations is to develop a highly accurate model for assessing the
impact of grid harmonics on transformers under various loads. Model precision is achieved
by subjecting it to a 240 MVA load and comparing its calculated values with those from
the test report [21]. Additionally, a pyrometer device is utilized in this study to gauge tank
temperature and compare it with the thermal model’s calculations.

Figure 6 displays a contour plot depicting the nodal temperature distribution of the
power transformer under load (240 MVA) and ambient temperature (20.6 °C). Notably,
the highest temperature is recorded at 56.83 °C for the HV winding and 57.71 °C for the
core. The LV winding and core register the highest temperatures overall. According to the
HYUNDALI test report, the average measured temperature for the LV winding is 56.09 °C
and for the HV winding is 55.04 °C [21]. In contrast, the calculated temperature distribution
from the model yields an average of 56.48 °C for the LV winding and 55.92 °C for the

HV winding.

34.4 39.5801
36.89

44,7601 49.9402
42.1701 47.3502

553.1203
52.5303 57.7103

Figure 6. Calculated temperature distribution of transformer at 240 MVA without grid harmonic.
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By comparing the calculated temperatures of the LV and HV windings with the results
from the HYUNDAI test report, the Mean Absolute Percentage Error (MAPE) is found to
be 0.7% and 1.6%, respectively. This indicates a good match between the test data and the
calculated values, especially concerning temperature levels and the points of maximum
heat. Additionally, a pyrometer is used to check the tank temperature, with measurements
taken from multiple locations yielding an average of 36.1 °C, which closely aligns with the
calculated average tank temperature of 35.69 °C.

6.3. Effect of Grid Harmonics in Steady-State Performance

The effects of harmonics on transformers have been investigated across three different
loads: 180, 240, and 300 MVA. The thermal model is simulated using corrected losses,
which are derived from grid harmonics calculated at these loads (as detailed in Tables 2—4).
These corrected losses serve as inputs for the 3D thermal model, which then analyzes the
model’s thermal behavior, resulting in nodal temperatures.

The calculation of corrected losses for the transformer is load-dependent and varies
based on the losses factor and type of losses. By incorporating harmonics measurements
from Table 1 at each load, the corrected losses are computed and presented in Tables 2—4.

These corrected losses, specific to each load, are utilized as inputs for the model. Once
the model reaches a steady state, the nodal temperatures are obtained, as depicted in
Figures 7-9.

|
42.8 52.7022 62.6043 72,5065 82.4087
47.7511 57.6533 67.5554 77.4576 87.3508

Figure 7. Transformer temperature spreading at full load (300 MVA) was calculated with grid harmonics.

MH

|
35.8 43.7534 51.7068 59,6602 67.6136
39.7767 47.7301 55. 6835 £3.6369 71.5903

Figure 8. Transformer temperature spreading at 240 MVA was calculated with the grid harmonic.
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I
28.¢ 35.5644 42,2288 48.8032 55.5576
32,2322 38.8966 45.561 52.2254 58.8898

Figure 9. Transformer temperature spreading at 180 MVA was calculated with the grid harmonic.

The modeling process considers ambient temperatures consistent with those used for
models without harmonics. For instance, the model at 300 MVA load is computed at an
ambient temperature of 24.3 °C; at 240 MVA load, it is at 20.6 °C; and at 180 MVA load, it is
at 16 °C.

It is evident that under linear load conditions (180 MVA), the transformer’s maximum
temperature is calculated at 54.35 °C. When subjected to non-linear load conditions, this
temperature rises by 4.54 °C, reaching 71.59 °C for 240 MVA load and 87.36 °C for 300 MVA
load. The impact of grid harmonics is notable, particularly in 300 MVA load, where the
hotspot temperature rises by more than 19.08 °C above the calculated value.

Table 5 provides a comparison of the calculated maximum temperature values for
the power transformer’s LV winding under three different loads in two cases (with and
without harmonics).

The precision of the thermal model in assessing the impact of harmonics is demon-
strated by its close alignment with the measured values across various loads, as illustrated
in Table 5.

6.4. Transient Performance

Harmonic-induced losses play a significant role in shaping the system’s dynamic
behavior. When harmonics are present in a transformer’s operation, they cause additional
losses that differ from conventional losses under purely sinusoidal conditions. The key
types of losses induced by harmonics include Copper Losses, Iron (Core) Losses, and
Stray Losses.

Harmonic-induced losses directly impact the thermal performance of transformers.
The additional losses result in extra heat generation, which can affect the following: Wind-
ing Temperature Rise, Core Heating, and Thermal Time Constant.

The dynamic nature of transformer operation, especially under varying load condi-
tions, introduces complexity to thermal performance analysis. Harmonics may not be
present continuously but could fluctuate depending on load profiles. Thus, the transient
response of the transformer, characterized by the following, becomes important: Load
Cycling, Thermal Overshoot, and Hot Spot Formation.

In conclusion, understanding the transient behavior of transformers, especially under
harmonic conditions, is vital for ensuring reliable operation and longevity. Harmonics
introduce additional losses that increase the thermal stress on the transformer, impacting
both short-term performance and long-term durability. Advanced thermal modeling and
simulation that take these dynamic factors into account can provide better insights and
improve transformer design for harmonic-rich environments.

The thermal model incorporates harmonic losses and is validated by comparing the
estimated temperature of the transformer with actual measured temperatures recorded
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over a 24 h period under real load conditions. This process involves calculating corrected
losses for each load throughout the day and using these values to feed the thermal model.

Figures 10 and 11 display the normal load cycle of the system and ambient temperature,
respectively, across 24 h. By monitoring the highest temperature point on the transformer’s
LV winding over the course of a day, the accuracy of the thermal model is confirmed.
Figure 12 presents a comparison between the measured and estimated values of the highest
temperature reached on the LV winding.
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Figure 10. Time change of ambient temperatures.
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Figure 11. Actual load over 24 h.
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Figure 12. Comparison between calculated and measured hottest temperature.

The recorded data from the 24 h period were taken in September during the autumn
season because the temperature is average in Egypt, with ambient temperatures ranging
from 26 °C (minimum) to 36.4 °C (maximum).

As indicated in Figure 11, the transformer operated at a load of 225 MVA for the initial
four hours at an ambient temperature of 29.8 °C. Notably, there is a significant increase in
the highest spot temperature during this period. Although the load remains constant at
225 MVA, the temperature at which it reaches its peak varies with ambient temperature
and decreases as the ambient temperature decreases.

The transformer’s load is decreased to 170 MVA, which is the minimum load required
for normal operation, at 5 o’clock in accordance with grid requirements. This reduction
in load leads to a noticeable decrease in component temperatures, resulting in a decrease
in the hottest temperature, as depicted in Figure 12. Initially, when the load is reduced
at 5 o’clock, it takes time for the measured temperature of the hottest point to stabilize,
leading to a 1.78 °C difference between the calculated and measured values at that moment.

From 5 o’clock to 20 o’clock, the transformer load remains constant, during which
time the ambient temperature significantly impacts the component temperatures and the
hottest point. Figure 10 shows a clear increase in ambient temperature starting at 6 o’clock,
peaking at 16 o’clock. Consequently, as the ambient temperature rises, so does the hottest
temperature, as shown in Figure 12.

At 20 o’clock, the load is increased from 170 MVA to 200 MVA. This change results in
a 1.3 °C difference between the calculated and measured values initially, as the measured
value takes time to stabilize. However, after this point, the calculated temperature aligns
closely with the measured temperature, with the hottest temperature depending on the
ambient temperature.

The established model demonstrates a strong agreement between the measured and
calculated values based on the transformer’s load and the ambient temperature.

6.5. Practical Implications of Harmonics on Transformer Design

Harmonics have a substantial impact on transformer performance, leading to higher
losses, overloading, insulation stress, core saturation, voltage distortion and poor power
quality, vibration and noise, and maintenance issues. Proper design and operational adjust-
ments are essential to mitigate these effects and ensure reliable transformer performance in
harmonic-rich environments.

Transformers in harmonic-rich environments need to be designed with special consid-
erations such as:
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De-rating the transformer to account for increased losses and heat generation.

Use of larger cores or improved core materials to prevent saturation.

Enhanced cooling systems to manage higher temperatures.

K-rated transformers that are designed to handle harmonics without excessive heating.

7. Conclusions

This paper presents a 3D simulation model for a 300 MVA generation transformer
to demonstrate the impact of grid harmonics on its thermal performance. The model
calculates and integrates harmonic losses due to nonlinear grid loads at various load
levels, considering both steady-state and transient conditions over a 24 h period with
time-varying loads. Different loading factors are analyzed to evaluate the thermal effects
on the transformer operating at specific power levels.

The calculated results are compared with actual measurements and the HYUNDAI
test report, showing satisfactory correlations. The study examines the effects of varying
transformer loads on ohmic, eddy current, and other stray losses related to grid harmonics,
highlighting that eddy-current losses exhibit the highest harmonic loss factor and are most
affected by harmonics.

The loss calculations indicate that the difference in total losses with and without
considering harmonics becomes more significant with increasing load, quantified as 114 KW,
203 KW, and 313 KW at loads of 180, 240, and 300 MVA, respectively. The simulation model
shows that grid harmonics increase temperature distribution inside the transformer, causing
the hot spot temperature to rise. Under linear load conditions, the hot spot temperatures are
54.35 °C, 57.71 °C, and 68.28 °C at loads of 180, 240, and 300 MVA, respectively. However,
with harmonic loads, these temperatures increase to 58.89 °C, 71.59 °C, and 87.36 °C for
the same loads.

Therefore, the presence of grid harmonics raises the hot spot temperature, poten-
tially damaging winding insulation over the extended operation, adversely affecting the
reliability of the generator system and grid efficiency. Thus, it is crucial to consider the
transformer’s capacity to mitigate issues related to harmonic load currents.

It is obvious based on the present investigation that assessing the thermal behavior in
the presence of harmonics offers a more realistic representation of actual operating conditions.
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