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operational losses. This research investigates the impact of harmonic currents on losses in
three-phase transformer banks using a simulation-based framework. By modeling different
harmonic scenarios and analyzing their effects on both load and no-load losses, the study
quantifies performance degradation and identifies critical harmonic orders that contribute
most to energy inefficiency. Findings indicate that specific low- and high-order harmonics
disproportionately increase copper and core losses, emphasizing the need for targeted
mitigation strategies in power system design. The methodology employs advanced
simulation models validated against real-world parameters, providing actionable insights

for both engineers and policymakers.

1. Introduction
1.1 Problem Statement

The proliferation of non-linear electrical loads—ranging
from industrial drives to LED-based public lighting
systems—has escalated harmonic distortion in power
distribution networks (F. Grau et al., 2021). Harmonics
introduce additional losses in transformers, potentially
reducing efficiency, increasing operational costs, and
accelerating insulation degradation (Ulinuha & Sari,
2021). Traditional transformer loss assessments, designed
for sinusoidal conditions, are insufficient for accurately
predicting performance under harmonic-rich
environments (A. Gupta & R. Singh, 2011).

1.2 Research Relevance

Understanding harmonic-induced losses is essential for
reliable power system operation, optimal transformer
sizing, and long-term energy cost reduction. This study
integrates simulation techniques with theoretical
modeling to quantify these impacts and offers a
framework for future transformer design and harmonic
mitigation strategies (J. L. D. Rodriguez et al., 2022).

1.3 Objectives
The primary objectives are:

1. To model harmonic load effects on three-phase
transformer banks.

2. To analyze incremental losses induced by

different harmonic orders.

3. To identify mitigation strategies to minimize
operational inefficiencies.

1.4 Scope and Significance

The study focuses on medium-voltage three-phase
transformer banks commonly deployed in urban and
industrial distribution systems. It emphasizes energy
efficiency, power quality, and operational reliability,
providing insights for both engineers and regulatory
authorities (V. Ledn-Martinez et al., 2023).

2. Literature Review

Extensive research has addressed harmonic impacts on
transformer performance. Abbas et al. (2021) proposed
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inverter-based distributed generation systems for optimal
harmonic mitigation, highlighting the necessity of active
control measures. Gupta & Singh (2011) investigated
transformer losses under non-sinusoidal conditions,
guantifying additional copper and core losses due to
harmonic components.

Pejovski et al. (2017) demonstrated the sensitivity of
distribution transformers to various harmonic load types,
emphasizing low-order harmonics as particularly
damaging. Similarly, £. Michalec et al. (2021) reviewed
power quality impacts of non-linear loads, presenting
case studies on energy efficiency losses in low-voltage
networks.

Grau et al. (2021) analyzed the effect of LED-based
lighting on technical losses, revealing measurable
increases in system losses due to harmonic injections.
This work underlines the importance of considering end-
user technologies in transformer design.

Marriaga-Mérquez et al. (2020) identified critical
variables affecting conventional transformer
performance, providing foundational parameters for
simulation-based analyses. |IEEE Std C57.110™-2018
(2018) offers recommended practices for transformers
under non-sinusoidal loads, serving as a standard
guideline for this study.

Comparative analysis indicates a research gap in
guantifying the cumulative impact of harmonics across all
operational conditions using integrated simulation
models. Existing studies predominantly focus on
individual harmonics or specific load types, lacking a
holistic simulation framework (Ulinuha & Sari, 2021; J.
B. Noshahr et al., 2019).

3. Methodology
3.1 Simulation Framework

The study employs a multi-step simulation framework to
analyze harmonic impacts:

1. Transformer Modeling: Three-phase
transformers were modeled based on IEEE and
manufacturer specifications, incorporating non-linear
magnetic characteristics and copper resistance variations
(L. B. Corrales-Barrios et al., 2024).

2. Harmonic Source Integration: Harmonics up to

the 25th order were generated using MATLAB/Simulink,
replicating typical industrial and commercial load profiles
(J. C. Fernandez et al., 2021).

3. Loss Calculation: Both load and no-load losses
were computed using Fourier analysis techniques,
considering individual harmonic contributions and their
superposition effects (A. S. Abbas et al., 2021).

3.2 Model Validation

Validation was conducted against benchmark datasets
from F. Grau et al. (2021), ensuring the simulation
accurately predicts transformer loss under varied
harmonic scenarios. Loss variations were cross-checked
against field data for LED lighting circuits and industrial
drives.

3.3 Analytical Breakdown

. Load Losses: Assessed by simulating transformer
under different harmonic compositions while measuring
additional copper heating and stray losses.

. No-load Losses: Computed through
magnetization current modeling under harmonic-rich
voltages, quantifying core loss increments.

3.4 Example Scenario

A 500 kVA, 11/0.415 kV three-phase transformer feeding
a mixed industrial load was simulated. Harmonic content
was varied from 0% to 15% of total harmonic distortion
(THD), and losses were computed for each scenario.
Observations show disproportionate increases in losses
with certain low-order harmonics, confirming prior
findings (L. Michalec et al., 2021).

4. Results / Findings
4.1 Harmonic Order Contribution

The simulation results indicate that transformer losses are
highly sensitive to specific harmonic orders. Figure 1
illustrates the relative contribution of the first 25
harmonic orders to total losses:

. Third Harmonic: Responsible for 28-32% of the
additional load losses due to its alignment with zero-
sequence currents in wye-connected transformers.

. Fifth and Seventh Harmonics: Account for 22%
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and 15% of loss increments, respectively, predominantly
affecting copper losses through increased I2R heating (J.
B. Noshahr et al., 2019).

. Higher-Order Harmonics (11th-25th): Although
individually less impactful, cumulative effects can
contribute 10-12% of additional core and stray losses,
4.2 Load Loss Sensitivity

particularly — in  transformers industrial

harmonically rich loads.

feeding

This finding emphasizes that loss mitigation efforts
should focus primarily on low-order harmonics while not
neglecting high-order contributions.

The study evaluated load losses under varying Total Harmonic Distortion (THD) scenarios (0%, 5%, 10%, 15%):

ITHD (%)||Load Loss Increase (%)|[Core Loss Increase (%)|Total Loss Increase (%)|
0 0 0 0 |
5 [E £ 6 |
10 118 8 13 |
15 128 12 [EX |

As expected, load losses scale nonlinearly with harmonic content, illustrating a compounding effect when multiple
harmonic orders are present simultaneously (Ulinuha & Sari, 2021).

4.3 Phase Imbalance and Transformer Loading

Under unbalanced harmonic loads, phase-specific losses
varied significantly:

. Phase A experienced up to 35% higher losses
than Phase B in third-harmonic dominated scenarios.

. This phase-specific imbalance can exacerbate
winding hot spots, potentially reducing transformer
lifespan (V. Ledn-Martinez et al., 2023).

The simulation confirms that asymmetric harmonic loads
must be accounted for in transformer design, especially
for industrial environments with unbalanced single-phase
non-linear loads.

4.4 Combined Harmonic Scenarios

Simulating combined harmonics representing mixed
industrial and commercial loads revealed synergistic
effects:

. When third, fifth, and seventh harmonics were
simultaneously present, total losses increased by 24%,
exceeding the sum of individual harmonic contributions.

. This non-linear superposition effect aligns with
theoretical models where harmonics interact with
transformer reactance, causing enhanced eddy current
and stray losses (L. Michalec et al., 2021).

4.5 Validation with Real-World Data

The simulated results were validated against empirical
data from LED-based public lighting circuits (F. Grau et
al., 2021):

. Measured transformer losses increased by ~12%
under 10% THD, closely matching the simulation output
of 13%.

. This demonstrates the reliability of the simulation
framework and its applicability for urban distribution
networks.

4.6 Implications of Load-Dependent Harmonics
Additional analysis revealed that:

. Transformers operating under high harmonic
load conditions (THD > 10%) show a disproportionate
increase in load losses relative to rated capacity.

. Low-capacity transformers feeding modern
commercial loads are particularly vulnerable to efficiency
degradation.

. Derating transformers or implementing targeted
active harmonic filters could reduce losses by 15-20%,
highlighting a clear strategy for energy efficiency
optimization (V. Vijayan et al., 2022).
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4.7 Summary of Key Findings

1. Critical Harmonics: Third, fifth, and seventh
orders dominate loss increase.

2. Nonlinear Loss Amplification. Combined
harmonic interactions exceed linear summation of
individual effects.

3. Phase Imbalance Effects: Asymmetric harmonic
loads significantly increase phase-specific losses.

4. Validation: Simulation closely matches real-
world measurements, confirming accuracy.

5. Operational ~ Recommendation: ~ Mitigation
measures and harmonic-aware transformer rating can
significantly improve efficiency.

5. Discussion

The findings highlight several practical and theoretical
implications:

. Operational Efficiency: Harmonics exacerbate
transformer losses, reducing net system efficiency. This
underscores the necessity for harmonic filters or active
mitigation techniques (A. S. Abbas et al., 2021).

. Design Considerations: Transformers should be
rated not only for nominal loads but also for anticipated
harmonic conditions, aligning with IEEE recommended
practices (IEEE Std C57.110™, 2018).

. Trade-offs: Mitigation strategies, such as active
filters or transformer derating, involve cost-performance
trade-offs, requiring careful evaluation for industrial
deployment.

. Comparison with Literature: The study confirms
and extends prior results (Ulinuha & Sari, 2021; J. L. D.
Rodriguez et al., 2022) by providing a comprehensive
simulation framework encompassing multiple harmonic
orders and unbalanced scenarios.

Limitations include the reliance on simulation parameters
and the assumption of idealized transformer
characteristics. Future work should incorporate real-time
field measurements for further validation and extend to
network-level harmonic interactions.

6. Conclusion

This research presents a simulation-based framework for
assessing harmonic distortion impacts on three-phase
transformer losses. The study confirms that harmonics
significantly elevate both load and no-load losses, with
low-order harmonics contributing disproportionately.
The findings support enhanced transformer design,
accurate loss estimation, and the development of targeted
mitigation strategies.

Research Contributions:

. Developed an integrated simulation framework
for multi-order harmonic analysis.

. Quantified transformer loss increments under
various harmonic conditions.

. Validated model using real-world data from LED
lighting circuits (F. Grau et al., 2021).

Future Scope:

Further research can expand to multi-transformer
networks, explore dynamic mitigation strategies, and
integrate renewable energy system harmonics.
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