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ABSTRACT 

The increasing prevalence of non-linear loads in modern power systems introduces 

significant harmonic distortion, which directly affects transformer efficiency and 

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. Rodríguez 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. León-Martínez 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, 

quantifying 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, Ł. 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-Márquez 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 

quantifying 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. Fernández 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 (Ł. 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, 

particularly in transformers feeding industrial 

harmonically rich loads.  

This finding emphasizes that loss mitigation efforts 

should focus primarily on low-order harmonics while not 

neglecting high-order contributions. 

4.2 Load Loss Sensitivity 

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

THD (%) Load Loss Increase (%) Core Loss Increase (%) Total Loss Increase (%) 

0 0 0 0 

5 9 4 6 

10 18 8 13 

15 28 12 20 

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. León-Martínez 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 (Ł. 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. 

Rodríguez 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. 

References 

1. S. Abbas et al., “Optimal harmonic mitigation in 

distribution systems with inverter based distributed 

generation,” Applied Sciences, vol. 11, no. 2, Jan. 

2021, doi: 10.3390/app11020774. 

2. Gupta and R. Singh, “Computation of transformer 

losses under the effects of non-sinusoidal currents,” 

Advanced Computing: An International Journal, vol. 

2, no. 6, pp. 91–104, Nov. 2011, doi: 

10.5121/acij.2011.2609. 

3. D. Pejovski, K. Najdenkoski, and M. Digalovski, 

“Impact of different harmonic loads on distribution 

transformers,” Procedia Engineering, vol. 202, pp. 

76–87, 2017, doi: 10.1016/j.proeng.2017.09.696. 

4. F. Grau, J. Cervantes, L. Vázquez, and J. R. Nuñez, 

“Effect of LED technology on technical losses in 

public lighting circuits. A case study,” Journal of 

Engineering Science and Technology Review, vol. 

14, no. 2, pp. 198–206, 2021, doi: 

10.25103/jestr.142.24. 

5. Marriaga-Márquez, K. Y. Gómez-Sandoval, J. W. 



INTERNATIONAL RESEARCH JOURNAL OF COMPUTER AND ELECTRONICS ENGINEERING  

(ISSN: 2329-874X) 

33 

Grimaldo-Guerrero, and J. Nuñez-Álvarez, 

“Identification of critical variables in conventional 

transformers in distribution networks,” IOP 

Conference Series: Materials Science and 

Engineering, vol. 844, no. 1, May 2020, doi: 

10.1088/1757-899X/844/1/012009. 

6. IEEE recommended practice for establishing liquid-

immersed and dry-type power and distribution 

transformer capability when supplying nonsinusoidal 

load currents," in IEEE Std C57.110™-2018 

(Revision of IEEE Std C57.110-2008), pp. 1–68, 

2018, doi: 10.1109/IEEESTD.2018.8511103. 

7. J. C. Fernández, L. B. Corrales, F. H. Hernández, I. 

F. Benítez, and J. R. Núñez, “A fuzzy logic proposal 

for diagnosis multiple incipient faults in a power 

transformer,” 2021, pp. 187–198. 

8. J. L. D. Rodríguez, L. P. Fernández, and E. A. C. 

Peñaranda, “Three-phase DC/AC power converter 

with power quality optimization,” INGE CUC, vol. 

18, no. 1, pp. 277–290, 2022. 

9. J. Li, W. Zou, Q. Yang, Z. Wei, and H. He, “A 

dynamic heat/power decoupling strategy for the fuel 

cell CHP in the community energy system: a real case 

study in South of China,” IEEE Transactions on 

Smart Grid, vol. 14, no. 1, pp. 378–387, Jan. 2023, 

doi: 10.1109/TSG.2022.3189973. 

10. J. P. G. Montoya, “Part1. Fuel’s exergy in internal 

combustion engines to electrical energy generation 

using gaseous fuels,” in 2022 IEEE XXIX 

International Conference on Electronics, Electrical 

Engineering and Computing (INTERCON), Aug. 

2022, pp. 1–4, doi: 

10.1109/INTERCON55795.2022.9870111. 

11. J. B. Noshahr, M. Bagheri, and M. Kermani, “The 

estimation of the influence of each harmonic 

component in load unbalance of distribution 

transformers in harmonic loading condition,” in 2019 

IEEE International Conference on Environment and 

Electrical Engineering and 2019 IEEE Industrial and 

Commercial Power Systems Europe (EEEIC / I&CPS 

Europe), Jun. 2019, pp. 1–6, doi: 

10.1109/EEEIC.2019.8783488. 

12. J. Zareei, K. Ghadamkheir, S. A. Farkhondeh, A. M. 

Abed, M. J. Catalan Opulencia, and J. R. Nuñez 

Alvarez, “Numerical investigation of hydrogen 

enriched natural gas effects on different 

characteristics of a SI engine with modified injection 

mechanism from port to direct injection,” Energy, 

vol. 255, Sep. 2022, doi: 

10.1016/j.energy.2022.124445. 

13. L. B. Corrales-Barrios, J. C. F.-Blanco, J. R. N.-

Alvarez, H. M.-García, and F. H. H.-González, 

“Mitigation of harmonics in a 6 kV and 650 kW 

motor,” Electrical Engineering, vol. 106, no. 2, pp. 

1705–1713, Apr. 2024, doi: 10.1007/s00202-023-

01879-3. 

14. Ł. Michalec, M. Jasiński, T. Sikorski, Z. Leonowicz, 

Ł. Jasiński, and V. Suresh, “Impact of harmonic 

currents of nonlinear loads on power quality of a low 

voltage network–review and case study,” Energies, 

vol. 14, no. 12, Jun. 2021, doi: 10.3390/en14123665. 

15. M. A. de A. Teyra and G. G. Gonzalez, “Selection of 

asymmetrical transformers banks with emphasis in 

losses and efficiency,” IEEE Latin America 

Transactions, vol. 8, no. 6, pp. 678–684, Dec. 2010, 

doi: 10.1109/TLA.2010.5688095. 

16. M. H. A. Aziz, M. M. Azizan, Z. Sauli, and M. W. 

Yahya, “A review on harmonic mitigation method for 

non-linear load in electrical power system,” AIP 

Conference Proceedings, vol. 2339, no. 1, p. 020022, 

doi: 10.1063/5.0044251. 

17. National Standardization Office, “NC 800-2017. 

Cuban Electrotechnical Regulations for electrical 

installations in buildings,” 2017. 

18. S. Chattopadhyay, M. Mitra, and S. Sengupta, 

Electric power quality. Dordrecht: Springer 

Netherlands, 2011. 

19. S. I. S. Al-Hawary et al., “Multiobjective 

optimization of a hybrid electricity generation system 

based on waste energy of internal combustion engine 

and solar system for sustainable environment,” 

Chemosphere, vol. 336, Sep. 2023, doi: 

10.1016/j.chemosphere.2023.139269. 

20. S. Pirog, Y. E. Shklyarskiy, and A. N. Skamyin, 

“Non-linear electrical load location identification,” 

Journal of Mining Institute, vol. 237, no. 3, pp. 317–

321, Jun. 2019, doi: 10.31897/pmi.2019.3.317. 



INTERNATIONAL RESEARCH JOURNAL OF COMPUTER AND ELECTRONICS ENGINEERING  

(ISSN: 2329-874X) 

34 
 

21. Ulinuha and E. M. Sari, “The influence of harmonic 

distortion on losses and efficiency of three-phase 

distribution transformer,” Journal of Physics: 

Conference Series, vol. 1858, no. 1, Apr. 2021, doi: 

10.1088/1742-6596/1858/1/012084. 

22. V. León-Martínez, E. Peñalvo-López, J. Montañana-

Romeu, C. Andrada-Monrós, and L. Molina-

Cañamero, “Assessment of load losses caused by 

harmonic currents in distribution transformers using 

the transformer loss calculator software,” 

Environments, vol. 10, no. 10, Oct. 2023, doi: 

10.3390/environments10100177. 

23. V. Vijayan, A. Mohapatra, and S. N. Singh, “A 

topology assisted optimal CVR strategy for 

unbalanced EDNs having spatio-temporal loads,” 

IEEE Transactions on Industry Applications, vol. 58, 

no. 3, pp. 3313–3323, 2022, doi: 

10.1109/TIA.2022.3162188. 

24. Y. Özüpak and M. S. Mamiş, “Analysis of 

electromagnetic and loss effects of sub-harmonics on 

transformers by Finite Element Method,” Sādhanā, 

vol. 45, no. 1, Dec. 2020, doi: 10.1007/s12046-020-

01473-4. 

 


