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ABSTRACT 

 

The widespread use of variable-frequency drives (VFDs), converter-based loads, and distributed generation can produce significant harmonic 

distortion in industrial distribution systems. This study evaluates a selected passive-filter placement strategy using ETAP for a multi-voltage 

electrical distribution system containing utility supply, diesel generation, photovoltaic generation, a VFD-fed industrial motor, and a low-

voltage nonlinear load. Harmonic load-flow simulations were used to compare bus-voltage total harmonic distortion (THD_V) before and 

after installing a combined Single-Tuned Passive Filter (STPF) and High-Pass Filter (HPF) configuration. Before filtering, the highest 

documented bus-voltage distortions were 16.03% at SS-05C, 11.69% at SS-PV-B, and 11.24% at SS-05A. The 28.23% value shown in the 

ETAP output is treated as current distortion (THD_I) and is therefore not directly compared with the bus-voltage THD_V values. After 

filtering, THD_V decreased to 0.73% at SS-05C, 4.81% at SS-PV-B, and 3.26% at SS-05A. The study is presented as a practical selected-

placement case study rather than a formal optimization method, and full IEEE 519 compliance is not claimed because the contractual Point 

of Common Coupling (PCC) is not explicitly documented. 

Keywords: Harmonic distortion; passive power filter; single-tuned passive filter; high-pass filter; ETAP; power quality. 

 

1. Introduction 

The increasing adoption of industrial automation and 

power electronic technologies has significantly transformed 

modern electrical power systems. In industrial facilities, 

commercial buildings, and utility networks, various power 

electronic devices such as Variable Frequency Drives 

(VFDs), Uninterruptible Power Supplies (UPS), rectifiers, 

inverters, switched-mode power supplies (SMPS), and 

adjustable speed drives are widely utilized to improve energy 

efficiency, process control, and operational flexibility. These 

technologies enable precise control of electrical equipment 

and contribute to energy conservation; however, their 

extensive utilization has introduced new challenges related 

to power quality, particularly harmonic distortion [1]. 

Harmonics are sinusoidal voltage or current components 

whose frequencies are integer multiples of the fundamental 

frequency of the power system. In a 50 Hz electrical network, 

harmonic frequencies commonly occur at the 3rd, 5th, 7th, 

11th, and 13th orders, corresponding to frequencies of 150 

Hz, 250 Hz, 350 Hz, 550 Hz, and 650 Hz, respectively. These 

harmonic components are generated primarily by non-linear 

loads that draw current in a non-sinusoidal manner despite 

being supplied by a sinusoidal voltage source. As a result, 

the interaction between the source impedance and harmonic 

currents produces distorted voltage waveforms throughout 

the electrical system, leading to deviations from ideal 

operating conditions [2]. 

The rapid growth of non-linear electrical loads has made 

harmonic distortion one of the most important power quality 

issues in modern power systems. Unlike traditional linear 

loads, which draw current proportional to the applied 

voltage, non-linear devices employ semiconductor switching 

techniques that generate harmonic currents over a wide 

frequency spectrum. The cumulative effect of these 

harmonics can significantly deteriorate the performance of 

electrical equipment and reduce the overall efficiency of the 

power system. Consequently, utilities and industrial 

operators are increasingly concerned about the impact of 

harmonics on system reliability, operational costs, and 

equipment lifespan [3]. 

The presence of harmonics in electrical networks can 

produce numerous adverse effects. Harmonic currents 

increase power losses in transformers, cables, generators, 

and rotating machines due to additional heating effects. 

Excessive heating accelerates insulation degradation and 

shortens equipment service life. Harmonics can also cause 

voltage distortion that affects sensitive electronic equipment, 

leading to malfunction, measurement errors, and process 

interruptions. Furthermore, capacitor banks used for power 

factor correction are particularly vulnerable to harmonic 

resonance, which may result in excessive currents, 
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overvoltage, and premature capacitor failure. In severe cases, 

harmonics can interfere with communication systems, create 

nuisance tripping of protective relays, and compromise the 

coordination of protection schemes [4]. 

In industrial power systems, harmonic-related problems 

are particularly significant because large concentrations of 

VFDs and rectifier-based equipment are commonly 

employed in manufacturing processes, mining operations, 

power plants, and process industries. Facilities utilizing 

conveyor systems, pumps, compressors, and motor drives 

often experience elevated harmonic levels due to the 

widespread application of variable-speed technologies. 

Without proper harmonic mitigation measures, these 

installations may experience increased maintenance costs, 

reduced system efficiency, and unexpected equipment 

outages. Therefore, comprehensive harmonic assessment has 

become an essential component of modern power system 

planning and operation [5]. 

To ensure acceptable power quality levels, international 

standards and guidelines have been developed to regulate 

harmonic distortion. Among these standards, IEEE Std 519-

2014 is one of the most widely recognized references for 

harmonic control in electrical power systems. The standard 

establishes recommended limits for voltage and current 

harmonic distortion at the Point of Common Coupling 

(PCC), where the utility system interfaces with customer 

facilities. Harmonic performance is typically evaluated using 

indices such as Total Harmonic Distortion (THD), Individual 

Harmonic Distortion (IHD), and Total Demand Distortion 

(TDD). Compliance with IEEE 519 limits helps prevent 

adverse impacts on electrical equipment and promotes 

reliable system operation [6, 7]. 

Accurate harmonic analysis is essential for identifying 

the sources of harmonic distortion and evaluating mitigation 

strategies. Advances in computer-based power system 

simulation have enabled engineers to model harmonic-

producing devices and assess their impact under various 

operating conditions. Electrical Transient Analyzer Program 

(ETAP) is one of the most widely used software platforms 

for power system analysis. ETAP provides comprehensive 

harmonic assessment capabilities, including Harmonic Load 

Flow Analysis, Frequency Scan Analysis, Harmonic 

Spectrum Evaluation, and Filter Design Tools. These 

features enable engineers to identify critical harmonic 

sources, determine dominant harmonic orders, and evaluate 

compliance with harmonic standards efficiently [8]. 

Various harmonic mitigation techniques have been 

proposed to reduce the negative effects of harmonics. 

Among these techniques, passive filters remain one of the 

most commonly implemented solutions due to their 

simplicity, reliability, and cost-effectiveness. Passive filters 

consist of combinations of capacitors, inductors, and 

resistors tuned to specific harmonic frequencies. By 

providing a low-impedance path for harmonic currents, 

passive filters effectively reduce harmonic distortion and 

improve power factor simultaneously. Single-tuned filters 

are typically designed to suppress dominant harmonic orders 

such as the 5th or 7th harmonics, while high-pass filters are 

utilized for mitigating higher-order harmonics [9]. 

Although passive filters offer several advantages, they 

may experience limitations under varying operating 

conditions. Changes in system impedance and load 

characteristics can affect filter performance and potentially 

introduce resonance phenomena. To overcome these 

limitations, active power filters (APFs) have been developed 

as an advanced harmonic mitigation solution. Active filters 

utilize power electronic converters and digital control 

algorithms to inject compensating currents that cancel 

harmonic components generated by non-linear loads. Unlike 

passive filters, active filters can dynamically adapt to 

changing load conditions and simultaneously mitigate 

multiple harmonic orders, making them highly effective in 

complex power systems [10, 11]. 

The selection between passive and active filtering 

techniques depends on several factors, including the 

harmonic spectrum, system configuration, load variability, 

performance requirements, and economic constraints. 

Therefore, comparative analysis of these filtering methods is 

necessary to determine the most suitable harmonic 

mitigation strategy for a particular electrical network. 

Evaluating the effectiveness of passive and active filters 

through simulation studies can provide valuable insights into 

their performance and practical implementation. 

Accordingly, this study evaluates a practical source-

oriented placement of passive filters using ETAP. The 

contribution is a transparent before-and-after assessment of 

harmonic-voltage distortion in a multi-source industrial 

distribution system. The study does not claim a new 

placement-optimization algorithm; instead, it evaluates a 

selected filter arrangement and explicitly identifies the 

additional data required for resonance, sensitivity, and field-

validation studies. 

2. Literature Review 

2.1 Harmonics in Power Systems 

The increasing implementation of power electronic 

equipment in modern electrical distribution systems has 

significantly improved the efficiency, controllability, and 

flexibility of industrial processes. Equipment such as 

Variable Frequency Drives (VFDs), rectifiers, inverters, soft 

starters, Uninterruptible Power Supplies (UPS), and other 

converter-based devices are widely utilized in industrial 

plants, commercial facilities, and utility applications. 

Although these technologies provide substantial operational 

advantages, they also introduce power quality problems due 

to their non-linear operating characteristics. One of the most 

significant power quality concerns associated with these 

devices is harmonic distortion [12]. 

Harmonics are sinusoidal voltage or current components 

whose frequencies are integer multiples of the fundamental 

system frequency. In electrical systems operating at 50 Hz, 

harmonic frequencies occur at 150 Hz, 250 Hz, 350 Hz, 450 

Hz, and higher multiples corresponding to the third, fifth, 

seventh, ninth, and subsequent harmonic orders. These 

harmonic components combine with the fundamental 

waveform and cause deviations from the ideal sinusoidal 

shape. Consequently, electrical quantities such as voltage 

and current become distorted, leading to reduced power 

quality and decreased system performance [2]. 
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The generation of harmonics is primarily associated with 

non-linear loads. Unlike linear loads, which draw current 

proportional to the applied voltage, non-linear loads draw 

current in discontinuous pulses. This non-sinusoidal current 

contains harmonic frequency components that flow through 

the system impedance and create harmonic voltage 

distortion. As the number of non-linear loads increases 

within a distribution network, the cumulative harmonic 

effect becomes more significant, resulting in increased 

distortion levels throughout the system [3]. 

In industrial distribution systems, harmonics are 

commonly generated by motor drive systems, welding 

equipment, arc furnaces, battery charging systems, and 

various power electronic converters. These devices often 

operate continuously and contribute substantial harmonic 

currents to the network. Since distribution systems serve as 

the interface between electrical sources and end-user loads, 

harmonic currents generated at one location may propagate 

throughout the network and affect other connected 

equipment. Therefore, harmonic propagation is a critical 

issue that must be carefully analyzed in distribution system 

studies [5]. 

The effects of harmonic distortion on distribution system 

performance are extensive. One of the most common impacts 

is the increase in power losses within conductors and 

transformers. Harmonic currents increase the root mean 

square (RMS) current flowing through electrical equipment, 

resulting in additional copper losses. Furthermore, higher-

frequency harmonic components contribute to increased 

eddy-current and stray-flux losses within transformer cores. 

These additional losses lead to excessive temperature rise, 

accelerated insulation aging, and reduced equipment lifespan 

[3]. 

Electrical machines operating under distorted voltage 

conditions may also experience adverse effects. Harmonic 

voltages can produce pulsating torques, mechanical 

vibration, acoustic noise, and reduced efficiency. Prolonged 

operation under such conditions may increase maintenance 

requirements and decrease machine reliability. Similarly, 

protective devices such as relays and circuit breakers may 

operate inaccurately due to waveform distortion, potentially 

compromising system protection and coordination [4]. 

Capacitor banks used for power factor correction are 

particularly sensitive to harmonic distortion. The interaction 

between capacitor banks and system inductance may create 

resonance conditions that amplify harmonic currents and 

voltages. Resonance can result in excessive capacitor 

currents, overheating, dielectric stress, and premature 

equipment failure. Therefore, harmonic studies are essential 

whenever capacitor banks or harmonic mitigation devices 

are introduced into the distribution system [13]. 

Another important consequence of harmonic distortion is 

voltage quality degradation. Excessive harmonic voltages 

may interfere with sensitive electronic equipment, causing 

malfunctions, data errors, and operational interruptions. In 

industrial facilities where process continuity is critical, poor 

power quality can lead to production losses and increased 

operational costs. Therefore, maintaining harmonic levels 

within acceptable limits is necessary to ensure reliable and 

efficient system operation. 

To address these issues, harmonic evaluation has become 

a standard practice in modern power system engineering. 

Harmonic studies enable engineers to identify dominant 

harmonic sources, assess harmonic propagation, evaluate 

compliance with applicable standards, and determine 

appropriate mitigation measures. Among various harmonic 

mitigation techniques, Passive Power Filters are widely 

employed due to their simplicity, reliability, and cost-

effectiveness. However, the effectiveness of a Passive Power 

Filter depends heavily on its installation location within the 

distribution system. Consequently, detailed harmonic 

analysis is required to determine the most suitable filter 

placement strategy. 

The IEEE Std 519-2014 standard provides guidelines for 

assessing harmonic distortion and establishing acceptable 

harmonic limits. According to this standard, voltage Total 

Harmonic Distortion (THDv) at the Point of Common 

Coupling (PCC) should generally not exceed 5% for systems 

below 69 kV. Compliance with these limits is essential for 

ensuring adequate power quality and minimizing the 

negative impacts of harmonic distortion on electrical 

equipment and system performance [6, 14, 15]. 

As harmonic distortion levels vary among different buses 

within a distribution system, identifying the locations with 

the highest harmonic concentrations becomes an important 

aspect of harmonic studies. Buses experiencing elevated 

harmonic levels are often considered critical locations for 

harmonic mitigation. Therefore, harmonic analysis serves as 

the foundation for determining the optimal placement of 

Passive Power Filters in electrical distribution networks. 

2.2 Harmonic Assessment for Passive Power Filter 

Placement 

The successful implementation of Passive Power Filters 

requires a comprehensive understanding of harmonic 

behaviour within the electrical distribution system. Filter 

effectiveness is influenced not only by its electrical 

parameters but also by its installation location. Therefore, 

harmonic assessment plays a crucial role in identifying the 

most appropriate bus for filter placement and ensuring 

maximum harmonic reduction performance [16]. 

Harmonic assessment generally begins with the 

identification of harmonic sources within the system. Non-

linear loads such as Variable Frequency Drives, rectifiers, 

and inverter-based equipment are analysed to determine their 

harmonic emission characteristics. The harmonic current 

spectrum generated by these devices serves as the basis for 

evaluating harmonic propagation and identifying dominant 

harmonic frequencies. Since different types of equipment 

generate different harmonic spectra, understanding source 

characteristics is essential for filter design and placement 

[17]. 

One of the most widely used methods for harmonic 

assessment is Harmonic Load Flow Analysis. This analysis 

evaluates the distribution of harmonic voltages and currents 

throughout the electrical network under steady-state 

operating conditions. Harmonic load flow studies provide 

detailed information regarding harmonic distortion levels at 

each bus, enabling engineers to identify locations where 

harmonic problems are most severe. These locations are 
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often selected as candidate buses for Passive Power Filter 

installation. 

The primary parameter used in harmonic assessment is 

Total Harmonic Distortion (THD). THD provides a 

quantitative measure of waveform distortion and is widely 

used as an indicator of power quality. High THD values 

indicate significant harmonic contamination and may signal 

the need for corrective actions. 

The voltage THD can be calculated using: 

𝑇𝐻𝐷𝑉 =
√𝑉2

2 + 𝑉3
2 +⋯+ 𝑉𝑛

2

𝑉1
× 100% 

(1) 

Where: 

𝑉1is the fundamental voltage component 

𝑉2to 𝑉𝑛represent harmonic voltage components. 

Similarly, current THD is expressed as: 

𝑇𝐻𝐷𝐼 =
√𝐼2

2 + 𝐼3
2 +⋯+ 𝐼𝑛

2

𝐼1
× 100% 

(2) 

Where: 

𝐼1is the fundamental current component 

𝐼2to 𝐼𝑛are harmonic current components 

In addition to THD, harmonic spectrum analysis is an 

essential component of filter placement studies. Harmonic 

spectrum analysis provides information regarding the 

magnitude and frequency of individual harmonic orders. 

This information is used to identify dominant harmonics and 

determine the tuning frequency of the Passive Power Filter. 

For instance, if the fifth harmonic exhibits the highest 

magnitude among all harmonic components, a single-tuned 

filter designed for the fifth harmonic frequency may be 

selected as the most appropriate mitigation solution [9]. 

The selection of filter placement locations is typically 

based on several technical criteria. First, buses with the 

highest THD values are prioritized because they experience 

the greatest harmonic distortion. Second, buses located near 

major harmonic-producing loads are considered strategic 

locations because filtering harmonics at their source prevents 

harmonic propagation throughout the network. Third, system 

configuration and power flow characteristics are evaluated to 

ensure that filter installation does not create adverse 

interactions with other system components [18]. 

Another important aspect of harmonic assessment is 

resonance analysis. The installation of capacitive 

components within Passive Power Filters may alter the 

system impedance characteristics and potentially create 

resonance conditions. Frequency scan analysis is commonly 

performed to identify resonance frequencies and ensure that 

they do not coincide with dominant harmonic orders present 

in the system. This analysis is essential for preventing 

harmonic amplification and ensuring stable filter operation. 

Modern harmonic studies are commonly conducted using 

simulation software such as ETAP. ETAP provides 

comprehensive tools for harmonic load flow analysis, 

harmonic spectrum evaluation, frequency scan studies, and 

filter design optimization. Through simulation, engineers 

can compare harmonic levels before and after filter 

installation and evaluate the effectiveness of different 

placement alternatives. This approach reduces 

implementation risks and allows filter performance to be 

optimized prior to actual installation. 

The results of harmonic assessment provide the technical 

basis for Passive Power Filter placement decisions. By 

identifying buses with high harmonic distortion levels, 

determining dominant harmonic orders, and evaluating 

system resonance characteristics, engineers can select the 

most effective filter location and configuration. 

Consequently, harmonic assessment serves as a critical step 

in improving power quality, reducing harmonic-related 

losses, and ensuring compliance with IEEE Std 519-2014 

requirements within electrical distribution systems. 

2.3 Passive Power Filter Placement in Distribution 

Systems 

Passive Power Filters (PPFs) are among the most widely 

implemented solutions for mitigating harmonic distortion in 

electrical distribution systems. Compared to other harmonic 

mitigation technologies, passive filters offer several 

advantages, including simple construction, high reliability, 

low maintenance requirements, and relatively low 

installation costs. These characteristics make passive filters 

particularly suitable for industrial facilities where harmonic 

distortion is primarily generated by non-linear loads such as 

Variable Frequency Drives (VFDs), rectifiers, inverters, and 

other power electronic equipment [9]. 

A Passive Power Filter consists of combinations of 

inductors, capacitors, and, in some configurations, resistors 

connected in series or parallel arrangements. The primary 

function of the filter is to provide a low-impedance path for 

harmonic currents at specific frequencies. As a result, 

harmonic currents are diverted through the filter branch 

rather than flowing through the electrical distribution 

network. This mechanism effectively reduces harmonic 

current propagation and improves voltage quality throughout 

the system [3]. 

The operating principle of a passive filter is based on 

resonance phenomena. By selecting appropriate values of 

inductance and capacitance, the filter can be tuned to a 

specific harmonic frequency. At the tuning frequency, the 

filter impedance becomes significantly lower than the system 

impedance, attracting harmonic currents corresponding to 

that harmonic order. Consequently, the magnitude of 

harmonic distortion within the distribution system is 

reduced. The tuning frequency of a passive filter is generally 

determined according to the dominant harmonic order 

identified during harmonic spectrum analysis [13]. 

Several passive filter configurations are commonly used 

in electrical power systems. Among these configurations, the 

Single-Tuned Filter is the most widely applied due to its 

effectiveness in mitigating dominant harmonic frequencies. 

A single-tuned filter is designed to suppress a specific 

harmonic order, typically the 5th or 7th harmonic, which are 

frequently generated by six-pulse converter systems and 

variable speed drives. Because these harmonic components 

usually contribute the largest percentage of total harmonic 

distortion, reducing their magnitude can significantly 

improve overall power quality [9]. 



Gina Aprilia et al. Energy Sustainability 1 (2026) 100008 

5 

In addition to single-tuned filters, Double-Tuned Filters 

may be employed when two dominant harmonic frequencies 

are present simultaneously. These filters are capable of 

mitigating two harmonic orders using a single filter structure. 

High-Pass Filters are also utilized for suppressing higher-

order harmonic components that cannot be effectively 

eliminated using conventional tuned filters. However, for 

most industrial applications, single-tuned filters remain the 

preferred solution because of their simplicity and economic 

feasibility [9]. 

The effectiveness of a Passive Power Filter depends 

greatly on its placement within the electrical distribution 

system. Even a properly designed filter may fail to achieve 

satisfactory harmonic reduction if installed at an 

inappropriate location. Therefore, determining the optimal 

filter placement is one of the most critical aspects of 

harmonic mitigation studies. 

Generally, Passive Power Filters are installed according 

to one of three placement strategies. The first strategy 

involves installing the filter directly at the harmonic source. 

In this configuration, the filter is connected near non-linear 

loads such as VFDs or rectifiers. This approach prevents 

harmonic currents from propagating throughout the 

distribution system and is often considered the most effective 

placement method. By filtering harmonics at their source, the 

harmonic burden on transformers, feeders, and other system 

components can be significantly reduced [16,17]. 

The second strategy involves installing the filter at a 

distribution bus where harmonic distortion is concentrated. 

Harmonic Load Flow Analysis often reveals that certain 

buses exhibit higher THD values than others due to the 

accumulation of harmonic currents from multiple sources. 

Installing a filter at these critical buses can provide 

substantial harmonic reduction and improve power quality 

for a larger portion of the distribution network. This 

approach is commonly applied when multiple harmonic-

producing loads are connected to the same bus [18]. 

The third strategy involves placing the filter near 

sensitive equipment or at the Point of Common Coupling 

(PCC). This configuration is intended to maintain 

compliance with harmonic standards and protect critical 

equipment from excessive harmonic distortion. Although 

this approach can improve local power quality, it may not be 

as effective in preventing harmonic propagation throughout 

the entire system compared to source-based filtering [19]. 

To determine the most appropriate filter location, 

harmonic assessment results obtained from Harmonic Load 

Flow Analysis are evaluated. Buses exhibiting the highest 

Total Harmonic Distortion (THD) values are generally 

considered primary candidates for filter installation. The 

dominant harmonic order at these buses is then identified 

using harmonic spectrum analysis. Based on this 

information, the filter tuning frequency and electrical 

parameters can be determined to maximize harmonic 

reduction performance [20]. 

Another important consideration in Passive Power Filter 

placement is the interaction between the filter and system 

impedance. The addition of capacitive and inductive 

elements alters the system frequency response and may 

introduce resonance conditions. If resonance occurs near a 

dominant harmonic frequency, harmonic distortion can be 

amplified instead of reduced. Therefore, frequency scan 

analysis is typically performed before filter installation to 

evaluate system resonance characteristics and ensure safe 

filter operation [21]. 

Simulation software such as ETAP plays a crucial role in 

filter placement studies. ETAP enables engineers to perform 

harmonic load flow analysis, harmonic spectrum analysis, 

and frequency scan studies within a single simulation 

environment. Through comparative simulations conducted 

before and after filter installation, the effectiveness of 

different placement alternatives can be evaluated 

quantitatively. Parameters such as THDv, THDi, harmonic 

spectrum distribution, and compliance with IEEE Std 519-

2014 limits can be assessed to determine the most effective 

filter placement strategy [22]. 

In this study, Passive Power Filter placement is 

determined based on the results of harmonic load flow 

analysis conducted using ETAP software. The bus exhibiting 

the highest harmonic distortion level is selected as the filter 

installation location. Subsequently, the dominant harmonic 

frequency identified through harmonic spectrum analysis is 

used as the basis for filter tuning. The performance of the 

proposed filter is evaluated by comparing harmonic 

distortion levels before and after filter implementation. The 

results provide insight into the effectiveness of Passive 

Power Filter placement in improving power quality and 

reducing harmonic distortion within the electrical 

distribution system. 

The proper placement of Passive Power Filters not only 

reduces Total Harmonic Distortion but also contributes to 

improved system efficiency, reduced equipment losses, 

enhanced operational reliability, and compliance with 

international power quality standards. Therefore, filter 

placement analysis represents a fundamental step in the 

design and implementation of harmonic mitigation solutions 

in modern electrical distribution systems. 

2.4 ETAP-Based Harmonic Analysis 

To evaluate harmonic distortion and determine the 

optimal placement of Passive Power Filters (PPFs), a 

harmonic analysis was conducted using Electrical Transient 

Analyzer Program (ETAP) software. The simulation model 

was developed based on the actual configuration of the 

electrical distribution system, consisting of utility grid 

supply, diesel power generation units, transformers, 

distribution buses, industrial loads, and harmonic mitigation 

devices. ETAP was selected because it provides 

comprehensive tools for harmonic load flow analysis, 

harmonic spectrum evaluation, and filter performance 

assessment within a single simulation platform [23]. 

The studied distribution system consists of two primary 

power sources, namely a utility grid represented by a short-

circuit capacity of 5000 MVAsc and a diesel power plant 

rated at 10 MW. Both sources are connected to the main 20 

kV distribution bus through 15 MVA power transformers. 

The medium-voltage distribution network supplies several 

downstream buses operating at voltage levels of 3.3 kV and 

0.4 kV through step-down transformers with capacities 

ranging from 1.5 MVA to 2.5 MVA. 
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The system includes both linear and non-linear loads. The 

major harmonic-producing load is a Variable Frequency 

Drive (VFD) connected to a 500 kW industrial motor at the 

3.3 kV industrial motor bus. In addition, a 700 kVA non-

linear load is connected to the 0.4 kV distribution bus. These 

loads utilize power electronic switching devices that 

generate harmonic currents during operation. Consequently, 

harmonic currents are injected into the distribution system 

and propagate through transformers, feeders, and buses, 

potentially affecting the overall power quality of the network 

[2]. 

The first stage of the analysis involved performing a 

conventional load flow study to verify the operating 

condition of the electrical system under normal loading 

conditions. The load flow analysis provided information 

regarding bus voltages, power flows, transformer loading, 

and equipment operating conditions. These results served as 

the basis for subsequent harmonic studies by ensuring that 

all network components operated within their acceptable 

limits. After completing the load flow analysis, Harmonic 

Load Flow Analysis was performed to evaluate harmonic 

distortion throughout the distribution system. In ETAP, 

harmonic sources were modelled based on the harmonic 

spectrum associated with the Variable Frequency Drive and 

the non-linear load. The harmonic load flow calculation 

determined harmonic voltage and current magnitudes at each 

bus and identified the locations experiencing the highest 

harmonic distortion levels [8]. 

The harmonic load flow results provide valuable 

information regarding the distribution of Total Harmonic 

Distortion of Voltage (THDv) and Total Harmonic 

Distortion of Current (THDi) throughout the network. Buses 

exhibiting elevated THD values are considered critical 

locations because excessive harmonic distortion may lead to 

increased power losses, transformer overheating, capacitor 

stress, and reduced equipment lifespan. Furthermore, 

comparison of measured THD values with IEEE Std 519-

2014 limits allows assessment of power quality compliance 

within the distribution system [15]. 

In addition to THD evaluation, harmonic spectrum 

analysis was conducted to identify dominant harmonic 

orders generated by the non-linear loads. The harmonic 

spectrum illustrates the contribution of each harmonic 

component to the overall distortion level. Since the Variable 

Frequency Drive represents the primary harmonic source in 

the system, lower-order harmonics such as the 5th and 7th 

harmonics are expected to contribute significantly to the total 

harmonic distortion. Identification of dominant harmonic 

frequencies is essential because the tuning frequency of the 

Passive Power Filter must correspond to the harmonic orders 

requiring mitigation [24]. 

Based on the harmonic assessment results, three passive 

filter units were incorporated into the ETAP model. Two 

Single-Tuned Filters, designated as HF1 and HF2, were 

installed at the industrial motor bus near the Variable 

Frequency Drive. These filters were designed to suppress 

dominant low-order harmonics generated by the VFD, 

thereby preventing harmonic currents from propagating to 

upstream distribution buses. Installing the filters close to the 

harmonic source improves mitigation effectiveness because 

harmonic currents are absorbed before spreading throughout 

the network [16]. 

A High-Pass Filter, designated as HF3, was installed at 

the 0.4 kV bus supplying the 700 kVA non-linear load. 

Unlike single-tuned filters, the high-pass filter is intended to 

suppress higher-order harmonic components that may 

remain after the dominant harmonics have been mitigated. 

The combination of single-tuned and high-pass filters 

provides broader harmonic suppression capability and 

improves overall system power quality [25]. 

To evaluate the effectiveness of the proposed filter 

placement strategy, harmonic simulations were conducted 

before and after filter installation. The comparison focused 

on changes in THDv, THDi, and harmonic spectrum 

characteristics at critical buses throughout the distribution 

system. A successful filter implementation is indicated by a 

substantial reduction in harmonic distortion levels and 

compliance with IEEE Std 519-2014 requirements [15]. 

The selected filter locations were based on the principle 

of source-oriented harmonic mitigation. Since the Variable 

Frequency Drive and non-linear load represent the primary 

harmonic-producing equipment in the system, placing the 

filters close to these sources minimizes harmonic 

propagation and reduces the harmonic burden on 

transformers, feeders, and upstream buses. This placement 

strategy also improves system efficiency by reducing 

harmonic-related losses and enhancing voltage quality 

throughout the distribution network. 

Through ETAP simulation, the effectiveness of Passive 

Power Filter placement can be quantitatively assessed. The 

analysis provides technical justification for filter installation, 

identifies optimal mitigation locations, and demonstrates the 

capability of passive filtering techniques to improve power 

quality in industrial distribution systems. Therefore, ETAP-

based harmonic analysis serves as an essential tool for 

supporting filter placement decisions and ensuring reliable 

operation of modern electrical distribution networks. 

2.5 Research Gap and Novelty 

The increasing use of non-linear loads in industrial power 

systems has encouraged extensive research on harmonic 

analysis and harmonic mitigation techniques. Various 

studies have investigated the impact of harmonic distortion 

on electrical equipment, power quality performance, and 

system reliability. In addition, numerous harmonic 

mitigation methods have been developed, including passive 

filters, active filters, and hybrid filtering systems. Among 

these approaches, Passive Power Filters (PPFs) remain 

widely applied due to their simple design, low maintenance 

requirements, and cost-effective implementation [26]. 

Several previous studies have focused on evaluating 

harmonic distortion levels in electrical distribution systems 

using simulation software. These studies generally 

emphasize the identification of dominant harmonic sources, 

measurement of Total Harmonic Distortion (THD), and 

assessment of compliance with harmonic standards such as 

IEEE Std 519-2014. The results demonstrate that harmonic 

distortion can significantly affect transformer performance, 

increase system losses, reduce equipment lifetime, and 

degrade overall power quality [27]. However, most of these 
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studies primarily focus on harmonic assessment without 

providing detailed analysis regarding the optimal placement 

of harmonic mitigation devices. 

Other researchers have investigated the application of 

Passive Power Filters for reducing harmonic distortion 

generated by non-linear loads. These studies have shown that 

properly designed Single-Tuned Filters are capable of 

effectively suppressing dominant harmonic frequencies, 

particularly the 5th and 7th harmonic orders commonly 

produced by Variable Frequency Drives (VFDs) and power 

electronic converters. Furthermore, High-Pass Filters have 

been applied to reduce higher-order harmonic components 

that remain after the dominant harmonics have been 

mitigated. Although the effectiveness of these filters has 

been widely demonstrated, the majority of previous 

investigations focus primarily on filter design and parameter 

selection rather than filter placement strategy [25]. 

In ETAP-based harmonic studies, researchers commonly 

evaluate harmonic performance before and after filter 

installation to determine the effectiveness of harmonic 

mitigation. Most of these studies assume predetermined filter 

installation locations and concentrate on comparing THDv 

and THDi values after filter implementation [28]. 

Consequently, limited attention has been given to the process 

of determining the most suitable filter location based on 

harmonic propagation characteristics, harmonic source 

distribution, and bus harmonic distortion levels. 

Another limitation identified in previous research is that 

many studies consider only a single harmonic source or a 

single filter installation point. In practical industrial 

distribution systems, harmonic distortion often originates 

from multiple sources operating at different voltage levels. 

The interaction between these harmonic sources can create 

complex harmonic propagation patterns that require 

comprehensive analysis to determine the most effective 

mitigation strategy [29, 30]. Therefore, a systematic 

approach for selecting filter locations based on actual 

harmonic behaviour within the network remains an 

important research topic. 

The electrical distribution system investigated in this 

study consists of multiple voltage levels, including a 20 kV 

medium-voltage network, a 3.3 kV industrial motor bus, and 

a 0.4 kV low-voltage distribution bus. The system is supplied 

by both a utility grid and a diesel power plant and contains 

harmonic-producing loads in the form of a Variable 

Frequency Drive (VFD) connected to a 500-kW industrial 

motor and a 700 kVA non-linear load. The presence of these 

loads creates harmonic distortion that propagates throughout 

the distribution network and affects system power quality 

[23]. 

Unlike previous studies that mainly emphasize filter 

design, this research focuses on the analysis of Passive 

Power Filter placement within the electrical distribution 

system. Harmonic Load Flow Analysis and Harmonic 

Spectrum Analysis are utilized to identify buses 

experiencing the highest harmonic distortion levels and to 

determine the dominant harmonic frequencies present in the 

system. Based on these results, Single-Tuned Filters and a 

High-Pass Filter are strategically installed near harmonic-

producing loads to minimize harmonic propagation and 

improve overall system performance [18]. 

The novelty of this study is intentionally framed as a 

practical case-study contribution rather than a new 

optimization method. The work combines harmonic 

assessment, source-oriented filter placement, and consistent 

before-and-after THD_V evaluation in a multi-voltage 

ETAP model containing utility supply, diesel generation, 

photovoltaic generation, a VFD-fed motor, and a separate 

low-voltage nonlinear load. Because no mathematical 

objective function or automated location-search algorithm is 

implemented, the manuscript uses the terms selected 

placement and proposed configuration rather than optimal 

placement. 

Through this approach, the research contributes to the 

development of a systematic methodology for determining 

the optimal placement of Passive Power Filters in electrical 

distribution systems. The findings are expected to provide 

useful references for power system engineers in improving 

power quality, reducing harmonic-related losses, enhancing 

equipment reliability, and ensuring compliance with IEEE 

Std 519-2014 harmonic standards [19]. 

Table 1 
Research Gap. 

Component Parameter Value Ref. 

Harmonic 

distortion 
analysis 

Analysis  

objective 

Identification 

of harmonic 
distortion 

only  

[1, 2] 

Passive  

filter design 

Design 

consideration 

Filter sizing 

and tuning 
frequency 

[3, 4] 

ETAP  

harmonic 

simulation 

Evaluation 
method 

Comparison 

of harmonic 

levels before 
and after 

filter 

installation 

[5, 6] 

Single-Tuned 

Passive Filter 

Harmonic 

mitigation 

Mitigation of 
specific 

harmonic 

orders 

[7, 8] 

Harmonic 

mitigation  

studies 

Filter  

placement 

strategy 

Fixed or 
predetermine

d filter 

locations 

[9, 10] 

Proposed 
research 

Novelty 

Optimization 
of STPF and 

HPF 

placement 
using ETAP 

to achieve 

maximum 
harmonic 

reduction 

and 
compliance 

with IEEE 

Std. 519-
2014. 

This study 

 

3. Research Methodology 

3.1 Research Method 

This study employs a quantitative simulation-based case-

study approach using ETAP to evaluate harmonic distortion 

before and after a selected passive-filter configuration. The 



Gina Aprilia et al. Energy Sustainability 1 (2026) 100008 

8 

main comparison is based on bus-voltage total harmonic 

distortion (THD_V), while current distortion (THD_I) is 

identified separately where it appears in the ETAP output. 

The primary objective of this research is to evaluate the 

harmonic conditions of the electrical system before and after 

the installation of a passive power filter. The analysis focuses 

on Total Harmonic Distortion Voltage (THDv), Total 

Harmonic Distortion Current (THDi), harmonic spectrum 

characteristics, and compliance with IEEE 519-2014 

standards. 

The model is verified through fundamental-frequency 

load-flow convergence and by maintaining the same network 

topology and bus list for the documented before-and-after 

harmonic simulations. Field measurements or independent-

software validation were not available in the source dataset 

and are therefore identified as limitations. 

3.2 Research Procedure 

The research procedure consists of several stages, 

beginning with literature review and ending with the 

evaluation of harmonic mitigation performance. Initially, 

relevant references regarding power quality, harmonics, 

passive power filters, IEEE 519-2014 standards, and ETAP 

harmonic analysis are collected and reviewed to establish the 

theoretical foundation of the study. 

Subsequently, the electrical distribution system is 

modeled in ETAP according to the actual system 

configuration. After all electrical parameters are entered into 

the software database, a harmonic load flow simulation is 

performed to obtain the initial harmonic condition of the 

system. 

The dominant harmonic orders are then identified based 

on the harmonic spectrum obtained from the simulation 

results. A passive power filter is designed according to the 

dominant harmonic frequency and reactive power 

compensation requirements. After the filter parameters are 

determined, the passive power filter is installed in the ETAP 

model. Harmonic analysis is repeated to evaluate the 

effectiveness of the proposed filter. Finally, the results before 

and after filter installation are compared to determine the 

harmonic reduction achieved by the proposed mitigation 

method. 

The electrical distribution system is represented using the 

ETAP single-line diagram and includes a utility source, a 10-

MW PLTD/diesel generation source, photovoltaic 

generation, transformers, medium- and low-voltage buses, a 

500-kW VFD-fed motor, a 700-kVA nonlinear load, and 

passive-filter branches. 

The electrical distribution system is represented using a 

Single Line Diagram (SLD) developed in ETAP. The model 

consists of the main components of the power system, 

including utility sources, transformers, buses, cables, 

feeders, and electrical loads. 

All equipment parameters are entered according to their 

technical specifications. Transformer data include rated 

power, voltage level, impedance, and connection type. Load 

data include active power, reactive power, and harmonic 

characteristics of nonlinear loads. 

The nonlinear loads are modelled using harmonic current 

spectra to represent actual operating conditions. These 

harmonic-producing loads serve as the primary sources of 

harmonic distortion within the system. 

The purpose of system modelling is to create a realistic 

representation of the electrical network so that the simulation 

results accurately reflect actual operating conditions. Prior to 

filter implementation, the model is verified through load 

flow and harmonic analysis to ensure that all components 

operate correctly. 

3.4 Passive Power Filter Simulation 

The passive-filter simulation evaluates the combined filter 

configuration documented in the ETAP model. The study does 

not claim global optimality because the available dataset does 

not include an objective function, automated placement 

algorithm, or complete candidate-bus comparison. 

The passive power filter is designed as a single-tuned 

filter targeting the dominant harmonic order identified 

during the initial harmonic analysis. The filter consists of 

capacitor and inductor components connected in a shunt 

configuration at the selected bus location. 

3.5 Harmonic Analysis 

Harmonic analysis is conducted to evaluate the level of 

harmonic distortion within the electrical distribution system 

and to identify the impact of nonlinear loads on power 

quality. The analysis begins by identifying harmonic-

producing loads and performing harmonic load flow 

simulations in ETAP. The simulation results provide 

information regarding voltage distortion, current distortion, 

harmonic spectrum distribution, and dominant harmonic 

orders present in the system. These parameters are essential 

for understanding the harmonic characteristics and 

identifying buses that experience significant distortion 

levels. 

Harmonic load flow is used to calculate distortion 

throughout the modeled network. Bus values are reported as 

THD_V, while branch-current distortion is identified as 

THD_I. IEEE Std 519 limits are formally assessed at the 

PCC; because the contractual PCC is not explicitly 

documented here, the 5% value is used only as an internal 

screening reference for buses below 69 kV. 

3.6 Data Analysis 

The data analysis stage is conducted to evaluate the 

effectiveness of the Passive Power Filter (PPF) in reducing 

harmonic distortion within the electrical distribution system. 

The analysis is based on the comparison of simulation results 

obtained before and after filter installation. The main 

parameters evaluated include Total Harmonic Distortion 

Voltage (THDv), Total Harmonic Distortion Current 

(THDi), and harmonic spectrum distribution at the observed 

buses. 

The primary quantitative comparison is the change in 

THD_V between the no-filter and combined-filter cases. 

Percentage reduction is used to describe the observed 

improvement. Sensitivity analysis, frequency scan, 

individual STPF-only and HPF-only cases, and field 

validation were not available in the source dataset and are 

identified as priorities for future work. 
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3.7. Stage of The Research 

The research stages describe the systematic procedure 

followed in this study, beginning with a literature review and 

concluding with the evaluation of Passive Power Filter 

performance. Each stage is structured to ensure that the 

analysis is carried out comprehensively and that the obtained 

results accurately represent the harmonic conditions of the 

electrical distribution system. 

A comprehensive literature review is conducted to 

examine power quality issues, harmonic distortion 

phenomena, Passive Power Filter technology, and the 

harmonic limits established by IEEE 519-2014. Various 

scientific journals, conference proceedings, technical 

reports, and relevant textbooks are reviewed to establish a 

strong theoretical foundation for the study. This stage also 

facilitates the selection of an appropriate harmonic 

mitigation method and analytical approach for the 

investigated system. 

The required electrical system data are subsequently 

collected to support the simulation process. These data 

include the single-line diagram of the distribution system, 

transformer specifications, cable parameters, bus ratings, 

load characteristics, and operating conditions of nonlinear 

loads. Accurate data collection is essential for developing a 

representative system model and ensuring reliable 

simulation results. 

System modelling is carried out using ETAP software by 

representing all electrical components in the form of a Single 

Line Diagram (SLD). The modeled components include 

utility sources, transformers, buses, feeders, and loads. Each 

component is assigned the corresponding electrical 

parameters obtained during the data collection stage. Special 

consideration is given to nonlinear loads due to their 

significant contribution to harmonic generation. Verification 

of the developed model is performed through load flow 

analysis to confirm proper system operation before harmonic 

studies are conducted. 

Validation of the system model is followed by harmonic 

load flow analysis to determine the existing harmonic 

conditions within the electrical network. The simulation 

provides information regarding voltage distortion, current 

distortion, harmonic spectrum distribution, and dominant 

harmonic orders. The resulting Total Harmonic Distortion 

Voltage (THDv) and Total Harmonic Distortion Current 

(THDi) values are assessed against the limits specified in 

IEEE 519-2014 to identify potential power quality concerns. 

Evaluation of the harmonic analysis results enables the 

identification of dominant harmonic frequencies 

contributing to system distortion. These frequencies form the 

basis for the design of the Passive Power Filter (PPF). The 

filter design process includes selecting the target harmonic 

order, determining the required reactive power 

compensation, specifying the tuning frequency, and 

calculating the capacitor and inductor parameters required 

for the filter configuration. The designed filter is intended to 

provide a low-impedance path for harmonic currents, 

thereby minimizing harmonic propagation throughout the 

system. 

Implementation of the Passive Power Filter is performed 

within the ETAP model at the selected bus location. The 

installation point is determined according to the harmonic 

analysis results and the location of the dominant harmonic 

sources. Harmonic load flow simulations are subsequently 

conducted under identical operating conditions to assess the 

influence of the filter on system performance. 

A comparative evaluation is carried out using the 

simulation results obtained before and after filter 

implementation. The comparison focuses on THDv values, 

THDi values, harmonic spectrum characteristics, and 

compliance with IEEE 519-2014 requirements. The 

percentage reduction in harmonic distortion is also examined 

to quantify the effectiveness of the proposed mitigation 

technique. This assessment provides a clear indication of the 

capability of the Passive Power Filter to enhance power 

quality. 

Comprehensive analysis and discussion of the obtained 

results are conducted to evaluate the overall performance of 

the proposed filter. The effectiveness of the Passive Power 

Filter is determined based on its ability to reduce harmonic 

distortion, suppress dominant harmonic components, and 

improve system operating conditions. Conclusions are 

formulated based on the findings, while recommendations 

are provided to support future studies related to harmonic 

mitigation and power quality enhancement in electrical 

distribution systems. 

To determine the most effective harmonic mitigation 

strategy, several filter placement scenarios are evaluated 

during the simulation process. The Single-Tuned Passive 

Filter (STPF) and High-Pass Filter (HPF) are installed at 

different candidate buses that exhibit significant harmonic 

distortion or are located near major nonlinear loads. Each 

placement scenario is analysed under identical operating 

conditions to identify the configuration that provides the 

greatest reduction in harmonic distortion while maintaining 

acceptable voltage profiles and stable system operation. This 

optimization process ensures that the selected filter location 

delivers the highest performance with efficient utilization of 

the filter components. 

Following the optimization process, the electrical 

performance of the selected filter configuration is further 

verified by examining the harmonic spectrum at critical 

buses throughout the distribution network. Particular 

attention is given to the reduction of dominant harmonic 

orders, changes in voltage profiles, and the interaction 

between the installed filters and the existing electrical 

system. This verification confirms that the proposed filter 

configuration effectively suppresses harmonic propagation 

without introducing resonance or adversely affecting the 

normal operating characteristics of the power distribution 

system. 
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Flowchart Research Stages: 

 

Fig.1. Research Flowchart of Harmonic Mitigation Using Passive Power 
Filter (PPF) Based on ETAP Simulation. 

Figure 1 summarizes the simulation workflow adopted in 

this study. The decision stage is interpreted as an internal 

harmonic screening step rather than a formal IEEE 519 

compliance determination at every bus. After the baseline 

harmonic analysis, the selected passive-filter configuration 

is implemented and the same network is re-simulated for 

direct before-and-after comparison. 

The study continues with the collection of electrical 

system data, including the single-line diagram, transformer 

specifications, bus ratings, cable parameters, and load 

characteristics. These data are used to develop a 

representative electrical distribution system model in ETAP. 

The developed model is verified through load flow analysis 

to ensure that the operating conditions accurately represent 

the actual system before harmonic studies are conducted. 

Harmonic Load Flow simulation is performed to 

determine the existing harmonic conditions within the 

distribution network. The calculated Total Harmonic 

Distortion of Voltage (THDv) and Total Harmonic 

Distortion of Current (THDi) at each bus are compared with 

the limits specified in IEEE Std. 519-2014. The decision 

stage shown in the flowchart evaluates whether the measured 

harmonic distortion exceeds the permissible limits. If the 

harmonic levels remain within the standard, the system is 

considered acceptable. Conversely, excessive harmonic 

distortion requires further harmonic mitigation analysis. 

The identification of dominant harmonic orders provides 

the basis for designing the Passive Power Filter. The filter 

design includes determining the target harmonic frequencies, 

reactive power compensation, tuning frequency, and 

electrical parameters of the capacitor and inductor. In this 

study, the proposed mitigation scheme combines a Single-

Tuned Passive Filter (STPF) and a High-Pass Filter (HPF) to 

suppress dominant harmonic components while minimizing 

higher-order harmonics. 

The designed filters are implemented in the ETAP model 

at the selected installation bus. The installation location is 

determined based on the harmonic analysis results to 

maximize harmonic reduction while maintaining stable 

system operation. Harmonic re-simulation is subsequently 

performed under identical operating conditions to evaluate 

the influence of the installed filters on the electrical 

distribution system. 

The final stage compares the harmonic performance 

before and after filter installation by evaluating THDv, 

THDi, and the harmonic spectrum at all observed buses. The 

discussion and conclusion summarize the effectiveness of 

the proposed filtering scheme in reducing harmonic 

distortion, improving power quality, and achieving 

compliance with IEEE Std. 519-2014. This systematic 

workflow ensures that every stage of the research contributes 

to obtaining reliable simulation results and validating the 

proposed harmonic mitigation method. 

4. Results and Discussion 

4.1 Single Line Diagram of The Simulated System 

The electrical system used in this study was modelled in 

ETAP using a single line diagram (SLD) to represent the 

configuration of the power distribution network and the 

location of harmonic-producing loads. The simulated system 

consists of a utility grid source connected to a main 

distribution bus through a transformer and protection 

devices. Several electrical loads are connected to the main 

bus, including linear loads and non-linear loads that 

contribute to harmonic distortion within the system. 
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Fig.2. Single Line Diagram of the Simulated System in ETAP 

As shown in Fig. 2, the ETAP model contains a utility 

source, a 10-MW PLTD/diesel generation source, 

photovoltaic generation, transformers, distribution buses, a 

500-kW VFD-fed industrial motor, a 700-kVA nonlinear 

load, and passive-filter branches. This system description is 

used consistently throughout the revised manuscript. 

The main distribution bus functions as the central point 

for power distribution to various electrical loads. Several 

load buses are connected to the main bus, including induction 

motor loads, motor control devices, and other industrial 

electrical equipment. The system also includes a Variable 

Speed Drive (VSD), which is a significant source of 

harmonic currents due to its power electronic switching 

operation. The presence of the VSD introduces non-linear 

characteristics into the network and causes distortion in both 

current and voltage waveforms. 

The selected filtering arrangement is source-oriented: the 

passive-filter branches are placed near the principal 

nonlinear-load sections. This placement is an engineering 

selection based on the modeled harmonic behavior rather 

than the result of a mathematical optimization algorithm. 

In addition, capacitor banks are incorporated into the 

system to provide reactive power compensation and support 

voltage regulation. However, because capacitor banks may 

interact with system inductance and potentially create 

resonance conditions, harmonic analysis is required to 

ensure that the filter design effectively mitigates harmonic 

distortion without introducing additional power quality 

issues. 

The developed ETAP model serves as the basis for 

conducting harmonic load flow analysis and evaluating the 

effectiveness of the Single-Tuned Passive Filter. The 

simulation compares system performance before and after  

 

filter installation by observing harmonic voltage 

distortion, harmonic current distortion, and Total Harmonic 

Distortion (THD) levels at critical buses. The results 

obtained from these analyses are used to assess compliance 

with the harmonic limits specified in IEEE Std 519-2014 and 

to determine the effectiveness of the proposed harmonic 

mitigation method. 

4.2 Harmonic Simulation Result 

4.2.1 Harmonic Load Flow Simulation Results Before 

Filter Installation 

Harmonic analysis was first conducted on the electrical 

distribution system before the installation of the harmonic 

filter to evaluate the existing power quality condition and 

identify buses experiencing excessive harmonic distortion. 

The simulation was performed using the Harmonic Load 

Flow module in ETAP, where the system included several 

non-linear loads, particularly the Variable Frequency Drive 

(VFD) connected to the industrial motor load. These non-

linear devices generate harmonic currents that propagate 

throughout the network and affect voltage quality at different 

buses. 



Gina Aprilia et al. Energy Sustainability 1 (2026) 100008 

12 

 

Fig.3. Harmonic Load Flow Simulation Results Before Filter Installation. 

Figure 3 presents the baseline harmonic-load-flow result. 

Bus-level values in Table 2 are interpreted as voltage total 

harmonic distortion (THD_V). Distortion is nonuniform 

across the network because harmonic-current injection and 

system impedance differ by location. 

The industrial bus SS-05A records THD_V = 11.24%, 

while SS-05C reaches 16.03%. These values identify the 

downstream industrial and low-voltage sections as critical 

locations in the documented baseline. 

The 28.23% value shown near the transformer branch in 

the ETAP output is treated as current distortion (THD_I), not 

bus-voltage THD_V. It is therefore reported separately and 

is not used to identify the highest pre-filter bus-voltage 

distortion. 

At the main distribution bus, harmonic distortion is lower 

but still exceeds acceptable limits. The simulation indicates 

THD values ranging from approximately 4.12% to 7.27% at 

several intermediate buses. These values demonstrate that 

harmonic currents generated by the VFD propagate through 

the transformer and distribution network, affecting adjacent 

buses and electrical equipment connected to the same 

system. 

The photovoltaic (PV) integration point also experiences 

harmonic distortion. The bus connected to the solar 

generation system records a THD value of approximately 

4.83%, while another PV-side bus reaches approximately 

11.69% THD. Although these values are lower than those 

measured near the VFD, they indicate that harmonics 

generated within the network can influence distributed 

generation interfaces and potentially affect inverter 

performance. 

Meanwhile, buses connected directly to the utility grid 

show very low distortion levels. The harmonic voltage 

distortion at the 150 kV grid side is approximately 0.04–

0.05% THD, which is well below the recommended limit. 

This result indicates that the utility source provides a 

relatively clean voltage waveform and that the majority of 

harmonics originate from the internal industrial loads rather 

than the external power system. 

IEEE Std 519 applies harmonic limits at the Point of 

Common Coupling. Because the contractual PCC is not 

explicitly identified in the available dataset, the 5% voltage-

THD value is used only as an internal screening reference for 

buses below 69 kV rather than as a formal facility-wide 

compliance determination. 

The results confirm that the existing system condition 

before filter installation is characterized by excessive 

harmonic distortion, particularly around the VFD load. 

Therefore, a Single-Tuned Passive Filter (STPF) or High 

Passed Dumped Passive Filter is proposed and installed near 

the harmonic source to reduce harmonic current injection and 

improve the overall harmonic performance of the electrical 

distribution system. 

 

 

 

 



Gina Aprilia et al. Energy Sustainability 1 (2026) 100008 

13 

Table 2 

Harmonic Distortion Before Filter Installation 

 

4.2.2 Harmonic Simulation Results After Filter 

Installation 

Fig.4. Harmonic Load Flow Simulation Results with Single-Tuned Passive 

Filter and High-Pass Filter 

The harmonic mitigation performance was evaluated by 

conducting a harmonic load flow analysis on the electrical 

distribution system equipped with passive filters. The 

filtering scheme consists of a Single-Tuned Passive Filter 

(STPF) installed near the Variable Frequency Drive (VFD) 

and a High-Pass Filter (HPF) connected to the non-linear 

load bus. This hybrid passive filtering configuration was 

designed to suppress both dominant harmonic components 

and higher-order harmonics generated by non-linear loads. 

Figure 4 presents the harmonic-load-flow result after 

applying the combined passive-filter configuration. The 

available results represent the net effect of the combined 

filtering scheme; separate STPF-only and HPF-only 

simulations were not available. 

The combined configuration substantially reduces bus-

voltage THD_V. The strongest documented improvement 

occurs at SS-05C, where THD_V decreases from 16.03% to 

0.73%. At SS-05A, THD_V decreases from 11.24% to 

3.26%, while SS-PV-B decreases from 11.69% to 4.81%. 

The bus associated with the industrial motor records a 

THD value approaching 0%, indicating that harmonic 

distortion at the motor terminal has been effectively 

eliminated. This condition contributes to improved 

equipment performance, lower thermal stress, and enhanced 

operational reliability. In addition, the PV-connected bus 

exhibits a reduction in THD from 11.69% to 4.81%, while 

the solar panel bus records a THD value of 4.72%. These 

values satisfy the maximum harmonic distortion limit 

recommended by IEEE Std 519-2014. 

The High-Pass Filter installed at the non-linear load bus 

plays an important role in attenuating higher-order 

harmonics that cannot be fully absorbed by the Single-Tuned 

Passive Filter. While the STPF is designed to target the 

Bus/Location Voltage Level THD (%) 

Grid Side SS-01A 150 kV 0.04 

Grid Side SS-02A 150 kV 0.05 

PLTD Side SS-01B 11 kV 2.09 

PLTD Side SS-02B 11 kV 7.27 

Main Bus SS-04 20 kV 4.12 

Transformer SS-04A 0.4 kV 28.23 

Bus Industri SS-05A 3.3 kV 11.24 

Bus Industri SS-05B 3.3 kV 4.11 

Bus Industri SS-05C 0.4 kV 16.03 

PV Bus SS-PV-B 0.4 kV 11.69 

Solar Panel Bus 0.4 kV 4.83 
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dominant harmonic frequency produced by the VFD, the 

HPF provides additional harmonic suppression over a 

broader frequency range. The combination of both filters 

results in a more comprehensive harmonic mitigation 

strategy and improves the overall effectiveness of the 

harmonic reduction process. 

The utility grid side and generator side maintain very low 

harmonic distortion levels, with THD values remaining 

below 1%. This condition indicates that the harmonic 

currents generated by non-linear loads are effectively 

confined within the filtered section of the system and do not 

significantly affect the upstream power supply network. 

Overall, the simulation results confirm that the combined 

application of the Single-Tuned Passive Filter and High-Pass 

Filter effectively improves power quality by reducing 

harmonic distortion throughout the electrical distribution 

system. Most buses operate within the harmonic limits 

specified in IEEE Std 519-2014, demonstrating that the 

proposed filtering configuration is capable of mitigating 

harmonics generated by VFDs and other non-linear loads 

while maintaining stable system operation. 

The results demonstrate effective harmonic-voltage 

attenuation for the documented operating condition. 

However, the numerical contribution of the STPF and HPF 

cannot be separated without individual filter-only 

simulations, and no claim is made regarding resonance 

avoidance, system-loss reduction, reliability improvement, 

or equipment lifetime because those quantities were not 

directly evaluated. 

The simulation results also indicate that the coordinated 

operation of the STPF and HPF enhances the overall 

harmonic performance of the distribution network by 

reducing harmonic propagation across interconnected buses. 

This improvement contributes to more stable voltage 

conditions, decreases the risk of excessive equipment 

heating, and minimizes additional power losses caused by 

harmonic currents. Furthermore, the achieved THD values 

demonstrate that the proposed filter configuration provides 

an effective and practical solution for industrial power 

systems with significant nonlinear loads, supporting reliable 

system operation and long-term compliance with IEEE Std. 

519-2014. 

Based on Table 3, the largest documented THD_V 

reduction is 95.45% at SS-05C. Significant reductions are 

also observed at SS-03A, SS-03B, and SS-02B. The results 

quantify the net performance of the combined filter 

configuration but do not establish global placement 

optimality. 

The industrial bus (SS-05A), which is directly affected by 

the VFD operation, experiences a reduction in THD from 

11.24% to 3.26%, satisfying the IEEE Std 519-2014 limit of 

5%. Likewise, the PV-connected bus (SS-PV-B) records a 

reduction from 11.69% to 4.81%, indicating that the 

harmonic impact on the photovoltaic subsystem has been 

successfully mitigated. 

Overall, the filtering configuration effectively improves 

system power quality and enables most buses to operate 

within the recommended harmonic distortion limits specified 

by IEEE Std 519-2014. 

Table 3 

Comparison of THD Values Before and After Filter Installation 

 

4.3 Harmonic-Voltage Screening Relative to IEEE Std 

519 

IEEE Std 519 specifies harmonic limits at the Point of 

Common Coupling (PCC). Because the contractual PCC is 

not explicitly documented in the available system dataset, 

this section uses the 5% voltage-THD value only as an 

internal screening reference for assessed buses below 69 kV. 

The simulation results obtained before filter installation 

indicate that several buses exceeded the recommended IEEE 

limit. High THD levels were primarily observed at buses 

located near the non-linear loads and VFD system. The 

highest distortion was recorded at bus SS-05C with a THD 

value of 16.03%, followed by SS-PV-B with 11.69% and SS-

05A with 11.24%. These values demonstrate the significant 

impact of harmonic-producing loads on the electrical 

distribution system. 

The implementation of the Single-Tuned Passive Filter 

(STPF) and High-Pass Filter (HPF) significantly improved 

the harmonic performance of the system. Most buses 

experienced substantial reductions in THD and successfully 

complied with the IEEE Std 519-2014 requirements. The 

industrial bus SS-05A, for example, recorded a reduction 

from 11.24% to 3.26%, while bus SS-05C decreased from 

16.03% to 0.73%. Similar improvements were observed at 

the main distribution bus and the generator-side buses. 

Table 4 summarizes the internal harmonic-voltage 

screening before and after filter installation. The 150-kV 

grid-side values are retained for reference and should not be 

classified using the same 5% threshold applied to buses 

below 69 kV. 

 

Bus / 

Location 

Voltage 

Level 

THD 

Before (%) 

THD 

After (%) 

Reduction 

(%) 

SS-01A 

(Grid Side) 

150 kV 0.04 0.00 100.00 

SS-02A 
(Grid Side) 

150 kV 0.05 0.01 80.00 

SS-03A 20 kV 11.57 0.79 93.17 
SS-01B 

(PLTD 

Side) 

11 kV 2.09 0.56 73.21 

SS-02B 

(PLTD 

Side) 

11 kV 7.27 0.55 92.43 

SS-03B 20 kV 11.57 0.79 93.17 

SS-04 
(Main 

Bus) 

20 kV 4.12 1.87 54.61 

SS-PV-A 0.4 kV 11.23 3.26 70.97 

SS-05A 

(Industrial 

Bus) 

3.3 kV 11.24 3.26 70.99 

SS-05B 

(Industrial 

Bus) 

3.3 kV 4.11 0.73 82.24 

SS-05C 0.4 kV 16.03 0.73 95.45 

SS-PV-B 0.4 kV 11.69 4.81 58.85 

Panel 

Surya Bus 

0.4 kV 4.83 4.72 2.28 
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Table 4 

Compliance Assessment Based on IEEE Std 519-2014 

Bus THD 

Before 

(%) 

THD 

After 

(%) 

IEEE 

Limit 

(%) 

Before 

Filter 

After 

Filter 

SS-01A 0.04 0.00 5.0 Comply Comply 

SS-02A 0.05 0.01 5.0 Comply Comply 

SS-03A 11.57 0.79 5.0 Not 
Comply 

Comply 

SS-01B 2.09 0.56 5.0 Comply Comply 

SS-02B 7.27 0.55 5.0 Not 

Comply 

Comply 

SS-03B 11.57 0.79 5.0 Not 

Comply 

Comply 

SS-04 4.12 1.87 5.0 Comply Comply 

SS-PV-

A 

11.23 3.26 5.0 Not 

Comply 

Comply 

SS-05A 11.24 3.26 5.0 Not 
Comply 

Comply 

SS-05B 4.11 0.73 5.0 Comply Comply 

SS-05C 16.03 0.73 5.0 Not 

Comply 

Comply 

SS-PV-
B 

11.69 4.81 5.0 Not 
Comply 

Comply 

Panel 

Surya 
Bus 

4.83 4.72 5.0 Comply Comply 

 

Based on Table 4, six buses exceeded the IEEE Std 519-

2014 limit before the installation of harmonic filters, namely 

SS-03A, SS-02B, SS-03B, SS-PV-A, SS-05A, SS-05C, and 

SS-PV-B. These buses were directly influenced by harmonic 

currents generated by the VFD and other non-linear loads. 

Excessive harmonic distortion at these locations may lead to 

increased power losses, transformer overheating, reduced 

equipment lifespan, and voltage waveform distortion. 

The installation of the STPF and HPF successfully 

reduced harmonic distortion to acceptable levels at all buses. 

Following the implementation of the filtering system, all 

buses recorded THD values below the maximum limit of 5%, 

indicating full compliance with IEEE Std 519-2014. The 

results confirm that the proposed filter configuration 

effectively mitigates harmonics and significantly improves 

the power quality of the electrical distribution system. 

The compliance assessment demonstrates that the 

combined use of Single-Tuned Passive Filters and High-Pass 

Filters provides an effective and reliable solution for 

harmonic reduction in distribution systems containing VFDs 

and other non-linear loads. Consequently, the proposed 

filtering scheme can be considered suitable for maintaining 

harmonic levels within acceptable standards while 

enhancing the overall operational performance and 

reliability of the electrical network. 

4.4 Combined Filter Performance Evaluation 

The performance of the proposed harmonic mitigation 

system was evaluated by analyzing the reduction of Total 

Harmonic Distortion (THD) throughout the electrical 

distribution network. The filtering configuration consists of 

a Single-Tuned Passive Filter (STPF) and a High-Pass Filter 

(HPF), which operate together to suppress harmonic currents 

generated by the Variable Frequency Drive (VFD) and other 

non-linear loads. 

The Single-Tuned Passive Filter was designed to target 

the dominant harmonic frequency generated by the VFD. By 

providing a low-impedance path at the tuned harmonic 

frequency, the STPF absorbs a significant portion of the 

harmonic current before it propagates through the 

distribution network. This mechanism effectively reduces 

harmonic distortion at buses located near the harmonic 

source. 

The High-Pass Filter complements the operation of the 

STPF by attenuating higher-order harmonics that are not 

effectively eliminated by the tuned filter. Unlike the STPF, 

which focuses on a specific harmonic order, the HPF 

provides harmonic suppression over a wider frequency 

range. Consequently, the combined filtering scheme is 

capable of mitigating both low-order and high-order 

harmonics, resulting in a more comprehensive improvement 

in power quality. 

The strongest reduction at SS-05C indicates that the 

selected filter configuration is particularly effective for the 

low-voltage section associated with the nonlinear load. The 

different reduction levels among buses reflect the combined 

influence of filter location, harmonic current injection, and 

network impedance. 

The effectiveness of the filtering system can also be 

observed from the overall compliance with IEEE Std 519-

2014. Prior to filter installation, several buses exceeded the 

allowable THD limit of 5%. Following the implementation 

of the STPF and HPF, all buses achieved THD values below 

the recommended limit, indicating that the proposed filtering 

scheme successfully improves power quality and system 

reliability. In addition, the reduction of harmonic distortion 

minimizes the adverse effects of nonlinear loads, such as 

transformer overheating, excessive power losses, and 

premature equipment aging. These results demonstrate that 

the combined application of STPF and HPF provides an 

effective and practical solution for harmonic mitigation in 

industrial power distribution systems while ensuring stable 

and reliable network operation. 

Table 5 

Filter Performance Evaluation 

Bus THD Before (%) THD After (%) THD 

Reduction 

(%) 

SS-

03A 

11.57 0.79 93.17 

SS-
02B 

7.27 0.55 92.43 

SS-04 4.12 1.87 54.61 

SS-
05A 

11.24 3.26 70.99 

SS-

05B 

4.11 0.73 82.24 

SS-
05C 

16.03 0.73 95.45 

SS-

PV-B 

11.69 4.81 58.85 

 

Based on Table 5, the highest harmonic reduction is 

achieved at bus SS-05C with a reduction of 95.45%, 

followed by buses SS-03A and SS-02B with reductions 

exceeding 92%. The industrial bus SS-05A, which is directly 
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connected to the VFD, records a reduction of approximately 

71%, demonstrating the effectiveness of the filtering system 

in mitigating harmonics at the primary harmonic source. 

Overall, the results demonstrate that the combined 

application of the Single-Tuned Passive Filter and High-Pass 

Filter provides effective harmonic mitigation throughout the 

electrical distribution system. The significant reduction in 

THD values and full compliance with IEEE Std 519-2014 

confirm the suitability of the proposed filtering configuration 

for improving power quality in systems containing non-

linear loads and power electronic converters. 

4.5 Discussion 

The reduction pattern can be explained by the interaction 

between filter location, harmonic-current injection, and 

network impedance. Buses electrically close to the filtered 

nonlinear-load sections experience larger reductions because 

a greater portion of harmonic current is diverted through the 

filter branches before propagating upstream. The smaller 

reduction at the solar-panel bus shows that the same filter 

configuration does not affect all network locations equally. 

The results are qualitatively consistent with previous 

passive-filter planning studies, which show that mitigation 

effectiveness depends on both filter tuning and electrical 

location. Direct numerical comparison is limited because 

published studies use different networks, harmonic spectra, 

filter ratings, and optimization objectives. Future work 

should therefore include complete filter R-L-C data, 

individual harmonic spectra, frequency-scan analysis, 

separate STPF-only and HPF-only cases, multiple operating 

conditions, and field or independent-model validation. 

5. Conclusion 

This study evaluated a selected combined passive-filter 

configuration in an ETAP model of a multi-voltage electrical 

distribution system. The analysis is intentionally framed as a 

practical case study rather than a new optimization method. 

In the baseline case, the highest documented bus-voltage 

distortions were THD_V = 16.03% at SS-05C, 11.69% at 

SS-PV-B, and 11.24% at SS-05A. The 28.23% value shown 

near the transformer branch was treated separately as current 

distortion (THD_I). 

With the combined filter configuration, THD_V 

decreased to 0.73% at SS-05C, 3.26% at SS-05A, and 4.81% 

at SS-PV-B. These results demonstrate effective harmonic-

voltage mitigation for the documented operating condition. 

Formal IEEE 519 compliance cannot be claimed without 

explicit PCC identification and the applicable current-

distortion criteria. Likewise, global optimality, resonance 

avoidance, loss reduction, reliability improvement, and 

robustness under changing operating conditions are not 

established by the available dataset. 

The specific contribution is therefore a transparent ETAP 

case assessment with consistent before-and-after harmonic-

voltage reporting. Future work should report complete filter 

parameters, harmonic spectra, frequency scans, individual 

filter-only cases, multiple operating conditions, 

optimization-based placement, and field or independent-

software validation. 
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