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Abstract 

Solar photovoltaic (PV) technology is increasingly gaining attention in South Africa due to its 

low maintenance and operating costs, as well as its ability to address power outages. However, 

both grid-tied solar PV systems and non-linear loads introduce harmonic currents into the grid, 

which can significantly impact power quality. These harmonics lead to distortions in the 

voltage and current waveforms of the grid network.  

However, regardless of the harmonics introduced into the grid network, a weak grid network 

can also adversely affect the performance of grid-tied solar PV systems. Many studies have 

examined the power quality issues of these solar PV systems without accounting for the 

negative effects of a weak grid-network itself. The strength of a grid network can vary based 

on the geographical area and the point of common coupling (PCC) where the renewable energy 

system connects to the grid. The grid's strength is determined by its source impedance, which 

encompasses all the equipment involved in power transmission, including transmission cables, 

transformers, and other components. 

The purpose of this dissertation is to design and implement four-star branch RCL passive filter 

that will eliminate harmonics generated by PV grid-tied system and nonlinear loads in a weak 

or good grid-network. Furthermore, the effects of a weak grid network have been examined to 

ensure that the designed filter effectively minimizes total harmonic distortion (THD) within 

the system, because of non-linear load, solar PV and weak grid-network. A power simulation 

(PSIM) software has been used to model a grid-tied solar PV network supplying nonlinear 

loads in order to analyse the harmonics, as well as designing the proposed RCL passive filter. 

Fast Fourier Transform (FFT) and THD functions of the software are used as a baseline 

parameter to analyse the simulation results.  
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The study's findings showed that by integrating a weak grid-network with a solar PV system 

supplying non-linear loads can lead to increased THD in both current and voltage waveforms, 

compared to a strong grid-network. It is of great significance to analyse the quality of a grid 

network before designing a passive filter to be used to mitigate the harmonics injected by a 

power generation system.  

In this study, the designed filter has proved to effectively reduce the THD injected by a 

combination of solar PV system, weak grid-network and non-linear loads, using four branch 

RLC filter connected to a three-phase four-wire inverter, using PSIM simulator/software. The 

results showed that the designed filter managed to drastically reduce the %THD of both current 

and voltage waveforms from 91.5 % to 3.6 % and from 38% to 5.7%, respectively. Under a 

strong grid-network, the %THD were reduced from 41.7 % to 2.7 % and from 10 % to 3.7 % 

THD, respectively. For both cases, the minimum allowable limit set by IEEE standards for low 

voltage system (<1 kV) was met. The designed filter proved to successfully mitigate the 

harmonics from the worst-case scenario (strong grid-network) to a more favourable one (strong 

grid-network).   
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CHAPTER 1: INTRODUCTION 
 

1.1. Background 
 

South Africa faces a continuous energy crisis due to an imbalance between electricity supply 

and demand, resulting in frequent power outages that negatively affects economic activities. 

South Africa relies heavily on coal for energy production (69%), followed by crude oil (14%), 

renewables (11%), gas (3%), and nuclear (3%) [1]. While Eskom and Independent Power 

Producers (IPPs) contribute to the energy supply in the country, the current generation capacity 

remains insufficient. 

 Globally, an increase in greenhouse gases and growing electricity demand have encouraged 

the deployment of renewable energy systems as a sustainable and viable means of energy 

supply. South Africa have signed a Kyoto Protocol and Paris Agreement to reduce greenhouse 

gas emission level and to accelerate the adoption of renewable energy technologies, particularly 

sola photovoltaic (PV) systems which are among the cleanest energy sources [2]. Grid-tied 

solar PV systems allow consumers to offset their energy costs and export excess power to the 

grid, increasing public interest in rooftop installations [3].  

However, integrating solar PV into the grid introduces challenges such as harmonic distortion, 

especially when nonlinear loads and power electronic converters are involved. These 

harmonics can degrade power quality, cause voltage fluctuations, and stress utility 

infrastructure [4].  

Grid impedance that is determined by the geographical distance from the power generation 

sources varies across the regions. High source impedance can induce voltage drops and 

instability while low impedance may enhance the power flow. Hence, grid impedance in urban 

and remote areas is not the same [5]. Conductors, transformers, connections, and power devices 
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are the major factors that determine the utility impedance of the area. A high source impedance 

is known as a weak grid-network and may negatively affect the total harmonic distortion (THD) 

in a distributed generation system. Hence, a study needs to be undertaken to evaluate the impact 

of a weak grid network on THD when integrated with a solar PV system.  

The local utility grid companies are given a THD limits and standards to control the harmonics 

injected into the network by each consumer. According to IEEE 519-1992 standards, the 

allowable maximum THD limits in system voltages of 1kV or less is 5% for current and 8% 

for voltage [6]. Harmonics minimization can be achieved by using passive or active filters. 

Passive filters are designed using passive elements such as resistors, inductors, and capacitors, 

while active filters are designed using active elements such as transistors and diodes. [7] [8].  

Several studies have been conducted to eliminate harmonics generated by solar PV systems 

and nonlinear load. However, these studies did not take the impact of a utility network 

impedance into consideration when connected to a grid-tied solar PV system. It is essential to 

consider the effects of the utility network impedance, as it directly reveals the overall quality 

of the network itself. Hence, in this study, the impact brought by the weak grid-network 

coupled to a solar PV system supplying a non-linear load will be investigated to design a 

passive filter. The passive filter should effectively minimize the THD injected by the 

combination of solar PV system, weak grid-network, and non-linear loads. This will be 

achieved by modelling the entire system to analyse the dominant harmonic orders to be 

eliminated by the designed passive filter. 

1.2. Problem Statement 
 

Solar PV systems and nonlinear loads in a three-phase four-wire system, distort the supply 

current and results in high neutral currents. They reduce electrical equipment lifespan and 

protection devices lose their sensitivity. Several research studies based on the use of passive 
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filters to eliminate harmonics in solar PV systems were undertaken. However, because utility 

impedance varies depending on geographic location, these research did not account for it. This 

determines the power quality of the network. In remote or rural areas, source impedance tends 

to be high, primarily due to the distance of the transmission lines and the network equipment 

used to deliver power from the generation station to rural areas. 

Hence, this study proposes a filter designed to effectively reduce the THD injected by a 

combination of solar PV system, weak grid-network and non-linear loads. The filter 

performance will be studied under both weak and strong grid network. The RCL (Resistor-

Capacitor-Inductor) filter connected to a three-phase four-wire inverter is proposed in this 

study. The inverter and the grid network will consist of three AC live conductors and the neutral 

conductor. 

1.3. Objectives of the Study 
 

The aim of this research is to propose and design a suitable filter that will eliminate harmonics 

injected by a combination of solar PV system, weak grid-network, and non-linear loads. The 

filter will be applicable to small-scale PV solar systems that are not more than 1 MW in size. 

This will assist in improving the life span of the appliances. 

Below are the specific objectives of this research: 

I. To further investigate different passive filters literatures aimed to eliminate harmonics 

in grid-tied solar PV system. 

II. To model the grid-connected solar PV system on PSIM, as well as to analyse the 

dominant harmonic orders to be eliminated when the system is connected to a weak or 

strong grid-network.   

III. To analyse the dominant harmonics in the modelled grid-connected solar PV system.  
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IV. To propose and design a passive RLC filter that will effectively reduce the total 

harmonic distortion in both current and voltage waveforms of the proposed grid-

connected solar PV system. 

V. To present the findings of the study in the detailed report.  

1.4. Research Methodology 
 

This methodology outlines the process to achieve the research objectives: 

I. Literature survey: A comprehensive survey of different literatures that use passive 

filters to eliminate harmonics in grid-tied solar PV systems will be carried out. The 

findings will be discussed and the gaps not covered by these studies will be highlighted. 

II. System modelling and simulation: A grid-connected PV solar system will be 

modelled using the PSIM software package. The simulations will be carried out to 

analyse the impact of non-linear loads in the modelled solar PV system connected to a 

weak and to a strong grid-network. The influence of non-linear loads and grid-network 

impedance will be identified. 

III. Harmonic analysis: Analyse the dominant harmonics in the modelled grid-connected 

solar PV system supplying non-linear load. The dominant harmonics will be analysed 

under both strong and weak grid-network cases through Fast Fourier Transform (FFT) 

to determine the %THD in both current and voltage waveforms. 

IV. Filter design: A passive RLC filter will be analytically designed using classical filter 

design equations. Design parameters will be tailored based on the dominant harmonic 

orders observed. The filter’s effectiveness will be validated by comparing pre- and post-

filter THD values.  
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V. Dissertation writing: The results of the study will be included in the dissertation, 

presented at the conference and published in the journal.  

1.5. Hypothesis 

 
1. Total harmonic distortion will be reduced using the designed passive filter for a grid-

tied solar PV system connected to either a weak or strong grid-network.  

2. The filter will ensure THD levels remain within IEEE 519-1992 standards—

specifically, below 5% for current and below 8% for voltage in systems rated at 1kV or 

less. 

3. The expected lifespan of the load appliances will be preserved, and the likelihood of 

conductor burns, and unexpected trips of protection devices will be reduced. 

1.6. Limitation of the Study 

 
1. Solar PV system with energy storage systems will not be covered in the study. 

2. The inverter and the grid network will be modelled as a three-phase system with a line 

voltage of 400Vac since single-phase will not be considered in this study. 

1.7. Contribution to Knowledge 
 

This study will be published to increase awareness among researchers about the impact of a 

weak grid network on a solar PV system supplying non-linear loads. While passive filters are 

a well-established solution for harmonic mitigation, this research introduces a novel dimension 

by quantifying their performance under varying grid strengths. The study offers a systematic 

approach to evaluating the impact of utility source impedance on THD and proposes a filter 

solution robust across both weak and strong grid conditions. The findings can guide filter sizing 

strategies tailored to geographical grid profiles and improve reliability in distributed energy 

© Central University of Technology, Free State



6 
 

systems. It aims to fill the gap in previous research that overlooked the influence of utility grid 

impedance on THD. 

1.8. Research Output 
 

Published Papers:  

Neku S, Koko SP, “Impact of a Weak Grid-network on a Grid-tied Solar Photovoltaic System 

Supplying a Non-linear Load”. In 2023 International Conference on Electrical, Communication 

and Computer Engineering (ICECCE) (pp. 1-6). IEEE, 29-31 December 2023. 

Neku S, Koko SP, “A Four-Branch RLC Filter for a Grid-Tied Solar Photovoltaic System 

Coupled to a Weak Grid Network.” In 2025 15th International Renewable Energy Congress 

(IREC), (pp. 1-6). IEEE, 02-04 February 2025. 

Neku S, Koko SP, “A Recent Review of Passive Filters as Used in Solar Photovoltaic-Based 

Systems to Mitigate Harmonics.” In 2025 15th International Renewable Energy Congress 

(IREC), (pp. 1-6). IEEE, 02-04 February 2025. 

1.9. Outline of the Dissertation  
 

Chapter 1:  This chapter covers introduction of the dissertation. It presents background, 

problem statement, research objectives, methodology that will be conducted to complete the 

study, hypothesis, and research outputs. 

Chapter 2: This chapter will consist of a network study. The circuits to be discussed in this 

research will be simulated and investigated, and different circuit scenarios will be considered. 

A scenario of a linear load (pure resistive) connected to a grid with no solar PV system on the 

network will be simulated, and all power quality parameters such as voltage waveforms, current 

waveforms and frequency will be analysed. Similarly, the network will be modelled where the 

PV system is connected to the grid with source impedance not ignored while supplying non-
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linear loads. The simulations will give evidence of network behaviour towards harmonic 

generation when the PV system is connected to the grid, supplying non-linear loads 

Chapter 3: This chapter will consist of network study. The circuits to be discussed on this 

research will be simulated and investigated in this chapter. Different scenarios of the circuits 

will be considered on this chapter, a scenario of a linear load (pure resistive) connected to a 

grid with no PV solar system on the network will be simulated and all power quality parameters 

such as voltage waveforms, current waveforms and frequency will be analysed. Similarly, the 

network will be modelled where PV system is connected to the grid with source impedance not 

ignored supplying nonlinear loads. The simulations will give evidence of network behaviour 

towards harmonic generation when PV system is connected to grid, supplying nonlinear loads. 

Chapter 4: This chapter will cover the actual design of the harmonic filter. It will elaborate on 

the formulas to be used and cover all the derivations of each formula. A brief explanation will 

be given of the specific type of harmonic filter to be used and its benefits compared to other 

filters. Equivalent circuits of the network and line diagrams of the filter to be designed will be 

presented. The effectiveness of the four-branch star passive filter will also be discussed. 

Comparisons of the results will be drawn between when the filter is not installed and when the 

filter is present. 

Chapter 5: Study conclusion and future recommendations will be covered in this chapter. 
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CHAPTER 2: LITERATURE REVIEW 
 

2.1. Introduction 
 

This chapter critically reviews the current challenges in South Africa's electricity system, the 

role of nonlinear loads in power quality deterioration, and the characteristics of different solar 

PV system configurations. A strong emphasis is placed on the sources and effects of power 

system harmonics and the methodologies used in passive filter design. The section concludes 

with a critical comparison of recent studies involving the use of passive filters in both 

standalone and grid-connected solar PV systems, identifying methodological gaps and 

synthesizing key findings. 

2.2. Electricity challenges in South Africa 

South Africa is currently facing a significant energy crisis driven by frequent grid outages and 

rising electricity prices. Hence, South African consumers are not encouraged to rely solely 

from grid power as a prime source energy. There is a need for alternative power supplies such 

as renewable energy systems to act as a backup and reduce electricity bills. Solar PV system is 

one of the best technologies to be used due to its low maintenance and operation cost as well 

as the high solar radiation level available in South Africa. However, integrating solar PV 

systems into the existing grid presents power quality concerns, especially with regard to 

harmonic pollution caused by inverter-based and nonlinear loads. 

If the harmonics are not maintained within the IEEE allowable standards, they could have a 

huge negative impact on the sensitive equipment in the grid network which includes protection 

equipment such as relays, which might take unrealistic values and lose their sensitivity.  
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2.3. Nature of nonlinear loads 
 

Non-linear loads are defined as loads that require power conversion from the AC supply for 

them to operate at maximum capability. Non-linear loads are loads that vary in impedance 

when sinusoidal voltage is applied. The supplied sinusoidal voltage results in non-sinusoidal 

flow of current [9]. It is expected that 10 years from now, more than 60% of the load connected 

to the grid will be non-linear loads; the estimated non-linear load growth includes the 

residential sector’s appliances. AC from the grid is converted to DC for these loads to operate. 

These loads include computers, printers, TVs, microwaves, etc. Non-linear loads are harmonic-

producing loads; they can affect sensitive loads connected to the network if there is high 

distortion on the voltage waveforms. Generally, the grid-network is designed to operate closely 

to sinusoidal voltage and current with constant frequency. The local grid codes and standards 

determine the magnitude of the network voltage and frequency; all appliances and machinery 

are designed based on the local network standards where they will be operating. The severity 

of the voltage distortion because of harmonic-producing loads is based on the source 

impedance and the amount of harmonic current injected into the network [10].  

Several types of non-linear loads can be found in the residential and the commercial sector. A 

high percentage of these non-linear loads are essential to human beings and to the economic 

growth of the country. Companies in the commercial space use large machines to keep 

production running, offices use computers to keep their businesses operating and residents use 

appliances in their daily lives. Most of these loads draw dirty power from the network and 

continue to make it dirtier due to the load’s power conversion for it to operate; such loads are 

called non-linear loads.  

Examples of non-linear loads in the residential sector include TVs, monitors, battery chargers, 

fans with electronic regulators, air conditioners, refrigerators, washing machines, adjustable 
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speed drivers, etc. [10]. Examples of non-linear loads in the commercial and industrial sectors 

include cycloconverters, arc furnaces, switching mode power supplies, chopper circuits, 

silicon-controlled rectifiers, computers, copy machines, etc. [9]. The distorted current 

waveforms drawn by non-linear linear loads are shown in Figure 2.1 below. 

 

Figure 2.1: Distorted current waveforms drawn by nonlinear linear loads [7]. 

 

2.4. Nature of linear loads 
 

Linear loads are described as types of loads that do not produce harmonic distortion to the 

network when powered or connected to the network. The linear loads, when supplied by a 

sinusoidal source at the fundamental frequency, produce fair sinusoidal current without 

distorting the network voltage and current waveforms [11].   

Examples of linear loads include induction motors, synchronous motors, power factor 

improvement capacitors, incandescent lamps, heaters, etc. [9]. The load current does not 

contain harmonics and, at any given time, is proportional to the voltage [11]. Figure 2.2 shows 

the current waveform drawn by the linear load. In a balanced three-phase network, the neutral 

current is zero [12]. 
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Figure 2.2: Ideal current waveform drawn by the linear load [14] 

 

2.5. PV Solar System 
 

The PV solar system is the type of technology used to generate power; it simply converts 

sunlight into usable electricity. Irradiance from the sun is directed to the solar panel cells, 

and solar panels start to generate DC power. The amount of DC power generated by the solar 

panels depends on many factors: weather conditions (rain, cloud cover, etc.), shading or 

the angle of the panels facing the sun. In good weather, with solar panels facing north in the 

southern hemisphere, the solar panel will generate power at its optimum operation [13].  

The DC power is then transported to a charge controller or maximum power point tracker 

(MPPT) and thereafter transported to an inverter where DC power is converted to usable AC 

power. The AC power can be transported to the grid network, storage system or directly to the 

load depending on the PV system configuration or power demand. SSEG application is done 

first before commencing with the solar installation. This is to protect the grid network 

and ensure the solar plant will abide by the local grid standards and regulations. In the SSEG 

application, a grid study is conducted where the size of the solar system to be installed is 

checked, the power factor of the system, acceptable harmonics that can be pushed to the grid, 

frequency, voltage, and other power quality standards. Once the SSEG application has been 

© Central University of Technology, Free State



12 
 

approved, the municipality or power supplier issues a letter of approval for the installation to 

commence. 

The PV solar system consists of various components; these include the solar panel mounting 

structure, solar panels, rated DC cables, DC cable trays, DC fuses, DC surge protectors, rated 

DC isolators, charge controllers, MPPT, inverters, AC cables, AC cable ladders, motorized 

circuit breakers, batteries, AC isolators and communication devices for monitoring the plant. 

There are three main configurations of the PV system: off-grid system, grid-tied system, and 

hybrid system. The different PV solar systems with or without battery storage are represented 

in Figure 2.3 below [13]. 

 

Figure 2.3: Different types of PV solar systems [13] 

 

A client with an approved SSEG application has a privilege to feed excess power back to the 

grid.  A client with some shared LV feeders from the supplier has generation limit of 25% of 

their NMD capacity, this is allowed up to maximum of 20 kVA.  Any generator greater than 
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20 kVA must have its own dedicated feeder [14]. In commercial scale solar plant with PPA 

contract, the IPP sells power to the utility owner based on agreed tariffs. There is also an option 

of wheeling when the wheeling contract is in place. Wheeling is whereby the generated power 

by a private operator in one location is being sold is being sold to a buyer on different location 

through third party’s network [15] 

 

2.5.1. Grid-tied PV solar system 

 

The grid-tied solar system is a solar system that does not have battery storage installed. The 

inverters convert DC power from the solar panels directly to the grid and load of the network. 

The inverters need to meet certain power quality requirements that must be approved by the 

municipality or power supplier for installation. The most critical functionality checked on the 

inverters is the ability of the inverter to anti-island. This means that when there is a power 

outage on the grid for whatever reason, the inverter must not export power to the grid. The anti-

islanding functionality is done by the contactor inside the inverter, software limiting parameters 

and the two ABB motorized breakers with an ABB relay. 

The grid-tied PV system sizes range from small-scale residential 5 kW up to more than             

100 MW commercial plants. The system can be installed on the roof (roof mount), on the 

ground (ground mount), in car parking areas (carport) or in dams (floating system). The 

communication and monitoring of the system vary based on the type of technology used by the 

inverter, but standard communication protocols like RS485, RJ45, CAN, and DNP3 are used. 

The grid-tied system only produces power during the day. When the solar plant produces more 

power than required by the load, the excess power is exported to the grid through a bidirectional 

meter. The bidirectional meter runs backwards to credit the customer account, which is 

supported by a net-metering policy. When the solar plant produces less power than demanded 
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by the load, power is imported from the grid to meet the demand [16]. A grid-tied PV solar 

system is shown in Figure 2.4 below [17]. 

                                      

Figure 2.4: Grid-tied PV solar system [17] 

 

2.5.2. Hybrid PV solar system 

 

A hybrid PV solar system consists of solar panels, batteries for storage, and a grid connected 

via the inverter. The generated power is fed to the load and to the utility grid, with the inverter 

having the capability to anti-island when the grid is not available [18]. This kind of system has 

an intelligence and algorithm that enables it to switch between using solar power, battery 

storage or grid power. The batteries can be charged by the solar panels and the grid when the 

batteries are below the desired state of charge. The main objective of this kind of system is to 

minimise using grid power and to reduce monthly electricity bills. The hybrid system consists 

of other installation equipment such as a PV solar module mounting structure, AC and DC 
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cables, string combiner boxes, AC distribution box, DC and AC surge protective devices, 

earthing, metering system, monitoring system, etc. [18]. Grid compliance and IP rating of each 

piece of equipment/device must be carefully considered when selecting or sizing the equipment 

for the installation. Figure 2.5 demonstrates a hybrid PV solar system on a residential scale 

[19]. 

 

Figure 2.5: Hybrid PV solar system in a residential scale [21]. 

 

2.5.2.1. Off-grid PV solar system 

 

An off-grid solar system is a stand-alone solar system that is not fully connected to the grid.  

Storage equipment, such as the batteries, are the critical components of this kind of system.  

The batteries of the system can either be charged by the solar panels or by a generator when 

the state of charge of the batteries is too low and solar panels are not producing enough power 

to charge the batteries; the batteries can also be charged by solar panels and the generator 

simultaneously [13]. When designing an off-grid solar system, the load behaviour and 

autonomy ratio take priority. The autonomy ratio refers to the duration the batteries can supply 

the load without charging the batteries, this gives an indication of the duration that the batteries 
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can last on bad weather days without being charged [13]. To obtain a high autonomy ratio and 

high own consumption ratio, the PV system and batteries must be sized precisely and enlarged. 

The off-grid PV system consists of PV solar modules, inverter, batteries, diesel generator, PV 

solar module mounting structure, AC and DC cables, string combiner boxes, AC distribution 

box, DC and AC surge protective devices, monitoring system, etc. The size of the system is 

dependent on the solar user’s load profile. The technology and type of equipment to be selected 

for an off-grid installation depends on the project budget. For a well-designed off-grid system, 

a diesel generator that can power the loads without the help of solar is advisable. This assists 

during solar system failure; the system can run in bypass mode and allow the generator to 

power the loads. Figure 2.6 demonstrates off-grid PV solar system on a residential scale [20]. 

 

Figure 2.6: Off-grid PV solar system in a residential scale [22]. 
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2.6. Understanding power system harmonics 
 

Power systems and electrical machinery are designed to operate at frequencies of 50 Hz or 60 

Hz with pure sinusoidal waveforms of voltage and current. However, certain types of loads 

such as nonlinear loads produce currents and voltages with frequencies that are integer 

multiples of the fundamental frequency (50 or 60 Hz). These higher frequencies which are 

integer multiples of fundamental frequency are known as power system harmonics, they pollute 

the network and distort the system waveforms [21]. Power system harmonics are a steady-state 

problem that produce continuous distortion of voltage and current waveforms, harmonics are 

worse than transient events such as lightning or voltage sags that lasts few microseconds [21]. 

Fourier analysis is used to present non-sinusoidal waveforms in one graphical periodic 

waveform with all the harmonic orders present, the highest harmonic interest is normally 25th 

multiple harmonic order. The total harmonic distortion (THD) is the measure used to measure 

how distorted the current and voltage waveforms are on the power system [21]. Table 2.1 shows 

the ideal harmonic phase sequence in a balanced three phase power system [21]. 

Table 2.1: Ideal Harmonic phase sequence in three phase power systems [21]. 

Harmonic Phase sequence 

1 + 

2 - 

3 0 

4 + 

5 - 

6 0 

… … 
 

It should be noted that the harmonic multiples of three are zero sequence harmonic order. They 

result in being trapped on the neutral conductor. In a balanced three-phase, four-wire network, 

negative and positive harmonic orders sum up to zero on the neutral conductor, zero sequence 

orders are the only present harmonic orders on the neutral conductor since they are in phase 

© Central University of Technology, Free State



18 
 

with each other [22]. There are equations used to denote positive, negative and zero sequence 

harmonic orders. Positive is given by I1 = 6k + 1, negative given by I2 = 6k + 5 and zero given 

by i0 = 6k + 3, where I is the harmonic order and k = 0, 1, 2, 3… [22]. 

2.6.1. Sources of harmonics and harmonic standards 

 

There are several sources of power systems harmonics. The major source of harmonics is non-

linear loads, but conventional power equipment, such as transformers, motors, and generators, 

generates harmonics under normal operation and by switching transients. The sources of power 

systems harmonics are divided into two categories: saturable devices and power electronic 

devices [23]. The common harmonic current sources include power electronic converters, arc 

furnaces, static VAR systems, inverters, AC phase controllers, cycloconverters, AC-DC 

converters, and pulse width modulated (PWM) motor drives [24]. Harmonics in transformers 

are due to the residual or trapped influx after a severe fault, switching, high influx densities, 

winding connection, or grounding [9]. Power capacitors and transmission lines also contribute 

to the harmonics of the system. The power electronic circuits for non-linear loads that convert 

power from AC/DC or DC/AC generate a major percentage of harmonics to the network. 

The local power supply or grid owner has harmonic limits and standards that they issue to their 

customers. This helps the grid owner control the number of harmonics injected by each 

customer into the grid, and it enables the grid owner to maintain power quality standards. These 

limits apply at a point of common coupling (PPC) between the grid owner and the customer. 

Tables 2.2 and 2.3 show voltage harmonic limits for different voltage ranges and current 

harmonic limits in power systems that all consumers must abide by [24]. 
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Table 2.2:Voltage harmonic limits for low voltage and high voltage on the grid [26] 

Bus Voltage V at PCC Individual harmonic 

(%) 

Total harmonic 

distortion THD (%) 

V≤1.0 kV 5.0 8.0 

1 kV≤ V ≤ 69 kV 3.0 5.0 

69 kV ≤ V ≤ 161 kV 1.5 2.5 

161 kV < V 1.0 1.5 
  

Table 2.3: Current harmonic limits in a power system [26] 

Maximum harmonic current distortion in percent of IL 

Individual harmonic order (odd harmonics) a, b 

ISC/IL 3≤ h <11 11≤ h <17 17≤ h <23 23≤ h <35 35≤ h <50 TDD 

<20c 4.0 2.0 1.5 0.6 0.3 5.0 

20<50 7.0 3.5 2.5 1.0 0.5 8.0 

50<100 10.0 4.5 4.0 1.5 0.7 12.0 

100<1000 12.0 5.5 5.0 2.0 1.0 15.0 

>1000 15.0 7.0 6.0 2.5 1.4 20.0 
a Even harmonics are limited to 25% of the odd harmonic limits above. 

b Current distortions that result in a dc offset, e.g., half-wave converters are not allowed. 

c All power generation equipment is limited to these values of current distortion regardless of 

actual ISC/IL, where: 

ISC = maximum short-circuit current at PCC 

IL = Maximum demand load current (fundamental frequency component) at the PCC under   

normal load operating conditions 

 

2.6.2. Harmonic elimination strategies 

 

Harmonics minimisation in solar PV-based systems is achieved using power filters, such as 

passive or active filters. Passive filters are designed by using passive elements such as resistors, 

inductors, and capacitors, while active filters are designed by using active elements such as 

transistors and diodes. Passive filters have proved to be the main choice due to being the most 

economical and high-performing filters [6] [7]. Passive filters provide low impedance paths for 

harmonics and enable the harmonics to flow through the filter while preventing the harmonic 

orders from flowing to the grid [23]. The passive filter can be designed or tuned for single 

harmonic order or broadband harmonic orders. It all depends on the requirements for the filter 
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to be installed. The filter is positioned close to the harmonic generators to capture harmonics 

at the source and confine them to the point of common coupling (PCC), thereby protecting the 

grid and reducing harmonic emissions at the source. 

Different harmonic passive filter topologies can be installed on each phase: low-pass filters, 

band-pass filters, high-pass filters and band-stop filters. Low-pass and band-pass harmonic 

filters are used to filter out the lowest-order harmonics, such as the 5th, 7th, 11th and 13th 

harmonic orders. Band-pass filters can be single-tuned or double-tuned, meaning they can be 

configured to filter out one or two harmonic orders. A high-pass filter is used to filter high 

harmonic orders. The special high-pass filter, the C-type high-pass, is used to provide reactive 

power and avoid parallel resonance. Figure 2.7 below shows different passive filter topologies 

used to filter different harmonic orders, and Figure 2.8 demonstrates different filter bands based 

on each filter topology shown in Figure 2.7 [9]. 

 

Figure 2.7: Different passive filter topologies used to filter different harmonic orders [7] 
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Figure 2.8: Passive filter topologies used to filter different harmonic orders [9] 

 

2.6.3. Effects of harmonics 

 

A power network is designed to operate with sinusoidal voltages and currents, when that is 

not achieved it can negatively affect the grid. The following are some of the effects that 

comes with harmonics: 

I. Overloaded neutral conductor: In an ideal balanced three phase network without 

harmonics, neutral current is said to be zero. This will never be achieved due to 

harmonics, zero-sequence harmonics results in the neutral conductor and overloads the 

neutral conductor [23].  

II. Electrical equipment malfunction: Metering and sensitive instrumentation 

equipment can take incorrect readings. Close to resonance, higher harmonic voltages 

may cause sufficient error [9].   
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III. Excessive losses, over-voltages, excessive current and heating: Harmonic currents 

flowing in the conductors and electrical equipment cause heating effect, which results 

in overheating of the equipment and insulation derating of the conductors [25]. 

Distorted voltage causes increased eddy current losses in transformers and motors 

[23]. 

2.7. Impact of source impedance on voltage supply waveforms 
 

Source impedance is the impedance of the grid-network; it is dependent on the distance of the 

customer from the power generation station.  It includes all the equipment on the transmission 

lines, it is the total impedance of the transformers, transmission lines, etc. High impedances 

involve areas which are relatively far from the power generation station. High impedance can 

contribute to voltage sags, low voltage conditions, high frequency noise, transient impulses and 

harmonic voltages [5]. Figure 2.9 below demonstrates equipment that makes up source 

impedance. In a weak system where the source impedance is high, voltage distortion is high 

and can cause more problems if harmonic mitigation strategies are not implemented.   

                 

Figure 2.9: Equipment that makes up source impedance [5] 
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2.8. Recent studies on use of passive filters to mitigate harmonics in solar 

PV systems  
 

Recent studies have been conducted to minimize the harmonics in off-grid and grid-connected 

solar PV systems. The main aim of these studies, is to study the impact of the passive filter in 

minimizing the THD. This review will look at the method and simulation tools used for power 

quality improvement as well the attained results. 

2.8.1. Off-grid solar PV system 
 

Adak et al. [7] designed, modelled and simulated a passive LLCL filter for an off-grid solar 

PV system. The aim is to ensure that both voltage and current waveforms are sinusoidal during 

energy generation. During modelling, a six-pulse rectifier was used as a non-linear load. The 

outcome of their simulation results revealed the reduction of total harmonic distortion for 

current (THDi) from 89.89 % to 3.257 %. However lack of step-by-step analytical filter design 

equations was identified as gaps not covered by this Adak’s study. 

 Sharma et al. [26] modelled the use of LC passive filter to mitigate the voltage and current 

related harmonic problems for interleaved solar PV inverter. An LC filter has been connected 

in series and in parallel to mitigate the voltage related problem and current related problem, 

respectively. During simulations, P&O and MPPT techniques were applied to track the 

maximum power point of solar PV panel during changing solar irradiation condition. The 

results revealed that the total harmonic distortion has been reduced from 24.42% to 4.09% due 

to the inclusion of a series-shunt LC filter. Hence, dominant harmonics were eliminated from 

the output voltage to conform with IEEE-519 standards. 

Haq, et al. [27] have demonstrated that the use of MPPT algorithms cannot adjust the reference 

voltage under sudden environmental changes due to cloud, in off-grid solar PV system. This 

leads to an increasing power loss. To compensate this sudden environmental change, it was 
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proven that the addition of a modified LCL filter in the system compensate the starting 

overshoot and sudden undershoot for better stability. Hence, the introduction of the LCL filter 

enabled both the current overshoot and current sudden cloud undershoot to decrease by 

61.648% and 11.915%, respectively. Additionally, both power overshoot and power sudden 

cloud undershoot proved to decrease by 47.951% and 12.262%, respectively. 

Adak and Cangi [28], Modelled and simulated an L and LC passive filter to eliminate the 

harmonic components of the stand-alone PV power system using of Matlab/Simulink program. 

LC filter proved to reduce the THDi from 91.55% to 2.62% while the L filter reduced the THDi 

to 5.73%. Additionally, LC filter also proved to improve the system efficiency. 

Aljwary et al. [29] modelled a passive single tuned RLC filter for minimizing the harmonic 

distortion in a standalone solar PV based micro-grid, using MATLAB/Simulink. The 

simulations were carried out at different load power factors. The results proved that the single 

tuned filter successfully mitigated both the total harmonic distortion for voltage (THDv) and 

total harmonic distortion for current (THDi). THDv has been reduced to values between 

68.51% to 100.3% while the THDi has been reduced to values between 49.64% and 53.77%. 

Adak [30] modelled and simulated a stand-alone solar PV system with the aim of eliminating 

harmonic components through the use of an LC passive filter. This proved to be complicated 

in terms of determining the filter parameters which need to be correctly/precisely calculated. 

By using the MATLAB/Simulink program, the results of the study proved that the connection 

of the LC filter reduced the THDi from 91.55% to 2.62%.   

Dlamini et al. [31] designed a passive LLCL filter for a standalone PV system for the purpose 

of reducing the THDi and THDv, through the use of MATLAB/Simulink software. The results 

proved that the THDv was reduced from 90.88 to 1.967% and THDi was decreased from 

74.24% to 1.95%. 
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2.8.2. Grid-connected solar PV system 

 

Dua and Agrawal [32] investigated the impact of single tuned RLC filter on a grid-connected 

solar PV system, using ETAP software. The aim of the filter is to mitigate the harmonic and to 

improve the power factor. The results of the study showed that the THDi level were reduced to 

2.78%, 2.46%, and 2.37%, on three separate buses. 

Raj et al. [33] provided an analysis of the harmonics mitigation in a grid-connected solar PV 

system using an LCL passive filter. The filter is designed to reduce the THD of the grid voltage 

and current as well as the inverter current. The power quality was enhanced by reducing the 

TDH for the grid voltage, grid current, and inverter current to 0.08 %, 1.17%, and 4.9%, 

respectively.   

Gumilar et al. [34] discussed the optimization of passive shunt filters using detuned reactors 

and capacitor bank (LC) to minimize the THDv values in a grid-tied solar-PV-wind generator 

systems in combination with non-linear load. The THDv level were simulated using three 

different high values of 16.65%, 19.74% and 28.04% as three different simulation scenarios. 

The detuned reactor and capacitors bank has proved to reduce the three simulated THDv values 

to low values of 2.61%, 3.04% and 3.36%, respectively.  

Muhammad et al. [35] proposed a step by step method for designing an LCL filter parameter 

with an active damping system for a grid-connected solar PV-Wind-battery based system. An 

active damp LCL filter was place between the inverter and the utility grid to reduce the inverter 

switch side harmonics. The results showed a voltage and current THD of 3.82% and 2.14%, 

respectively.  

Xiong et al. [36] performed the harmonic analysis of a grid-connected solar PV generation 

system connected to a three-bus distribution network under variable solar irradiance, using 

MATLAB/Simulink program. An adaptive filter was designed using a low-cost series RL 
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choke circuit and a C-filter in parallel to attenuate the THD of the inverter current and to protect 

equipment against transient overshoots.  The results proved that a low solar irradiance results 

in an increased THDi of the inverter while it does not affect the total demand distortion of 

current (THDi) at the point of common coupling. At a low solar irradiance of 200W/m2, the 

THDi was above the IEEE standard norm before the used of the adaptive filter. Hence, the 

adaptive filter reduced the THDi from 6.97% to 1.38%.  

Shi and Le [37] did a comparative study of different passive filters such as low pass LC, single-

tuned, and LC-based T-shaped band-pass filter to mitigate the harmonics of a grid-connected 

residential solar PV system. These filters proved to successfully reduce the harmonics from 

27.7% to 0.71% (low-pass filter), to 6.13% (single-tuned filter), and to 0.15% (band-pass 

filter).   

Hussain and Qureshi [8], did a comparison of different passive filters such as L, LC, LCL, and 

LLCL filters in a 100 kW three-phase grid-tied solar PV system, through the use of 

MATLAB/Simulink. The harmonic contents were compared to analyse the best filter. LLCL 

filter led to a better performance by reducing the THD of the voltage and current to 0.58% and 

0.59%, respectively.  

Khalil et al. [38] proposed the use of parallel LC passive filters at the output of the inverter in 

order to reduce the harmonic pollution of a grid-connected PV system, using 

MATLAB/Simulink program. Parallel passive filter involves the connection of the capacitor 

in parallel with the inductor. The results showed that the parallel passive filters reduced the 

current harmonics from 639.97% to 18.77% and the voltage harmonics from 45.60% to 

45.57%. The high solar renewable energy penetration of a grid-connected PV systems proved 

to lead to power quality problems since different solar radiation levels were simulated. 
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Moyal and Shivam [39] presented a harmonic mitigation model for a grid-connected solar PV 

system using LCL filter design with a voltage source converter (VSC) control that switches 

using a pulse width modulation (PWM) technique. The model was developed through the use 

of MATLAB and the analysis of THD has been done on grid voltage and current. The grid 

currents have been analysed at different solar irradiance values. The results have proved that 

the LCL passive filter reduced both the THDv and THDi to 0.06% and 4.77%, respectively. 

Under lower solar radiation, the THDI was reduced to a higher value of 5.1%.    

Zhong et al. [40] presented a new scheme of a passive LLCL filter for the solar PV grid-

connected inverter. The new scheme consisting of a new damping structure for the LLCL filter 

is proposed, using MATLAB/Simulink. The aim is to overcome the shortcoming of the classic 

LLCL filter since its series damping structure fails to maintain the attenuation at the inverter 

switching frequency. The results showed that the new proposed LLCL structure is more 

superior than the classic one in terms of both THDI and resonance.  

Al-Sharif et al. [41] evaluated the impact of a grid-connected PV on power quality and voltage 

profile using large grid-connected 9570 kW PV feeding the hospital in Saudi Arabia, as a case 

study. A single-tuned filter was used to reduce the THD to the permissible limits. The 

simulations been carried using ETAP program for the overall project. The results showed a 

significant reduction in both the individual and overall THD since they were reduced from 

10.87%, 17.37%, and 12.11% to 5.81%, 6.52%, and 7.73%, respectively. They proved to be 

below 8% according to the IEEE standards. 

Hosseinpour and Kholousi [42], proposed a method for LCL filter resonance dampening that 

maintains the stability of the grid-connected solar PV array system as a result of a change in 

network impedance. The proposed method proved to lead to an improvement in both the 

efficiency and power quality of the system. The THDi on the grid side was reduced to 1.76%. 
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The effectiveness of the proposed method was demonstrated through the use of 

MATLAB/Simulink software. 

Ibrahim et al. [43] proposed an optimized shunt LCL using GRG Algorithm for an enhance 

quality in the operation of a grid-connected PV System. MPPT was investigated based on two 

alternative approaches such as artificial neural networks (ANN) and cuckoo search (CS). ANN 

proved to track environmental condition faster than CS system. The generalized reduced 

gradient (GRG) was used to enhance the power quality issue. The damped LCL filter consisting 

of a series resistor proved to be the best filter by reducing the THD current from 14.92% to 3% 

and the THD voltage from 7.3% to 0.029%. 

Khalil et al. [44] simulated an LC passive filter to mitigate the THD caused by non-linear load 

in a 100 kW grid-connected solar PV system, through the use of MATLAB/Simulink program. 

The results revealed that the THDi of the current delivered to the grid, was reduced from 

639.97% to 18.77% in a three-phase inverters while reduced to 15.05% in a single-phase 

cascaded H-Bridge five level inverter. Hence, the conclusion was drawn that the single-phase 

cascaded H-bridge five level inverter is the best one for a solar PV system.   

Djeghader et al. [45] used single and multiple passive filter technique to mitigate the harmonics 

in a grid-connected PV system connected to a non-linear load. Due to the presence of a non-

linear load, the THD were above the IEEE standard norm. After using the proposed passive 

filtering technique, the harmonic mitigation results proved to be better when using multiple 

filters consisting of a combination of the filter tuned at fifth and the filter tuned at seventh 

harmonic, gave the best results. The THD for the both the grid current and PV current, where 

reduced to 0.93% and 0.42%, respectively. 

Aljarrah et al. [46], modelled a collection of single-tuned passive filters to be used to mitigate 

the harmonic distortions caused by a combination of a distributed solar PV generators and non-
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linear loads connected to the 0.48 kV distribution feeder fed by a 11kV power grid through a 

1500 kVA. The results of the study have revealed the usefulness of the proposed passive filter 

in mitigating the harmonics levels by reducing both the current and voltage THD to 1.64% and 

2.13%, respectively; and improving the power factor from 60% to 98%. 

2.9. Conclusion 

 

Most of the studies have analysed the harmonics of a solar PV based system through the use of 

the MATLAB/Simulink software. Under off-grid solar PV energy generation system supplying 

a non-linear load, both LC and LLCL filters proved to minimize both the THDi and THDv to 

values far less than the allowable IEEE limits. Hence, these filters are the best options to 

consider for the off-grid solar PV system, as compared to L filter. Furthermore, LC filters have 

demonstrated their ability to enhance system efficiency, although determining the appropriate 

filter parameters can be complex. Studies have shown that using a combination of series and 

shunt connected LC filters effectively reduces both THDi and THDv in solar PV systems. A 

study that was carried using RLC filters also resulted in a reduction of harmonics for both 

voltage and current. However, the measured THD values remained above the IEEE limits. 

Under grid-connected solar PV system, the tuned RLC filter proved to minimize both THDi 

and THDv below the required limits as compared to when used in an off-grid solar PV system. 

For a grid-connected solar PV system, LCL filters proved to work efficiently by reducing the 

THD for both grid and inverter current of the system. However, during low solar radiation 

level, it has proved to minimize the THD of the current to a value above the IEEE limits. In 

most instances, whenever a pure LC filter is used, it proved to reduce the THD for current and 

voltage to values greater than the IEEE limits.    

None of the above mentioned grid-connected solar PV studies have analysed the harmonics 

injected by a weak grid-network when designing a filter to mitigate the harmonics.    
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CHAPTER 3: ANALYSIS OF HARMONICS BASED ON 

LOAD TYPE AND GRID IMPEDANCE 
 

3.1  Introduction 
 

Before designing a filter that will effectively reduce notable harmonics and clean the 

distorted AC waveforms, it is essential to comprehensively understand the origins and 

behaviour of harmonics in power systems. This chapter critically investigates the sources and 

levels of harmonics as influenced by different load types and grid impedance conditions. 

Harmonics are currents or voltages at frequencies that are integer multiples of the fundamental 

frequency (50 Hz in this study) [47].  In this Chapter the behaviour of harmonics is analysed 

for different configurations using PSIM simulation software with a detailed Fast Fourier 

Transform (FFT) to extract and quantify order-specific harmonics. FFT is used to separate 

harmonic orders and present them in a graphical presentation, it extracts fundamental 

frequency, even and odd harmonic orders and present them with their quantity values in a 

waveform. This study forms the basis for designing a practical passive filter solution for a weak 

grid. 

 

3.2 Simulation study 
 

The focus of the simulations conducted is to study the sources of harmonics before 

implementing the four-branch star passive filter. The simulations will highlight the impact of 

the load type, grid impedance and solar PV system on current and voltage waveforms. The 

simulations will also help to understand the effect of source impedance on the grid-connected 

solar PV system. The line voltage of 400 V will be used during simulations. The current total 

harmonic distortion is denoted by THDi, and the total voltage harmonic distortion is denoted 
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by THDv. The PSIM models were developed with explicit assumptions to ensure realistic 

representation of practical grid conditions: 

A. Time step: A fixed time step of 1 µs was chosen to capture high-frequency switching 

effects accurately. 

B. Solver: The default PSIM simulation solver was used with high-resolution FFT settings 

to resolve harmonic orders up to at least the 25th. 

C. Component models: All power electronic components, including inverters, switching 

MOSFETs, and filters, were modelled with manufacturer-based parameters. The non-

linear load includes a bridge rectifier and a smoothing capacitor. 

D. Grid impedance: Grid strength was varied by adjusting the inductive reactance in the 

supply lines from 1 mH (strong) to 10 mH (weak). The resistance component was 

assumed negligible relative to reactance for simplicity, consistent with practical grid 

impedance modelling. 

3.2.1 Linear load on strong grid. 

 

A pure resistive load (100 Ω) was connected directly to a 400 V, 50 Hz AC grid. The simulation 

confirmed negligible harmonic generation, the supply current and voltage retained near-perfect 

sinusoidal shapes with THDi and THDv both under 0.1%. No significant higher-order 

harmonics were observed, as shown in Figure 3.2 and Figure 3.3. 
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Figure 3.1: Pure resistive load connected directly to AC grid supply 

 

Figure 3.2: Supply current and line voltage simulation results of pure resistive load connected 

to grid. 

 

 

Figure 3.3: Harmonic spectrum of supply current and supply line voltage of linear load 

connected to grid 
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3.2.2 Nonlinear load on strong grid.  
 

When a three-phase non-linear load was connected, significant current harmonics appeared due 

to the power electronic conversion. The FFT showed dominant 3rd (150 Hz), 5th (250 Hz), and 

7th (350 Hz) harmonics as shown in figure 3.6. The THDi reached 60.6%, far exceeding the 

IEEE 519 limit of 5% as shown in figure 3.5. The voltage distortion, however remained within 

acceptable limits at 0.09% due to the strong grid’s low source impedance. A 60 u F capacitor 

is used to smoothen the ripple on the DC side of the load. 

 

Figure 3.4: Nonlinear load connected to AC grid supply circuit 

 

 

Figure 3.5: Supply current and line voltage waveforms influenced by a nonlinear load 

connected to grid 
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Figure 3.6: Harmonic spectrum of supply current and line voltage as influenced by a 

nonlinear load 

 

Table 3.1: Total harmonic distortion (p.u) of supply current and line voltage influenced by a 

non-linear load 

 

 

3.2.3 Weak grid supplying nonlinear load 

 

Due to assumptions made when calculating source impedance value such as all sources are 

treated as balanced and equal, all 3 phases in power lines have the same impedance, the 

resistance is negligible; presupposition value of 10 mH has been selected as source impedance 

in the simulations.  

When a utility grid network has lower reactance, it is referred to as a strong grid network; 

conversely, a network with higher reactance is termed a weak grid network. A grid-network 

impedance can range from a few mH's and could be overestimated up to 10 mH [48]. In this 

study, the strength of the grid-network will be changed from a strong up to weak by varying 

the reactance from 1 mH to 10 mH. 
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Figure 3.7 shows a non-linear three-phase load supplied by a utility grid having an impedance 

of 10 mH across each line. When source impedance was increased to 10 mH per phase 

(representing a weak grid with Z = jωL = j2π50 × 0.01 = j3.14 Ω), both current and voltage 

waveforms showed notable distortion. The THDi rose to 89% and THDv to 9.75% as shown 

in table 3.2, both exceeding IEEE standards. The dominant harmonics are 3rd and 5th 

harmonics for both voltage and current, as shown in Figure 3.9.  

 

Figure 3.7: A nonlinear load supplied by a weak AC grid-network 

 

 

Figure 3.8: Voltage and current waveforms as influenced by a weak grid-network 
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Figure 3.9: Harmonic spectrum of current and voltage waveforms as influenced by a weak 

grid-network 

 

Table 3.2: Table showing total harmonic distortion (p.u) results of supply current and voltage 

influenced by a weak grid-network. 

 

 

3.2.4 Grid-tied Solar PV system with non-linear load 

 

Analysis of harmonics due to the combination of solar PV systems and non-linear loads 

connected to strong grid network will be simulated and studied in this section. A typical solar 

PV array with a Vmp of 450 V and an Imp of 7.9 A has been modelled and used, as shown in 

Figure 3.10. During simulation, it is assumed that the irradiance and temperature are constant 

at the standard test conditions to generate maximum power output. A three-phase full-bridge 

switching MOSFET inverter has been used at a switching frequency of 2 kHz to convert DC 

to AC. A triangular wave voltage source with a 2 kHz frequency and peak voltage of 3 V has 

been modelled as the reference voltage of the pulse width modulation.  
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Figure 3.10: Grid-tied solar PV system supplying a nonlinear load 
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The simulation results of the current and voltage waveforms at the output of the three-phase 

inverter are as shown in Figure 3.11 to 3.14, as well as in Table 3.3 and 3.4 below. The %THDi 

of the three-phase current waveform violates the IEEE standard. It ranges between 20.2% and 

40.6% with the 2nd, 3rd and 4th order harmonics being the dominants. The output voltage of 

the inverter proved to be supplying a pure voltage waveform since the %THD is very low at an 

average value of around 0.087%, as shown in Figure 3.13, 3.14 and Table 3.4.      

 

Figure 3.11: Inverter output current 
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Figure 3.12: Harmonic spectrum of inverter output current waveforms. 

 

Table 3.3: Total harmonic distortion of inverter output current 

 

 

 

 

Figure 3.13: Inverter output voltage 
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Figure 3.14: Harmonic spectrum of inverter output voltage waveforms. 

 

Table 3.4: Total harmonic distortion of inverter output voltage 

 

 

The simulation results of the current and voltage supplied to the non-linear load by the 

combination of a strong grid-network and the inverter, are as shown in Figure 3.15 to 3.14 as 

well as Table 3.5 and 3.6 below. The %THD of the three-phase load current waveforms violates 

the IEEE standard limit. They range around 29.6% with the odd harmonics (3rd, 5th, 7th) being 

the dominants. The voltage across the non-linear load proved not to violate the IEEE standard 

limit since the grid-network is strong.   
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Figure 3.15: Non-linear load current waveforms for the Grid-tied PV system (strong grid) 

 

Figure 3.16: Harmonic spectrum of non-linear load current waveforms 

 

Table 3.5: Total harmonic distortion of load current 
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Figure 3.17: Non-linear load voltage waveforms for the Grid-tied PV system (strong grid)  

 

 

Figure 3.18: Harmonic spectrum of non-linear load voltage waveforms  

 

Table 3.6: Total harmonic distortion of non-linear load voltage 
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The combination of both the solar PV system and non-linear load proved to negatively affect 

the supply current from the grid, as shown in Figure 3.19. The harmonics generated by this 

combination is injected to the utility grid-network and distort grid AC current waveforms. This 

has led to a %THDi ranges between 23.7 to 51% with the combination of both odd and even 

harmonics being the dominants, as shown in Figure 3.20 and Table 3.7.  

 

Figure 3.19: Grid current waveforms for Grid-tied PV system with nonlinear load drawing 

current 

 

Figure 3.20: Harmonic spectrum of load current waveforms for Grid-tied PV system with 

nonlinear load drawing current 
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Table 3.7: Total harmonic distortion of grid current 

 

 

 

3.3 Comparative Summary 
 

Table 3.1 to Table 3.7 present the individual results for each configuration. For clarity, Table 

3.8 below summarises the key THDi and THDv results across all scenarios: 

Table 3. 8 Comparative summary of the results 

Scenario Grid 

Impedance 

THDi (%) THDv 

(%) 

Dominant Orders 

Linear Load (Strong Grid) 1 mH 0.0 0.0 None 

Non-Linear Load (Strong Grid) 1 mH 60.6 0.09 3rd, 5th, 7th 

Non-Linear Load (Weak Grid) 10 mH 89 9.75 3rd, 5th 

Grid-Tied PV Inverter Output 1 mH 20.2–40.6 0.087 2nd, 3rd, 4th 

PV + Non-Linear Load (Strong 

Grid) 

1 mH 29.6 0.1 3rd, 5th, 7th 

Grid Supply Current (PV + Load) 1 mH 23.7–51 0.1 Even + Odd 
 

3.4 Conclusion 

 

This chapter has presented a detailed PSIM simulation study describing the sources of 

harmonics, critically analysing harmonic orders beyond just THD, and highlighting the impact 

of grid impedance. A weak grid, defined by a source reactance of up to 10 mH (Z = j3.14 Ω), 

was shown to amplify both current and voltage distortions, worsening power quality 

significantly. These insights justify the design and tuning of a passive filter in subsequent 

chapters, with targeted mitigation of dominant harmonics identified on this chapter. 
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CHAPTER 4: DESIGN OF FOUR BRANCH RCL 

HARMONIC PASSIVE FILTER 
 

4.1. Introduction 
 

In this chapter a four-branch RLC filter has been proposed to minimise the harmonics from 

a weak grid network, solar PV system, and non-linear load. The RLC passive filter consists of 

a resistor, capacitor, and inductor in each branch of the three-phase, four-wire network. The 

filter is designed in a configuration that enables it to filter out multiple harmonics from different 

sources. The filter resonates at a specific frequency that needs to be filtered, which leads to low 

impedance to those frequencies being eliminated and high impedance to fundamental 

frequency on the system. The PSIM software tool will be used when designing and tuning the 

filter to analyse the filter’s functionality and its effectiveness. The effectiveness of the filter 

will be studied in two different cases. The first case is whereby the solar PV system supplying 

a non-linear load is connected to the strong grid network, and the second case is whereby the 

solar PV system is connected to the weak grid network. The proposed filter is expected to 

minimise the THDi and THDv to within the allowable IEEE standard limit for both cases.    

4.2. Circuit diagram of the PV grid-tied system with RCL filter 

 

Figure 4.1 shows the simplified single-line circuit diagram of the PV grid-tied system with a 

RLC filter connected to the grid network. The designed four-branch star RLC passive filter 

topology consists of identical three-phase branches. Each phase consists of a resistor, 

a capacitor, and an inductor. The fourth phase connected to neutral has its own unique 

impedance consisting of a damping resistor and an inductor. The impedances of the three 

identical branches will be denoted by Zf, and the impedance of the fourth branch connected to 

neutral will be denoted by Zn. 
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The topology of the designed passive filter will consider positive-, negative- and zero-phase 

sequence harmonic components. Each component with its impedance will be calculated 

separately using different formulas. The four-filter branches are resonance cells. The neutral 

branch will be tuned to filter zero harmonic components, and the other three branches will be 

tuned to filter out positive-negative-dominant harmonic components. PSIM software will assist 

with the analysis to show the impact brought by the filter on harmonic. The THD and FFT 

functions will be used to analyse harmonic content on the network. 

 

Figure 4.1: Single line circuit diagram of PV grid-tied system with RCL filter 

The filter is located near to the sources of harmonic generators so that harmonics can be trapped 

at the source and limited to the point of common coupling (PPC) to protect the grid, this reduces 

harmonic emission to the source. On the designed filter, the three branches will filter out non-

zero harmonic orders while neutral branch will be tuned to filter out zero harmonic orders and 

this will be done by selecting appropriate resonant cells of the passive components (inductor, 

Filter 

Nonlinear load 

Inverter 

Grid 
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capacitor, and resistor) on the filter. The impedance of the harmonic filter that will be designed 

is frequency dependent and will be tuned to provide low impedance for dominant harmonic 

orders to be filtered in the load current.  The filter capacitance (Cf), filter resistance (Rf), 

resonance frequency (fo), positive-negative resonant frequency (f12) and damping resistor (Rn) 

are determined before tuning the filter. The inductors (Lc) between the inverter and the grid/load 

are the coupling inductor which serve as a filter inductor to smoothen out and filter out 

unwanted DC ripples.  

4.2.1. Design of a positive-negative sequence single-tuned RCL filter 
 

This section covers step-by-step filter design process to be followed. 

A. Filter topology and purpose of each branch 

The branch is connected in shunt of each live line of the three phases of the grid. Each branch 

having low impedance for the harmonic order to be filtered. Figure 4.2 below shows RCL 

branch circuit to be connected to each phase of the network. 

 

Figure 4. 2: RCL passive filter branch  

 

Appropriate values of the resistor, inductor and capacitor will be calculated in order to 

eliminate targeted harmonics at resonance.  
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B. Selection of tuning frequencies 

The first step in determining the filter parameters is to know and determine positive-negative 

resonance frequency (f12), followed by zero resonance frequency. The f12 depends on the filter 

capacitance (Cf) and filter inductance (Lf) and will be determined as follows [22]:                               

𝑓12 =
1

2𝜋√𝐿𝑓 𝐶𝑓

 (4.1)  

From the simulation, it was noted that the dominant positive-negative harmonic order is the 

5th harmonic order which is 250 Hz. Therefore the f12  tuning frequency is determined to be 

250 Hz. 

C. Step-by-step design equations 

I. Filter Capacitance (Cf) 

Cf is determined using Equation 2 and the reactive power of the filter (Qcmax) is estimated at 

5% of the rated output power of the inverter [49].  The rated power of the inverter simulated in 

this study is 25 kW inverter. 25 kW inverter was selected due to the limitation of the student 

version of PSIM software. 

𝐶𝑓 =
𝑄𝑐𝑚𝑎𝑥

2𝜋𝑓𝑣2
 (4.2) 

 

   𝐶𝑓 =
5%𝑃𝑟𝑎𝑡𝑒𝑑

2𝜋𝑓𝑣2
 (4.3) 

              =
0.05×25000

2𝜋×50×2302
 

 = 75.2 µ𝐹 

II. Filter Inductance (Lf) 

From the positive-negative resonant frequency (f12) shown in Equation 1, filter inductance (Lf) 

can be determine for each of the 3 identical branches of the RCL filter as shown by Equation 

4. 

      

𝐿𝑓 =
1

4𝜋2(𝑓12)2𝐶𝑓
 (4.4) 
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                                                        𝐿𝑓 =  5.39 mH           

The calculated values of Cf and Lf are the values that will be used in the filter to eliminate 

dominant harmonic (3rd and 5th) at resonance.  

III. Damping resistor (Rf) 

The filter consists of a damping resistor that is denoted by Rf on each branch. The damping 

resistor is selected precisely by ensuring the positive-negative quality factor (Q12) is within the 

recommended parameter which is between 10-50 [50].  The positive-negative quality factor is 

determined as follows [51]: 

 

 

Since Q12 is selected to be 40, the damping resistor of positive-negative branch is therefore 

determined as follows: 

 

 

                                                             𝑅𝑓 = 0.212Ω 

IV. Weak grid positive-negative sequence shifted tuning frequency (f12n) 

When the source impedance is considered on the system, there will be a new resonant frequency 

for positive-negative harmonic components. The frequency will be shifted by the source 

impedance inductance (Ls). Equation 7 below is used to determine the new positive-negative 

resonant frequency that includes source impedance and is denoted by f12n [51]. 

 

The reason for determining f12n is to ensure that the filter is effective whenever the source 

impedance is taken into consideration in the system. It is expected that resonance condition 

       

𝑓12𝑛 =
1

2𝜋√(𝐿𝑠+𝐿𝑓)×𝐶𝑓
 (4.7) 

 

𝑅𝑓 =
1

𝑄12
× √

𝐿𝑓

𝐶𝑓
  (4.6) 

  

𝑄12 =
1

𝑅𝑓
× √

𝐿𝑓

𝐶𝑓
 (4.5) 
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with the source impedance may worsen the harmonic distortion of the supply by amplifying 

the load harmonic components of the system [22]. When Ls=10 mH, the new shifted frequency 

(f12n) is 244,8 Hz. 

4.2.2. Design of a zero-sequence neutral branch of a RCL filter 

A. Selection of tuning frequencies (f0) 

The dominant zero-sequence harmonic order (f0) to be eliminated is the 3rd harmonic 

component (150 Hz).  

B. Selection of filter inductor (Ln) 

The neutral branch inductance (Ln) of the filter is determined using equation 8 [51]. 

 

 

𝐿𝑛 = 3.19 𝑚𝐻 

C. Selection of a damping resistor (Rn) 

The damping resistor on the neutral branch (Rn) of the filter is determined from the zero-

sequence quality factor (Q0). The quality factor is also selected between 30–40 for good tuning 

of the filter. The selected quality factor that proved to produce good results is 39. The trial 

method was used to select the Rn value that would give a result of Q0 =39 as the selected zero-

sequence quality factor. Using Equation 9, Rn value of 0.05 Ω has been determined and used 

since it led to the required Q0. This was achieved using Equation 9 [51]. 

 

 

 

 

     

 𝐿𝑛 =  
1

12𝜋2𝑓0
2𝐶𝑓

−
1

3
𝐿𝑓 (4.8) 

 

𝑄0 =
1

𝑅𝑓 + 3𝑅𝑛
× √

𝐿𝑓 + 3𝐿𝑛

𝐶𝑓
 (4.9) 
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D. Weak grid zero sequence shifted tuning frequency (fon) 

The source impedance shifts the zero harmonic component resonance. New frequency 

resonance is given by Equation 10 whenever the resonance is affected by source impedance 

[51]. 

 

When Ls = 10 mH, the new shifted frequency (f0n) is 148,7 Hz. This value confirms tuning drift 

under weak grid conditions and ensures that the drift has been compensated on the design. 

4.2.3. Frequency domain plot of filter impedance 

A frequency range from 10 Hz to 1000 Hz was selected to capture the harmonic spectrum that 

includes the dominant harmonics to prove the resonance of the filter. The calculated filter 

component values (Cf = 75,2  uF; Lf = 5.39 mH; Rf = 0.212 Ω) were used to calculate the 

impedance of each component, as shown below: 

• Capacitive impedance: Zc = 1 / (jωCf) 

• Inductive impedance: Zl = jωLf 

• Resistor: Zr = Rf 

• Impedance magnitude: Z_total = Zr + Zl + Zc 

The table below shows values used to plot the frequency domain plot of the RCL filter in step 

intervals of 50. 

       

𝑓0𝑛 =
1

2𝜋√(𝐿𝑠+𝐿𝑓+3𝐿𝑛)×𝐶𝑓
 (4.10) 
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Table 4. 1 Impedance vs frequency RCL filter data 

 

 

 

Figure 4. 3 Frequency domain plot of RCL filter impedance 

 

Frequency (Hz) Impedance Magnitude (Ohms)

10 211,3036542

10,99099099 192,187609

50,63063063 40,08710469

100,1801802 17,73468425

250,8108108 0,219202844

300,3603604 3,133019212

350,9009009 5,856182392

400,4504505 8,279413695

450 10,53883822

500,5405405 12,72498352

550,0900901 14,783664

600,6306306 16,81884799

650,1801802 18,76530764

700,7207207 20,71160097

750,2702703 22,5890449

800,8108108 24,47862322

850,3603604 26,31061849

900,9009009 28,16181159

950,4504505 29,96229859

1000 31,75065446
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4.3. Simulation circuit 
 

A grid-tied solar PV system with nonlinear load connected was simulated. The inverter has 

been modelled to ensure it meets the grid code by syncing with the grid. For a good inverter 

model, there are conditions that need to be met such as frequency, voltage and phase angle. All 

the conditions needs to sync with the grid. Table 4.1 shows the parameters used to simulate the 

system as well as the design parameters of the proposed RLC filter. The overall circuit diagram 

of the simulated grid-tied solar PV system with nonlinear load and the designed RLC filter is 

as shown in Figure 4.3 below. The filter will be employed to eliminate the dominant harmonics 

in two scenarios: when the solar PV system is connected to a strong grid network and when it 

is connected to a weak grid network. 

 

 

 

 

 

Circuit parameters Values Unit 

Source Impedance (Ls) 10 mH 

Load Capacitor 400 µF 

Load Inductor 1 mH 

Load Resistor 5 Ω 

Phase voltage (Vrms) 230 V 

Line Voltage (Vl) 400 V 

System frequency 50 Hz 

Filter Capacitor (Cf) 75,2 µF 

Filter Inductance (Lf) 5,39 mH 

Filter resistor (Rf) 0.212 Ω 

Neutral branch Inductance (Ln) 3,19 mH 

Neutral branch Resistor (Rn) 0.05 Ω 

Fifth harmonic (f12) 250 Hz 

Zero harmonic (f0) 150 Hz 

Shifted (f12n) 244,8 Hz 

Shifted (f0n) 148,7 Hz 

Positive-negative component Quality factor (Q12) 40 Unit 

Zero component Quality factor (Q0) 39 Unit 

Solar Open Circuit Voltage (Voc) 1000 V 

Solar Short Circuit Current (Isc) 40 A 

Solar Maximum Power Voltage (Vm) 980 V 

Solar Maximum Power Current (Im) 36 A 

Inverter series inductor 20 mH 

Solar neutral split capacitors 500 µF 

Table 4.2: Simulated circuit parameters 
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4.4. Simulation Results 
 

4.4.1. Synchronisation of the inverter with the grid 

 

To synchronise the grid with the inverter, a hysteresis current controller is modelled.  The 

inverter is modelled to be a current controlled inverter. The hysteresis controller continuously 

compares the sensed filtered inverter output current with the reference set value of the 

hysteresis controller to adjust the gate signals to the inverter switches and ensuring that the 

inverter output current is within the hysteresis band limit, as shown in Figure 4.4 below. 

Hysteresis band limit is the band formed by two signals to ensure the inverter output current is 

within the range of the set value. One signal is lower than the reference value and the other 

signal is higher than the reference, both by 0.25 A. The algorithm that the hysteresis controller 

uses is that when the inverter output current is greater than the upper band, the current is 

allowed to decrease by turning OFF the top switch and turning ON the bottom switch of the 

inverter leg. 
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Figure 4.4: Grid-tied solar PV simulated circuit diagram with nonlinear load and RLC filter 

When the inverter output current goes below the lower band, the current is allowed to increase 

by turning ON the top switch and turning OFF the bottom switch. Within the band limits of the 

hysteresis current controller, the state of the controller is latched until the filter current exceeds 

the next band. Below are the results of the hysteresis band set to 0.5 A (i.e ± 0.25 A the 

reference current). 
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Figure 4.5: hysteresis current controller band 

4.4.2. Case 1 Simulation Results: Strong grid-network system (without a filter) 

The simulation results of the solar PV system connected to a strong grid network with a 1 mH 

source impedance will be discussed. Figures 4.5 to 4.8 shows the simulation results before the 

proposed filter was connected to the system. The purpose is to clearly see the grid current 

waveform distortion so that they can be compared when the filter is installed. The waveforms 

of the grid currents indicate distortion caused by both the solar PV system and the non-linear 

loads. This has led to a %THDi of  41.6%, across the three line currents, as shown in Figure 

4.5 and Table 4.3. Figure 4.6 shows the harmonic spectrum of the grid currents, with 3rd and 

5th order harmonics being the dominants.   
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Figure 4.6: Grid currents waveforms when filter not connected in a strong network 

 

 

 

Figure 4.7: Harmonic spectrum of grid current when filter not connected in a strong network 
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Table 4.3: Total harmonic distortion of grid currents when filter not connected in a strong 

network 

 

 

The waveforms of the grid voltages before the connection of the filter are shown in Figure 4.7. 

The waveforms reveal that both the solar PV system and the non-linear load have distorted the 

voltage waveforms to a %THDv of 10% as shown in Table 4.4. Figure 4.8 shows that the 3rd 

(150 Hz) and 5th (250 Hz) order harmonics are the dominant ones in THDv.   

 

Figure 4.8: Grid voltage waveforms when filter not connected in a strong network 
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Figure 4.9: Harmonic spectrum of grid voltage when filter not connected in a strong network 

 

Table 4.4: Total harmonic distortion of grid voltage when filter not connected in a strong 

network 

 

 

4.4.3. Case 1 Simulation Results: Strong grid-network system (with a proposed 

filter) 

 

In order to protect the grid network from the identified dominant harmonics, a designed passive 

RLC filter has been connected to reduce the THD for both voltage and current waveform. 

Positive results have been achieved when the RLC passive filter was switched ON. The 

dominant harmonics are not injected into the grid; they are trapped in the RLC passive filter. 

The 3rd and 5th harmonics are drastically reduced on the grid side, as shown in Figures 4.9 to 

4.12 and Tables 4.5 to 4.6. It can be seen that the THDi has been reduced from 41.6% to 2.7%. 

Through FFT, the harmonic spectrum (Fig. 4.10) shows clearly that the dominant harmonic 

current components, 3rd and 5th (150 and 250 Hz), have been mitigated. For the grid voltage 
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waveforms, the distortion of the waveforms was recorded to have a %THDv of 10% before the 

RLC filter was included. After connecting the tuned RLC filter, the voltage waveform 

distortion was reduced to 3.7%, as shown in Figure 4.11 and Table 4.6. The dominant harmonic 

order voltage components were successfully mitigated to protect the grid network. 

 

 

Figure 4.10: Grid currents waveforms when the filter is connected in a strong network 

 

 

Figure 4.11: Harmonic spectrum of grid current when filter is connected in a strong network 
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Table 4.5: Total harmonic distortion of grid current when filter is connected in a strong 

network 

 

 

 

Figure 4.12: Grid voltage waveforms when filter is connected in a strong network 

 

 

Figure 4.13: Harmonic spectrum of grid voltage when filter is connected in a strong network 
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Table 4.6: Total harmonic distortion of grid voltage when filter is connected in a strong 

network 

 

 

4.4.4. Case 2 Simulation Results: Weak grid-network system (without a filter) 

 

In this section, the simulation results of the modelled grid-connected solar PV system have 

been covered, when the RLC filter is connected and when it is not connected on the system. 

The source impedance of the grid network has been set to 10 mH to represent a weak grid 

network. Figures 4.13 to 4.16 show the simulation results before the proposed filter was 

connected to the system. Figures 13 and 14 illustrate that the three-phase current waveforms 

(IgridA, IgridB, and IgridC) exhibit a significant distortion level of around 91.4% compared to 

41.6% found in the strong grid network scenario (Section 4.4.2). Figure 4.6 shows the harmonic 

spectrum of the grid currents with 3rd, 5th and 7th order harmonics being the dominants. 

Similarly, the %THD for the voltage waveforms has increased to a significantly high value of 

around 38% compared to 10% found in the strong grid network, as shown in Figure 4.15 and 

Table 4.8. The odd-order harmonics proved to be the dominant ones. This proves that the 

network impedance plays a part in determining the THD of the system. Hence, it is important 

to evaluate the grid network impedance before designing a filter for a grid-tied solar PV system.  
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Figure 4.14: Grid currents waveforms when filter not connected in a weak grid-network 

 

Figure 4.15: Harmonic spectrum of grid current when filter not connected in a weak network 

 

 

Table 4.7: Total harmonic distortion of grid currents when filter not connected in a strong 

network 
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Figure 4.16: Grid voltage waveforms when filter not connected in a weak network 

 

 

Figure 4.17: Harmonic spectrum of grid voltage when filter not connected in a weak network 

  

Table 4.8: Total harmonic distortion of grid voltage when filter not connected in a weak 

network 
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4.4.5. Case 2 Simulation Results: Weak grid-network system (with a filter) 
 

The investigation conducted on the strong grid network was also performed for the weak grid 

network using the same RLC filter parameters. The filter performed very well for both strong 

and weak grid networks. Both the voltage and the current waveforms for the weak grid were 

seen to be severely distorted. The dominant harmonics needed to be trapped using the designed 

RLC passive filter. By applying the filter, it can be seen that the THDi has been reduced from 

91.4% to 3.7%, as shown in Figure 4.17 and Table 4.8. Hence, the harmonic spectrum (Fig. 

4.18) shows clearly that the dominant harmonic current components have been 

mitigated/reduced. For the grid voltage waveforms, the %THD of waveforms has been reduced 

from 38% to around 5.7% using the filter, as shown in Figure 4.19 and Table 4.9. Hence, 

dominant-order harmonic voltage components were successfully mitigated to protect the grid 

network, as shown in Figure 4.20. 

 

 

Figure 4.18: Grid currents waveforms when filter is connected in a weak network 
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Figure 4.19: Harmonic spectrum of grid current when filter is connected in a weak network 

 

Table 4.5: Total harmonic distortion of grid currents when filter is connected in a strong 

network 
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Figure 4.20: Grid voltage waveforms when filter is connected in a weak network 

 

Figure 4.21: Harmonic spectrum of grid voltage when filter is connected in a weak network 

 

Table 4.6: Total harmonic distortion of grid voltages when filter is connected in a weak 

network 
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CHAPTER 5: CONCLUSION AND FUTURE STUDIES 

RECOMENDATION  

 

The tuned RLC passive filter has achieved excellent results in both scenarios, in the strong grid 

and the weak grid. In the strong grid, it drastically reduced the current and voltage waveform 

distortion from 41,7 % to 2,7 % and from 10% to 3,7% THD, respectively. In the weak grid, it 

drastically reduced the current and voltage waveform distortion from 91,5% to 3,6% and from 

38% to 5,7% THD, respectively. The FFT has clearly shown the reduction of dominant 

harmonics (3rd and 5th) when the filter was installed. The harmonic content was reduced to 

fall within the allowable limits according to the NRS standards so that clients are not penalised 

for injecting the harmonics into the grid. Table 5.1 shows the quantitative highlights of the 

results achieved. 

Scenario Filter Status THDi (%) THDv (%) Dominant 

Harmonics 

Strong Grid 

Network 

Without Filter 41.6 10 3rd, 5th 

Strong Grid 

Network 

With Filter 2.7 3.7 Effectively Mitigated 

Weak Grid 

Network 

Without Filter 91.4 38 3rd, 5th, 7th 

Weak Grid 

Network 

With Filter 3.7 5.7 Effectively Mitigated 

Table 5. 1 Comparison of harmonic distortion before and after filtering 

The effect of source impedance on harmonic content obtained on the waveforms was noted; 

the higher the source impedance, the higher the harmonic distortion on the waveform. This 

applies in both current waveform and voltage waveform. 

More studies can be conducted on passive filters, whereby the performance of the filter can be 

analysed for different phase loading (imbalance phases). The other studies can also be 

conducted to investigate how the harmonics can further be reduced to close to zero percent in 

a grid-tied system.  
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