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ABSTRACT 

Modern distribution systems have considerable hurdles in preserving power quality as 

sensitive electronic equipment and nonlinear loads become more common. Power quality 

concerns, such as voltage deviations, harmonic distortions, and frequency changes, can cause 

equipment failures and inefficiencies in power transmission and distribution.  

Several innovative technologies and tactics have been developed to overcome these 

issues. One viable strategy is to combine Distribution Static Synchronous Compensator 

(DSTATCOM) and Hybrid Power Filters (HPFs). This combination provides rapid reactive 

power adjustment and voltage support while efficiently suppressing harmonics and filtering 

out disturbances, improving system stability and power quality in distribution networks. 

Electric vehicles (EVs) are gradually becoming recognised as a sustainable mode of 

transportation, thanks to technological developments, economic factors, and environmental 

concerns. Several factors contribute to the growing popularity of EVs, including the availability 

of low-cost models, lower battery costs, rising gasoline prices, and more awareness of the 

effects of climate change. EVs are viewed as a critical option for reducing greenhouse gas 

emissions in the transportation sector, encouraging supporting public policies worldwide 

            The entire thesis work has been split in to eight chapters. The first two chapters deal 

with the Introduction and Literature Review related to problems and mitigation techniques of 

DSTATCOM and EV Charging Systems. The third chapter deals with the design and analysis 

of grid connected systems. The configuration of DSTATCOM in one-phase and three-phase 

grid connected and EV charging systems are discussed.  The fourth chapter discusses the 

DSTATCOM in single-phase and three phase grid connected systems. The control algorithms 

considered for compensation are Notch Filter (NF), Adaptive Leaky Least Mean Fourth 

(ALLMF) and Adaptive Radial Basis Function Neural Network (ARBFNN). The fifth chapter 
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using Multilevel Inverter (MLI) based DSTATCOM with same algorithms NF, ALLMF and 

ARBFNN are discuss in details. These algorithms are studied under varying load conditions 

i.e., non-linear conditions using Matlab/Simulink models. The algorithms have also been tested 

in the Simulink environment as well as hardware developed in the laboratory.  

The six chapter deals with the single phase grid connected EV charging systems. In this chapter 

the control algorithms Second Order Generalized Integrator (SOGI), Least Mean Square 

(LMS) and Rodrigues Jacobi Polynomial (RJP) are used to control bidirectional AC -DC 

converter. The waveforms of charging and discharging condition are tested in both hardware 

and Simulink and it is found satisfactory.   

The seventh chapter also deals with the three-phase grid connected PV and EV charging 

systems. The same algorithms SOGI, LMS and RJP are tested in Matlab/Simulink. The 

Simulink waveforms are well presented with and without PV in charging and discharging 

conditions. 

The eighth chapter studies the Reduced Switch Multilevel Inverter (RSFLI) based grid 

connected EV charging systems. This system considers a battery integrated PV systems under 

single phase grid connected system. Control algorithm like Third Order Sinusoidal Integrator 

(TOSSI) is used and tested in Matlab/Simulink and OPAL-RT setup in the laboratory. The 

Simulink and OPAL-RT waveforms are well presented in this chapter. 

The chapter nine presents the conclusion and future scope by analysing above chapters. 
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Chapter 1 

Introduction 

 

 

1.1 Overview of power quality 

Power quality, also known as PQ, is an essential component of electrical power systems. It refers 

to the consistency and dependability of the power supply that is provided to end users. It is 

distinguished by criteria such as the amplitude of the voltage, the frequency, and the continuity of 

the waveform, all of which are crucial for the effective operation of electrical systems in both 

household and industrial settings [1]. The term "power quality disturbances" (PQDs) refers to a 

wide range of phenomena, including voltage sags, swells, interruptions, harmonics, flicker, inter 

harmonics, spikes, notches, and transient effects. These phenomena can occur singly or in 

combination, and they have the potential to cause damage to system components as well as 

operational inefficiencies [2]. Power quality is especially important in industrial settings because 

sensitive equipment and manufacturing processes require reliable power. Voltage sags, harmonic 

distortions, and transient disturbances are all common difficulties that can cause production 

downtime and higher operational expenses [3]. To address these difficulties, a mix of proactive 

and reactive tactics are used. To prevent harmonic distortions, use proactive efforts such as 

selecting appropriate equipment, balancing loads, and using power factor correction devices. To 

handle voltage sags and transient events, reactive techniques such as installing surge suppressors 

and voltage regulators are used [4]. The incorporation of renewable energy sources and the 

development of smart grids have exacerbated power quality management, necessitating 

sophisticated detection, classification, and mitigation strategies. These include the employment of 

Dynamic Voltage Restorers (DVRs) and other Flexible AC Transmission Systems (FACTS) 

devices, which effectively repair voltage disturbances and improve overall power quality [5]. 

Research underlines the requirement of real-time monitoring and data analytics for spotting and 

fixing PQDs as well as the need of experimental investigations to better grasp these disruptions 

and create suitable mitigating solutions [6]. Minimizing equipment damage, lowering running 

costs, and guaranteeing the dependability and efficiency of power systems depend on maintaining 

excellent power quality generally [7]. 

1.2 Overview of Electric Vehicle 
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Electric vehicles (EVs) are gradually becoming recognised as a sustainable mode of transportation, 

thanks to technological developments, economic factors, and environmental concerns. Several 

factors contribute to the growing popularity of EVs, including the availability of low-cost models, 

lower battery costs, rising gasoline prices, and more awareness of the effects of climate change 

[8]. EVs are viewed as a critical option for reducing greenhouse gas emissions in the transportation 

sector, encouraging supporting public policies worldwide [9]. In terms of technology, EVs are 

classified into two types: battery electric cars (BEVs) and hybrid electric vehicles (HEVs), each 

with its own set of principles and functions . BEVs, in particular, are praised for their ability to 

alleviate energy crises and environmental concerns by lowering dependency on fossil fuels and 

improving air quality [10]. EVs' essential components include electric motors, energy storage 

devices, power electronics, and battery management systems, all of which are critical for effective 

energy management and peak performance [11]. The integration of EVs into the power grid poses 

issues, including higher energy demand and potential effects on power quality. Accurate load 

modelling is critical for addressing these difficulties, with methods ranging from deterministic to 

machine learning approaches, each with unique data requirements and advantages [12]. 

Furthermore, advances in battery charging infrastructure are crucial to increasing the range and 

appeal of EVs, making them more accessible to a larger user base [13]. Despite these advances, 

difficulties remain, including the need for increased supply chain efficiency and more reliable 

electrical sources to allow mass EV adoption [14]. As EV technology advances, it has the potential 

to revolutionise the automotive industry, expanding beyond personal vehicles to include electric 

buses and delivery vehicles, and thereby contributing to a more sustainable future .  

1.3 Modern Distribution System and Power Quality 

Modern distribution systems have considerable hurdles in preserving power quality as sensitive 

electronic equipment and nonlinear loads become more common. Power quality concerns, such as 

voltage deviations, harmonic distortions, and frequency changes, can cause equipment failures and 

inefficiencies in power transmission and distribution. Several innovative technologies and tactics 

have been developed to overcome these issues. One viable strategy is to combine Distribution 

Static Synchronous Compensator (DSTATCOM) and Hybrid Power Filters (HPFs). This 

combination provides rapid reactive power adjustment and voltage support while efficiently 

suppressing harmonics and filtering out disturbances, improving system stability and power 

quality in distribution networks [15]. Similarly, the Distributed Power Flow Controller (DPFC), a 
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Flexible AC Transmission System (FACTS) device, employs a number of small-sized converters 

to improve power quality by addressing system resonance and voltage fluctuations induced by 

nonlinear loads [16]. The usage of custom and advanced power devices such as DSTATCOM and  

DVR is also emphasised as a method of improving power quality. These devices are very 

successful at reducing voltage sags and maintaining voltage stability, as evidenced by MATLAB 

simulations . Furthermore, combining renewable energy sources, such as solar systems, with 

Unified Power Quality Conditioners (UPQC), can address power quality problems at the point of 

common coupling (PCC) by adjusting for sags and ensuring a steady power factor [17]. 

Furthermore, the use of Adaptive Neuro-Fuzzy Inference Systems (ANFIS) is a viable approach 

for real-time adaptation and reaction to dynamic power quality problems. ANFIS-based controllers 

enable precise control and decision-making, improving the robustness and flexibility of modern 

distribution systems, particularly as renewable energy is increasingly integrated [18]. To 

summarise, modern distribution systems can dramatically improve power quality by strategically 

integrating advanced technologies like DSTATCOM with HPFs, DPFC, UPQC, and ANFIS 

controllers. These solutions address a variety of power quality challenges, assuring the consistent 

and efficient operation of electrical networks in the face of changing technological demands. 

1.4 STATE OF ART 

 Modern power distribution systems are confronted with two challenges: the integration of 

renewable sources like PV and the increase in power electronic-based demands. The primary focus 

of research in the modern power system is to mitigate the negative impacts of Power Quality (PQ) 

events and to supply clean, sustainable power to residential complexes and industrial facilities. 

The burden of power quality issues, such as harmonics prevalent in the system, is significantly 

increased by the significant increase in nonlinear loads for electronics devices, uninterruptible 

power supplies, and rectifiers[19]. The current harmonics are typically produced as a result of the 

harmonics in the voltage supply and are also influenced by the type of load. A Distribution Static 

Compensator (DSTATCOM) is a power electronic device that is designed to address power quality 

issues resulting from unbalances, reactive power burden, and harmonic distortions in electrical 

systems. This thesis examines a variety of topologies, including multilevel inverters, single phase 

and three phase inverters, in order to enhance Power Quality (PQ) for DSTATCOM. Different 

control algorithms like conventional, adaptive, neural network and polynomial based techniques 

can be used to address PQ issues like reactive power, harmonic unbalance, power fluctuations, 
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etc[20]. These algorithms include Synchronous Reference Frame Theory (SRFT), P-Q theory, 

Second-Order Generalized Integrator (SOGI), LCL‐filter‐based DSTATCOM, ANOVA Kernel 

Kalman Filter (AKKF), Hermite function based ANN, optimized Multi-Layer Perceptron (MLP) 

neural network, Bernoulli polynomial‐based control technique, Leaky Least Mean Fourth 

(LLMF), Rodrigous Jacobi Polynomial (RJP) technique, Proportionate Affine Projection 

Algorithm (PAPA), Laguerre Polynomial (LP) based algorithm , Adaptive RBFNN based control 

techniques, Instantaneous Symmetrical Components Theory (ISCT), Notch filter based control 

techniques, Normalized Least Mean Absolute Third (NLMAT) algorithm, Immune Feedback 

Control Algorithm etc.  

The design part of Voltage Source Converter (VSC) to be operated as DSTATCOM is carried for  

single phase system and three phase system with non linear load and it includes simulation study  

verified further experimentally[21]. The single phase and three phase inverters based 

DSTATCOM are used to mitigate harmonics present in the grid connected nonlinear load systems. 

In addition, five level Cascaded H-Bridge (CHB) inverter based DSTATCOM has been further 

implemented to reduce harmonics present in the source current. 

Moreover, DSTATCOM can also be used in Electric Vehicles (EVs) related technology which 

will help us to reduce the consumption of fossil fuel such as diesel and gasoline, whose prices are   

increasing every day. The disadvantage of using fossil fuel as the primary source for vehicle is 

also that the fuel may no longer exist in future. Due to these reasons the demand of Electric 

Vehicles (EV) is increasing day by day. EVs have the capability to reduce our dependency on 

fossil fuels. The bidirectional DC-DC converter with battery connected at the DC link of Voltage 

Source Converter (VSC), will operate as On board Electric Vehicle charger.  

Bidirectional power electronic converters serve as the essential components of EV chargers, 

supporting the main functions of Vehicle to Grid (V2G) and Grid to Vehicle (G2V) operations[22]. 

Furthermore, these converters can be used to provide additional grid functions such as reactive 

power support, voltage regulation and harmonics suppression etc. DSTATCOMs can offer these 

functionalities using different control algorithms and have been studied in this thesis work. The 

control algorithms discussed extensively are Least Mean Square (LMS), Rodrigues Jacobi 

Polynomial (RJP), Second-Order Generalized Integrator (SOGI), Leaky Least Mean Fourth 

(LLMF) algorithm. A DSTATCOM with EV charger, for example, is designed to deliver the 

reactive power required by non-linear loads while also charging or discharging the battery of an 
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electric vehicle. The combination can also be used as an active power filter to reduce harmonics 

present in grid current of a domestic network.  

A single phase grid connected EV system comprises nonlinear loads, bidirectional AC-DC 

converter and bidirectional DC-DC converter which can be modelled to operate in both G2V and 

V2G modes of operation. The effect of harmonic distortion due to nonlinear load has also been 

analyzed. Pulse Width Modulation (PWM) as well as Hysteresis Current Control technique have 

been used for generating switching pulses of various power Electronics based devices such as 

DSTATOM, DC-DC converter etc [23]. The steady state and dynamic state performance have 

been analyzed using different control algorithms. 

Similarly, in three phase system, the system comprises nonlinear loads, bidirectional AC-DC 

converter and bidirectional DC-DC converter. Further, considering an On-Board EV Charger and 

a PV source connected at DC link of the VSC, the PV feeds real power to EV and the grid. Both 

the G2V and V2G operations are implemented using bidirectional Buck-Boost converter which is 

an emergent area of research. The grid supplies power to charge the battery of EV in G2V mode 

of operation.  In V2G mode of operation, the stored energy in the EV battery bank is reutilized to 

supply back to the utility grid, which helps in peak shaving, load balancing, voltage management 

and improving the system reliability. The bidirectional DC-DC converter, along with the battery 

bank are connected at the DC link of three phase VSC and controlled to implement charging and 

discharging modes.  

PV (Photo Voltaic) is the abundant source of renewable energy with less maintenance, less area 

and no moving parts. The double stage topology consisting of MPPT and boost converter is used 

to integrate to the EV, grid and nonlinear load [24]. The PV based grid connected EV charger 

ensures the bidirectional flow of active power to the grid, battery as well as nonlinear load. The 

PV and EV based VSC performs shunt compensation to mitigate power quality problems. The DC 

link capacitance of the VSC in three phase grid connected system is integrated with both EV and 

PV system. The performance of PV with VSC and PV, EV with VSC is analyzed on 

MATLAB/Simulink platform. The PWM control technology is utilised to control charging and 

discharging mode of batteries. The dynamics of the system are analyzed and results are used to 

interpret the effectiveness of different control techniques. The performance analysis is also verified 

by the developed prototype model in the laboratory. The prototype model is examined under 

dynamic load circumstances like an increase in load during G2V and V2G operation. Using a 
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Hysteresis Control Techniques (HCC), gating pulses are produced to control the active filter part 

and mitigate harmonics present in the source current as per IEEE 519 standard (i.e less than 5%) 

during charging and discharging operation [25]. 

Furthermore, to study is conducted on Reduced Switch Multi Level Inverter (RSMLI) based 

DSTATCOM, which may be connected to single phase/three phase supply system and nonlinear 

loads at Point of Common Coupling (PCC) and can also solve PQ issues. The DC link of RSMLI 

is integrated with PV and EV to smooth operation of charging and discharging condition. The 

above inverter configuration is more effective and uses lesser number of switches and her other 

benefits like simple structure, improved performance available at a lower cost as compared with 

five level (CHB) inverter. The system design aspects integrate grid, nonlinear load, compensator, 

solar panel and EV charger. The complete closed loop controller is designed to charge as well as 

discharge the EV battery to support grid [26]. 

1.5 Custom Power Devices                                     

Custom power devices are specialised power electronics systems intended to improve power 

quality (PQ) in electrical distribution networks. These devices solve a variety of power quality 

issues, including voltage fluctuations, harmonics, and transients, ultimately enhancing power 

system dependability and efficiency. The Distribution Static Compensator (DSTATCOM) is a 

popular bespoke power device that is very good in reducing current-related PQ difficulties in 

distribution systems. DSTATCOM works with a voltage source converter (VSC) and can be set 

up in three-phase systems. The 3P3W arrangement is notable for its simplicity and low active 

power requirements, whereas the 3P4W configuration provides neutral current compensation 

without the need for extra control mechanisms [27]. Another important bespoke power device is 

the UPQC, which addresses voltage and current PQ issues. The UPQC, as well as its photovoltaic 

counterpart (PV-UPQC), are extremely successful at controlling voltage fluctuations, transients, 

and harmonic distortions. These devices have been widely researched for their structural 

configurations and control tactics, which are critical for maximising their performance in 

distribution systems [28]. Composite filters (CFs), which combine passive filters (PFs) with series 

active power filters (SAPFs), are also used to improve PQ, especially in systems using electric arc 

furnaces (EAFs) that generate voltage harmonics. The CFs use advanced control algorithms based 

on vectorial theory to detect and mitigate harmonic distortions, hence improving PQ at the point 

of common coupling (PCC). Furthermore, machine learning approaches have been combined with 
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specialised electronic devices such as DVR and DSTATCOM to improve their performance. These 

strategies aid in lowering harmonics and boosting the devices' tolerance to diverse power 

disturbances [29]. Overall, custom power devices play an important role in modern power systems, 

eliminating PQ difficulties and easing the incorporation of renewable energy sources, resulting in 

a more stable and efficient electrical grid. 

1.6 Motivation and Research Objectives 

The motivation and research objectives surrounding modern distribution systems and power 

quality are driven by the increasing complexity and demands of contemporary electrical networks. 

The integration of renewable energy sources, the proliferation of nonlinear loads, and the need for 

reliable and efficient power delivery are central themes in current research. One primary 

motivation is the challenge posed by the integration of distributed generation (DG) and renewable 

energy sources (RES) into conventional power distribution systems. This integration, while 

beneficial for reducing carbon emissions and dependency on fossil fuels, introduces significant 

power quality issues such as harmonics, voltage sags, and system stability concerns. These issues 

arise from the unplanned and arbitrary placement of DGs, which can disrupt system operation and 

control [30]. Therefore, research is focused on developing methods to assess and improve power 

quality in these complex systems. The research objectives in this field are multifaceted. One key 

objective is to develop advanced assessment methods for power quality that account for the 

uncertainties introduced by distributed power outputs. Traditional methods are often subjective 

and fail to provide accurate evaluations under these conditions. To address this, new frameworks, 

such as those based on cloud modeling and cloud entropy optimization, have been proposed to 

enhance the accuracy and reliability of power quality assessments [31]. Another significant 

objective is the development and implementation of intelligent control systems, such as Adaptive 

Neuro-Fuzzy Inference Systems (ANFIS), to enhance power quality. These systems offer precise 

control and decision-making capabilities, enabling real-time adaptation to dynamic power quality 

disturbances. ANFIS-based solutions are particularly effective in mitigating common issues like 

voltage sags, harmonics, and flicker, making them suitable for modern distribution systems with 

complex load profiles and high renewable energy integration [32]. Furthermore, the use of custom 

power devices, such as UPQC and Distributed Static Compensators (D-STATCOM), is a critical 

research focus. These devices are designed to address power quality issues by compensating for 

voltage fluctuations and reducing harmonic distortions. The integration of photovoltaic (PV) 
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systems with UPQC, for instance, aims to minimize Total Harmonic Distortion (THD) in 

residential low-voltage feeders, thereby improving overall power quality [33] Additionally, the 

application of machine learning techniques and advanced control strategies, such as PID-Fuzzy 

approaches, is being explored to enhance the adaptability and effectiveness of power quality 

improvement measures. These techniques are crucial for managing the complex interactions within 

modern distribution networks and ensuring the stability and safety of electrical systems [34]. In 

summary, the motivation behind research in modern distribution systems and power quality is to 

address the challenges posed by the integration of RES and nonlinear loads. The objectives are to 

develop accurate assessment methods, implement intelligent control systems, and utilize advanced 

power devices to ensure reliable and efficient power delivery. These efforts are essential for 

maintaining system stability, protecting electrical equipment, and enhancing the overall safety of 

power distribution networks [35]. 

1.7 Scope of Work 

The scope of work includes investigation on single phase and three phase grid connected 

DSTATCOM, Grid Integrated Multilevel Inverters, single phase grid connected EV system, three 

phase grid connected EV and solar PV system and RSFLI based grid connected solar PV and EV 

charging system.  

1.7.1 Investigations on Single Phase and Three Phase Grid connected DSTATCOM 

The single-phase and three-phase grid connected power distribution systems are connected to non-

linear loads. These systems face power quality problems due to non-linear loads which inject 

harmonics in to the source side. The single phase and three phase VSC based DSTATCOM is 

connected at PCC with grid and non-linear load to mitigate supply current harmonics.  The system 

is developed in MATLAB Simulink software. The designed parameters related calculations are 

also discussed in the proposed system. The proposed model of a single-phase grid-connected and 

three phase grid connected system consists of a grid, VSC with interfacing inductor, nonlinear 

loads (Rectifier with resistive and inductive load). The experimental setup of proposed system is 

developed in the laboratory. The simulation and experimental results are verified and found 

satisfactory. The digital signal processor (DSP) based dSPACE 1104 is used to control developed 

single phase grid connected system. Similarly, the three phase proposed prototype model is 

controlled by the use of Microlab box 1202. A single-phase and three-phase DSTATCOM is used 

and controlled in a single-phase and three-phase electrical system to reduce harmonic distortions, 
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voltage control and enhance power factor. Various control algorithms are developed to reduce 

power quality problems in single-phase and three-phase grid connected systems.  Such algorithms 

include Notch filter, Leaky Least Mean Fourth (LLMF) and Adaptive Radial Basis Function 

Neural Network (ARBFNN). These algorithms have been implemented in both single-phase and 

three-phase grid connected systems.  

Both single-phase and three-phase systems perform well under normal steady state and dynamic 

state conditions. The Total Harmonic Distortion (THD) analysis for both single-phase and three-

phase grid connected systems are discussed in the thesis work. The developed control algorithm 

and conventional techniques are compared for fundamental active load component and suitable 

comparisons are reported. 

1.7.2 Investigations on Grid integrated Multilevel Inverters 

A single-phase AC source supplies power to a rectifier load having R-L branch connected at DC 

side. Source resistance and source inductance parameters are denoted as RS and LS. Two converter 

configurations (two level (2L) and five level Cascaded H-Bridge (5L-CHB)) are connected one by 

one in shunt configuration to eliminate harmonic currents and also to compensate the PQ problems. 

The control of the proposed system requires input variables such as source voltage vs, source 

current is, load current iL, total DC link voltage (Vdc1+Vdc2). These are sensed with LEM based 

current and voltage sensors. These sensed voltage and current signals are fed through ADC channel 

of DSP (dSPACE 1104). The DSP generates the required gating pulses for DSTATCOM. An 

interfacing inductor (LC) is connected with converter to suppress the AC output ripples. The 

designed simulation and results of two level (2L) and five level (5L) converter configurations are 

analyzed.     

In the laboratory, the hardware setup of both two level (2L) and five level (5L) Cascaded H-Bridge 

(CHB) converter configurations have been implemented as DSTATCOM in single phase grid 

connected system. The steady state and dynamic state results are observed for both hardware setup 

viz two level and five level CHB converter configurations and it is found that the performance of 

five level CHB converter is better w.r.t two level converter. Also, the THD is observed to be less 

in five level inverter configurations as comparised to two level converter and it follow the 5% less 

THD as per IEEE-519 standard.  

Additionally, a proposed control technique Leaky Least Mean Fourth (LLMF) algorithm is 

compared with Adaptive Radial Basis Function Neural Network (A-RBFNN) and Notch filter. The 
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proposed control techniques generate better fundamental current and the result analysis is also 

presented in the thesis. 

1.7.3 Investigations on single phase grid connected EV System 

A single phase grid, nonlinear loads, bidirectional AC-DC converter and bidirectional DC-DC 

converter is modelled to develop single phase grid interfaced Electric Vehicle (EV) charging 

system. The charging and discharging operations during G2V and V2G mode of operation are 

discussed in the thesis. The MATLAB/Simulink model is designed and verified to study the 

performance of proposed system. To verify and confirm the simulation results, a prototype model 

gets developed in the lab. The prototype model is examined under dynamic load circumstances 

like an increase in load during G2V and V2G operation. 

A nonlinear load is connected at the PCC which can receive power from a single-phase AC supply. 

The source resistance and inductance are as RS and LS, respectively. The nonlinear load is 

configured as a series combination of load resistance (R) and inductance (L) on the rectifier's DC-

side. A shunt configuration of AC-DC converter is applied as an active filter to reduce supply-side 

current harmonics. The bidirectional AC-DC converter is fed at the PCC which allows 

compensatory currents to suppress the output ripples from the converter to be provided via 

interfacing inductors (Lc). The bidirectional buck-boost converter is fed at DC link of AC-DC 

converter. The proposed system's control is based on input variables such as source voltage (vs), 

source current (is), load current (iL), DC link voltage (Vdc), battery voltage (Vbat) and battery 

current (Ibat). These variables are measured using LEM-based current and voltage sensors. These 

measured voltage and current signals are subsequently analysed by the Real Time System (RTS's) 

controllers of ADC channel to ensures four gating pulses with the application of hysteresis current 

controller (HCC) to control bidirectional AC-DC converter. A Pulse Width Modulation (PWM) 

technique is also used for generating switching pulses of bidirectional DC- DC converter.  A 

Digital Signal Oscilloscope (DSO) is used to record different signals captured from the hardware 

and a power analyser analyses experimental parameters like power, current, and harmonics. 

Furthermore, an innovative Rodrigues Jacobi polynomial (RJP) based control algorithm is 

designed to control single phase VSC to improve power quality during charging/discharging 

operation of EV. The RJP control algorithm is compared with Least Mean Square (LMS) and 

Second Order Generalised Integrator (SOGI) control algorithm for considered system. 
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1.7.4 Investigations on three phase grid connected Solar PV and EV Charger System 

The three phase grid connected Solar PV and EV charging systems is designed by the combination 

of three phase AC source, nonlinear load, three phase VSC, bidirectional DC-DC converter, battery 

bank and PV with boost converter.  

In the proposed three phase grid interfaced solar PV and EV charging systems, RJP control 

algorithm is developed to control three phase VSC. This algorithm is use to generate fundamental 

component of the load current. Further, the system considers an On-Board EV Charger and a PV 

source connected at DC link of the VSC. The PV feeds real power to EV and the grid. Both the 

G2V and V2G operations are implemented using bidirectional Buck-Boost converter which is an 

emergent area of research. The grid supplies power to charge the battery of EV in G2V mode of 

operation.  In V2G mode of operation, the stored energy in the EV battery bank is reutilized to 

supply back to the utility grid, which helps in peak load shaving, load balancing, voltage 

management and improving the system reliability. The bidirectional DC-DC converter, along with 

the battery bank are connected at the DC link of three phase VSC and controlled to implement 

charging and discharging modes. The performance of PV with VSC and PV, EV with VSC is 

analysed on MATLAB/Simulink platform. The PWM control technology is used to regulate the 

voltage and current used for charging and discharging batteries. The dynamics of the proposed 

system are analyzed and results are shown in the thesis with the new proposed algorithm. 

The RJP control algorithm is compared with Least Mean Square (LMS) and Second Order 

Generalised Integrator (SOGI) control algorithm and results are analysed. 

1.7.5 Investigations on RSFLI based grid connected Solar PV and EV Charger System 

Maintaining grid power quality under the large penetration of Renewable Energy Sources (RES) 

and EV is a challenging task. This needs development of fast and efficient control technique for 

the compensator. A novel topology of Reduced Switch Five Level Inverter (RSFLI) for the 

integration of photovoltaic based renewable energy source and EV charger is discussed in this 

chapter. The new RSFLI has simple structure with low cost due to reduced switch count and it also 

meets the requirement of high power, medium voltage in power plants and industries. The system 

design integrates grid, nonlinear load, compensator, solar panel and EV charger. The Third Order 

Sinusoidal Integrator (TOSSI) algorithm is used to control RSFLI in the presence of grid, PV and 

EV. The solar PV array is integrated at the DC link of this inverter and Maximum Power Point 

Tracking (MPPT) is required to inject power at PCC. Further, G2V and V2G modes of operation 
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are smoothly facilitated using a bidirectional DC-DC converter in conjunction with the RSFLI. 

The RSFLI has two separate DC links. The suggested control technique regulates both DC link 

voltages of the RSFLI to almost equal values. The RSFLI is utilized as a compensator and coupled 

to a single phase power distribution system. The complete closed loop system is designed to charge 

as well as discharge the EV battery to support grid. 

The single phase grid connected RSFLI with PV and EV charging system is designed and tested 

in OPAL-RT real-time simulator. The dynamic results are found satisfactory during charging and 

discharging operation and during load changes. 

1.8 Organization of the Thesis 

The content of the thesis work has been divided into the following chapters: 

Chapter 1: This chapter discuss the introduction of power quality (PQ), PQ standards and 

mitigation of harmonics, introduction of single phase inverter, three phase inverter and multilevel 

inverters. 

Chapter 2: This chapter presents a literature survey on the grid connected DSTATCOM such as 

different converter configurations (single phase VSC, three phase VSC, Multilevel inverter), single 

phase grid connected EV charging system, three phase grid connected solar PV and EV charging 

systems. This chapter also discusses literature survey regarding different control algorithms under 

various grid (single phase and three phase). The review on single phase grid connected multilevel 

inverter based EV charger is also discussed in the thesis.  

Chapter 3: This chapter includes the design aspects of different converter configurations. The 

design of DC link voltage, DC link capacitance, interfacing inductor, design of voltage and current 

sensors, design of gating circuit, design of PV array, design of DC-DC bidirectional converter etc. 

are presented in the thesis. 

Chapter 4: This chapter discuss and analyzes the single phase and three-phase grid-connected 

DSTATCOM. The designed system is first modeled in MATLAB/Simulink. The steady as well as 

dynamic waveforms at different control algorithms are presented and results are analysed. 

The prototype experimental setup of both single phase and three phase are developed in the 

laboratory. The experimental setup uses power analyser, DSO, dSPACE 1104, Microlab box 1202, 

loads etc. The suggested control algorithms' performance is contrasted with that of the existing 

control algorithms. 
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Chapter 5: This chapter includes the analysis of multilevel inverter based DSTATCOM. The 

configuration and switching operation of five level multilevel inverter is discussed. The 

mathematical modeling of different control algorithms with control diagram of Notch filter, LLMF 

and ARBFNN and its comparison of fundamental current are presented in the thesis.  

Chapter 6: This chapter presents the analysis of single phase grid connected EV charging system 

to operate under G2V and V2G condition. The harmonic analysis of this system is also presented 

during charging and discharging mode. The various control algorithms RJP , LMS and SOGI for 

considered system and its mathematical calculation with comparative analysis are discussed in the 

chapter. The simulation and experimental results are also presented and analysed. 

Chapter 7: This chapter discusses the performance analysis of three phase grid interfaced Solar 

PV and EV charging systems. Simulation results of three phase grid interfaced EV with PV and 

without PV are presented and compared. 

Chapter 8: In this chapter implementation of single phase grid connected reduced switch 

multilevel inverter with PV and EV charging system is presented. The integration of PV and EV 

to the grid in single-phase system is also summarized in this chapter. The results are validated 

using OPAL-RT. 

Chapter 9: This chapter concludes the works of the future scope. 
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Chapter 2 

Literature Review 

 

 

This chapter presents a literature survey on the grid connected DSTATCOM with different 

converter configurations such as single phase VSC, three phase VSC, Multilevel inverter, single 

phase grid connected EV charging system, three phase grid connected solar PV and EV charging 

systems. This chapter also discusses literature survey regarding different control algorithms under 

various grid (single phase and three phase). The review on single phase grid connected reduced 

switch multilevel inverter based EV charger is also discussed in this chapter. 

2.1 General  

Power quality (PQ) is an important part of electrical systems and particularly critical in industrial 

applications where power fluctuation can lead to damaged machinery, production lines or even 

entire automation processes failing. It contains several quantities that determines the attributes of 

that power supply like- Voltage Magnitude, Frequency, Continuity of Waveform [36]. With the 

rapid development of science and technology, more penetration of various kinds of loads into 

modern electrical systems, power quality problems have become one of the most difficult problems 

in electricity application. These can be observed as sinusoidal voltage waveforms distortions 

translated into disturbances and power supply loss, which in turn lead to equipment damages [37].  

Due to the widespread use of power electronic systems and integration of renewable energy 

sources, it is becoming more critical to address Power Quality (PQ) issues. Such problems can 

create a lack of robustness and failures in power distribution systems and sensitive devices, which 

require efficient mitigation methods [38]. Voltage sags, harmonic distortions, voltage fluctuations 

and transient disturbances can be some of the various manifestations of poor power quality 

problems that may lead to no/unit production output or equipment tripping at a higher load than 

its rating which in turn leads to product/output wastage making the complete process cycle 

inefficient and costly [39, 40]. Non-linear loads, such as power electronic converters for EV 

charging stations, are found to be a major source of many power quality problems. The non-linear 

behaviour of such loads, and the switching ripple due to power electronic devices can be amongst 

the greatest distortions on the distribution grid [41]. This can be further complicated by an increase 

in electricity demand, especially the EVs which could double the current electricity demand in few 

regions where they are predominant [42]. In brief Power Quality problems stem from the presence 
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for Non-linear loads, such as EV charging stations and magnetic devices which result in fluctuation 

and disturbances into the electrical grid.  

       2.2 Literature Survey 

       The literature survey on presented topics are discuss in detail in below section.  

       2.2.1 Power quality problems and mitigation techniques 

The performance of industrial machinery is significantly influenced by power quality issues, which 

are predominantly due to the sensitivity of modern equipment to electrical disturbances. Industrial 

systems are particularly susceptible to power quality issues, including voltage fluctuations, 

harmonic distortions, transient disturbances, voltage sags, swells, flicker and reactive power 

related issues. These are related to the utilization of non-linear loads on residential, commercial 

and industrial environments [43]. The irregularities disrupt the power-system normalcy. These are 

usually due to abrupt changes in load, network interruptions or other operational faults. Another 

harmonic distortion type, which is widely distributed in systems due to non-linear loads and can 

cause  overheating and thereby reduce efficiency of an electrical system [44]. The PQ problems 

result in the inefficiency of power distribution systems and lead to malfunctions in sensitive 

devices and hence mitigate approaches are required [45]. Increasing complexity and sophistication 

of industrial systems, which necessitate high power efficiency and stability, exacerbate these issues 

[46]. 

Controlling these problems, the advanced power electronic-based solutions in the form of Custom 

Power Devices (CPDs) have been made commercially available. These devices are DVR, 

DSTATCOM and UPQC which provide an enhancement of power quality level by compensation 

of voltage sag, swell and fluctuation, current harmonics, etc., [47]. The UPQC in particular 

emerges as a reliable and efficient tool that uses both series and shunt compensators to mitigate 

various types of PQ problems. The series part such as a DVR takes care of voltage sags and swells 

and the shunt part which is often a DSTATCOM deals with current-related errors like harmonics 

[48]. The Fuzzy logic and optimization algorithms such as Hybrid Ant Colony Optimization 

(HACO) are also integrated to increase the performance of these devices by optimizing their 

control parameters that will ensure better system efficiency and reliability [48-50]. In general, the 

literature stresses that it is crucial to have a structured model for power quality management (which 

complements each other- traditional and new one) as PQ problems are multi-faceted. The use of 

case studies and simulations, provides practical insights into the application and effectiveness of 
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the mitigation strategies [51]. In order to preserve and enhance power quality standards, it is 

imperative to conduct continuous research and development in this field as power systems continue 

to develop. The integration of renewable energy sources, particularly wind power, into the grid 

can exacerbate these issues due to their variable nature, necessitating the use of custom power 

devices such as SVC, STATCOM, and UPQC to mitigate these effects [52-53]. The high-

frequency or supraharmonics disturbances, are arising as a new power quality challenge in the 2-

150 kHz range. Modern power electronics is the primary cause of these disturbances, which can 

result in electromagnetic interference that impacts both domestic and utility equipment. The 

absence of standardisation in this frequency range complicates mitigation efforts, emphasising the 

necessity of additional research and the development of detailed analytical models to more 

effectively comprehend and resolve these issues [54]. In order to address these power quality 

issues; a variety of mitigation techniques and devices are implemented. D-STATCOM, hybrid 

active power filters, and DVR are among the solutions employed to better the source power factor, 

control harmonic distortions, and enhance voltage quality [55]. Furthermore, the optimisation of 

power distribution and the enhancement of overall system stability can be achieved through the 

implementation of Flexible AC Transmission Systems (FACTS) and Distributed Energy 

Resources (DERs) [56]. In order to achieve effective mitigation, it is necessary to implement a 

combination of advanced technologies and the strategic integration of renewable energy sources, 

which is further supported by ongoing research to resolve gaps in understanding and 

standardisation [57-59]. 

Although renewable energy sources (RES) can contribute to the mitigation of power quality issues, 

they also present certain obstacles as a result of their intermittent nature and the integration of 

nonlinear demands. Numerous studies have investigated strategies for improving the quality of 

power in renewable energy systems. A DVR is one method that is employed in hybrid renewable 

energy-based smart infrastructures. The objective of this approach is to enhance the overall quality 

of power by reducing harmonic distortion, reducing voltage surges, and improving voltage 

stability. In simulations, the implementation of a modified synchronous reference frame-based 

controller and a cascaded H-bridge DVR topology has demonstrated promising results, effectively 

addressing issues such as voltage regulation and total harmonic distortion [60-61]. An alternative 

approach involves the utilisation of an optimised Fractional Order Proportional Integral Derivative 

(FOPID) controller in conjunction with a UPQC. This method is intended to address power quality 
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issues, including voltage sags/swells and harmonics, in grid-connected renewable energy systems. 

Through the implementation of sophisticated optimisation algorithms, the FOPID controller has 

demonstrated substantial enhancements in its ability to address power quality concerns, surpassing 

conventional PI controllers [62-63]. Furthermore, the utilisation of an open-end winding 

transformer can improve the quality of power by integrating hybrid renewable systems, such as 

the combination of solar photovoltaic and wind power. This configuration, in conjunction with 

active power filter-based control schemes, effectively mitigates voltage and current distortions, 

guaranteeing that harmonic distortions remain within acceptable limits [64]. Additionally, 

exhaustive reviews underscore the significance of advanced control strategies in enhancing the 

quality of power in renewable energy systems. These strategies, which are facilitated by power 

electronic converters, have the potential to substantially improve the quality of energy that is 

generated and distributed, thereby addressing issues such as network congestion and load 

imbalances [65].   

 2.2.2 Literature Review based on Power quality standards 

The Power quality standards are indispensable for guaranteeing the compatibility of the electric 

supply system with end-use equipment, establishing a framework for performance evaluation, 

defining equipment requirements, and delineating responsibilities among stakeholders [66-67]. 

These standards are developed by a variety of organisations, including the IEEE and IEC, and they 

address a variety of issues, including harmonics, interharmonics, flicker, voltage imbalance, and 

voltage sag indices [68-69]. In an effort to address contemporary challenges, including grid 

modernisation, data analytics, and the integration of inverter-based resources (IBR) and distributed 

energy resources (DER), the IEEE has been actively engaged in the development of power quality 

standards [70-71]. These standards are essential for addressing the complexities that have been 

introduced by advanced grid technologies and renewable energy sources. The IEEE also offers 

guidelines for specific phenomena, such as harmonics and flicker, which are essential for the 

preservation of power quality in systems with a substantial amount of renewable energy 

penetration [72-73]. Power quality standards are changing globally to accommodate the growing 

integration of renewable energy sources, including solar and wind power facilities. These 

standards are essential for the stability and reliability of large-scale renewable installations, as they 

include interconnection requirements and guidelines for low voltage ride through (LVRT) [74]. In 

order to assure that these systems satisfy international benchmarks, the IEC establishes 



18 

measurement criteria for power quality phenomena and characterises wind turbine equipment [75]. 

The development of power quality standards is a continuous process, with roadmaps in place to 

resolve emerging technologies and challenges. The evolution of standards is guided by these 

roadmaps to ensure that they remain effective and relevant in administering the dynamic nature of 

modern power systems [76-77]. These standards will be instrumental in enabling the transition to 

more sustainable and resilient energy systems as the energy landscape continues to evolve. 

2.2.3 Configuration and Design of the DSTATCOM System 

The two-leg topology is employed in single-phase DSTATCOM, whereas the three-phase, three-

wire topology is employed in three-phase distribution systems. The accepted topology is the three-

phase, three-wire topology, as it is compact, less cumbersome, and minimises switching losses. It 

does not employ a bulkier transformer [78-79]. The Direct and indirect control techniques are 

employed to generate reference current methods [80-81]. It has been determined that the direct 

control technique is superior to the indirect control technique. The Hysteresis Current Controller 

and Dead-Beat Current Controller can be used for DSTATCOM. The HCC outperforms Dead Beat 

Controller [82]. A few methods that have been considered and implemented in the literature to 

reduce harmonics include hybrid filters, passive filters, and active power line conditioners are 

[83,87]. The Switching technology has been recently developed, and there are less expensive 

methods to implement it, such as DSP/field-programmable-gate-array (FPGA)-based systems. 

Therefore, active power line conditioners are a suitable technique for harmonic compensation. 

Active power filters (APFs) of the shunt type are frequently employed to eliminate harmonics in 

the current. Several critical components and control strategies are required to optimise power 

quality and ensure efficient grid integration when a Distribution Static Compensator 

(DSTATCOM) system is configured and designed. Typically, a DSTATCOM system extracts 

power from a photovoltaic array by employing control strategies like sliding mode control to 

optimise power extraction. The system's performance is frequently evaluated using DSP, which 

generates control signals for the voltage-source inverter through a PQ control scheme, as illustrated 

in the work of Soujanya and Upendar [88]. This configuration is essential for enhancing power 

quality by minimising the present Total Harmonic Distortion (THD). An alternative method entails 

the implementation of a 3-phase DSTATCOM, which regulates reactive and active power by 

utilising a Weighted Chimp (WdCH) optimisation algorithm to improve power quality. In order to 

reduce THD and optimise load current reference values, this system employs a 3-phase Voltage 
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Source Converter (VSC) that is regulated by Sinusoidal Pulse Width Modulation (SPWM) [89]. 

Further developments in DSTATCOM design involve the integration of solar and photovoltaic 

(SPV) systems with a hybrid controller that integrates Maximum Power Point Tracking (MPPT) 

with perturb and observe (P&O). The SPV is connected to the DSTATCOM's DC-link using a 

DC-DC boost converter, which is regulated by a Greedy Control-based Monarch Butterfly 

Optimisation (GCMBO) strategy. This strategy significantly reduces THD [90]. In general, the 

design of a DSTATCOM system entails the integration of a series of sophisticated control 

algorithms and optimisation techniques to guarantee the efficient management of power quality 

and grid integration. Each approach provides distinct advantages and enhances the system's 

performance. 

2.2.4 Control Algorithms of DSTATCOM 

The control algorithms for DSTATCOM are essential for the improvement of power quality in 

electrical distribution systems. The efficacy of DSTATCOMs has been optimised through the 

development of a variety of control strategies, each with its own set of advantages and 

disadvantages. The Adaline model predictive control (MPC) strategy is a prominent approach that 

integrates MPC with a least mean square (LMS)-based Adaline current estimator. This method 

generates reference currents by estimating the fundamental frequency components of load 

currents. The DC-capacitor voltage is maintained by a proportional-integral (PI) controller, and 

the power quality is substantially improved by ensuring that the source currents track the reference 

currents through MPC [91]. The Parallel Tangent (PARTAN) LMS adaptive control is another 

innovative control algorithm that is specifically designed for cascaded multilevel inverters (CHB-

MLI) that are utilised as DSTATCOM units. This method improves the power factor and exports 

reactive power to address power quality issues under distorted grid conditions. The system's 

efficacy in maintaining power quality within IEEE-519 limits is demonstrated through simulations 

and experiments, which validate its performance [92]. Furthermore, the utilisation of Instantaneous 

Reactive Power Theory (IRPT), MPC and Synchronous Reference Frame (SRF)is underscored in 

an overview of a variety of control techniques for DSTATCOMs. In both grid-connected and 

islanded modes of operation, these techniques are assessed for their capacity to enhance power 

quality and reduce transients [93]. In addition, the Weighted Chimp (WdCH) optimisation 

algorithm is introduced to optimise DSTATCOM control. This method is designed to reduce Total 
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Harmonic Distortion (THD) and improve power quality by adjusting the fundamental weight 

values of load currents to determine reference grid currents [94].  

In general, the control algorithms for DSTATCOMs include a variety of techniques, including 

classical methods, advanced adaptive, and optimisation techniques, all of which contribute to the 

enhancement of power quality by resolving specific challenges, such as grid distortions and load 

variations. These strategies are indispensable for the preservation of power distribution systems 

that are both efficient and dependable [95]. 

2.2.4.1 Conventional Control Algorithms of DSTATCOM  

The management of power quality issues in electrical distribution systems is contingent upon the 

implementation of conventional control algorithms for DSTATCOM. The primary objectives of 

these algorithms are to regulate reactive power flow, minimise Total Harmonic Distortion (THD), 

and ensure voltage stability. The use of the Second Order Generalised Integrator (SOGI) filter, 

which is frequently paired with a Proportional-Integral (PI) controller, is one of the traditional 

approaches. This method is effective in identifying and compensating for reactive power and 

harmonics in the system, as evidenced by simulations that demonstrate enhanced power quality 

under a variety of load conditions [96-97]. In environments with distorted and asymmetrical power 

supplies, the SOGI-based control is particularly beneficial, as it is capable of accurately detecting 

and compensating for the harmonic and reactive components of the load current [98]. The 

Synchronous Reference Frame (SRF) theory is another conventional approach that simplifies the 

control of active and reactive power by converting the three-phase system into a two-axis system. 

The robustness and effectiveness of this method in dynamic conditions are the reasons it is 

extensively employed [99]. Furthermore, Hysteresis Current Control is implemented due to its 

rapid dynamic response and straight forwardness, despite the potential for switching frequency 

fluctuations [100]. Model Predictive Control (MPC) is also acquiring popularity as a conventional 

control strategy because of its capacity to anticipate future system behaviour and address 

multivariable control issues. It guarantees minimal THD and enhanced power quality by providing 

precise control over the DSTATCOM's operations [101] These conventional algorithms frequently 

encounter obstacles, including steady-state errors and sluggish convergence rates, despite their 

effectiveness. Some algorithms, such as Notch Filter (NF), Sliding Discrete Fourier Transform 

(SDFT) and Third Order Sinusoidal Integrator (TOSSI) control algorithm, have been devised to 

address these issues [102-104]. The SDFT and SOGI control algorithms block also includes to 
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manage distorted grid conditions, thereby guaranteeing that the Total Harmonic Distortion (THD) 

is within the IEEE-519 limits. The system's superiority under conventional algorithms has been 

demonstrated through simulations and laboratory experiments, which have validated its 

performance under dynamic load variations and distorted grid conditions [105].  These methods 

provide the management of power quality and assuring the reliability and efficiency of power 

distribution systems [106].  

2.2.4.2 Adaptive Control Algorithms of DSTATCOM 

Adaptive control algorithms for DSTATCOM are essential for the improvement of power quality 

by managing reactive power and reducing harmonics in distribution networks [107]. The adaptive 

control strategies have been devised, each with its own methodologies and advantages. One such 

approach is the Least Mean Square (LMS) adaptive control algorithm, which is intended for use 

as a DSTATCOM in a single phase or three phase grid connected systems [108]. Advanced 

algorithms, such as the Weighted Zero Attracting Variable Step Size LMS (WZAVSSLMS), 

Parallel Tangent (PARTAN) Least Mean Square (LMS), Normalised Huber (NH) Control 

Algorithm, Robust Shrine Affine Projection Sign (RSAPS) adaptive control algorithm, q-LMF 

(Quantum Calculus-based Least Mean Fourth) based control and Normalized Sign Regression 

Least Mean Mixed Norm (NSRLMMN) algorithm, have been devised to address these issues [109-

110]. These methods provide substantial enhancements over conventional methods by reducing 

errors and increasing convergence rates [111].  This algorithm maintains a unity power factor on 

the supply side and effectively exports reactive power required by nonlinear loads. Other 

approaches are also intended for use as a DSTATCOM in a cascaded multilevel inverter (CHB-

MLI), which is the Parallel Tangent (PARTAN) Least Mean Square (LMS) adaptive control 

algorithm, Improved Immune Control Algorithm etc. This method effectively reduces THD and 

improves power quality under both balanced and unbalanced loads by supplying gating pulses for 

a 1-phase VSC through Sinusoidal Pulse Width Modulation (SPWM) [112]. Another adaptive 

strategy is provided by the immune feedback control algorithm, which employs a three-phase VSC 

as a shunt compensator. This method maintains a unity power factor and minimizes supply current 

harmonics by estimating fundamental reference grid currents from nonlinear load currents. It has 

been demonstrated to effectively balance loads and compensate for nonlinear loads [113]. 

Simulations and experimental validations serve to illustrate the efficacy of each algorithm, which 

offers distinctive benefits. 
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2.2.4.3 Neural Network (NN) based Control Algorithms of DSTATCOM  

Artificial neural networks are composed of three layers, input layer, hidden layer, and output layer. 

The hidden layer is composed of a preset number of neurons with a fixed activation function. All 

of these layers are trained and transmit signals to other neurons. These neurons in the hidden layers 

are updated with adjustable weights. The selection of neurons and hidden layers presents a 

challenge for the neural network [114]. A fuzzy logic controller is an adaptive neuro fuzzy 

inference system illustrated in [115-116] for shunt compensation. Using training data, these NN 

are trained offline, which may be a challenging and time-consuming process. As a result, a variety 

of gradient methods are introduced to facilitate the real-time training of neural networks (NN) in 

order to enhance PQ [117-119]. Finally, the neural network-based adaptive control algorithm 

utilises an Adaline (Adaptive linear element) neural network for VSC-based DSTATCOM. This 

method improves the system's performance by generating the fundamental current components of 

the load currents, which are essential for the elimination of harmonics and the compensation of 

reactive power at the point of common coupling (PCC) [120]. 

The adaptive euro Fuzzy inference system (ANFIS), the radial functional neural network (RFNN), 

the feed-forward ANN, Hermite function‐based artificial neural network (HeANN) and the 

adaptive linear neural network (ADALINE) are among the numerous ANN topologies that have 

been published [121-123]. The feed forward ANN [124] is one of the most well-known and 

frequently used of these networks. It was used to investigate control methods based on ANFIS-

LMS as a method of reducing PQ issues.  

2.2.4.4 Polynomial based Control Algorithms of DSTATCOM 

Polynomial-based control algorithms for DSTATCOMs are intended to improve power quality by 

effectively managing reactive power and mitigating harmonics in distribution networks. Several 

advanced control strategies have been devised, each of which optimises performance under a 

variety of conditions by utilising polynomial-based approaches [125]. A Bateman Polynomial 

algorithm is one such approach which generate the fundamental weight values of load currents to 

determine the magnitude and phase values of the reference grid currents [126]. This approach 

employs Sinusoidal Pulse Width Modulation (SPWM) to generate gating pulses for a 1-phase or 

3-phase Voltage Source Converter, with the objective of reducing Total Harmonic Distortion 

(THD) and enhancing power quality in the presence of both balanced and unbalanced loads [127]. 

A Mittag Leffler Polynomial based Neural Network control algorithm is implemented in an 
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additional innovative control strategy. This technique is particularly effective in distorted grid 

conditions, as it employs a 1-phase system to compensate reactive power and enhance the power 

factor to unity. The system's performance is also improved by the integration of some polynomials 

like Bernoulli Polynomial‐based artificial neural network (BePANN), Gagenbuer Polynomial and 

Laguerre polynomial which guarantees that THD levels remain within the IEEE-519 constraints 

[128-129].  

These control algorithms, which are based on polynomials, exhibit substantial progress in 

DSTATCOM technology, providing durable solutions for the enhancement of power quality. 

Modern power distribution systems can benefit from each method's distinctive advantages, 

including improved adaptability to grid disturbances, reduced THD, and enhanced convergence 

rates. The potential for further optimisation and innovation in power quality management is 

underscored by the integration of these algorithms into DSTATCOM systems. 

2.3 Literature Survey on Single Phase Grid Connected DSTATCOM    

Several major aspects and advancements in the field are highlighted in the literature on single-

phase grid-connected DSTATCOM. In electrical grids with a distorted load current due to 

nonlinear load, single-phase DSTATCOM are essential for preserving stability, performance and 

mitigate harmonics present in the systems. Harmonics are introduced into the supply system by 

the non-linear demands. Single-phase grid-connected DSTATCOM are advantageous in terms of 

control strategies due to the implementation of advanced techniques which significantly reduce 

Total Harmonic Distortion (THD) and enhance the quality of power injected into the grid. These 

techniques are Adaptive Least Mean Square (LMF) control scheme is developed in [130], Second 

Order Generalised Integrator (SOGI) in [131], Notch Filter (NF) [132], Wrapped Filter (WF) 

[133], Lyapunov Function in [134-135], Normalized Sign Regression Least Mean Mixed Norm 

(NSRLMMN) algorithm in [136], Single phase inverter system with non-linear load consideration, 

ANOVA Kernel Kalman Filter in [137], adaptive Least Mean Square (LMS) in [138], EPLL based 

control algorithm in [139] for Power Quality Improvement in [140]. DSTATCOMs are 

instrumental in improving the transient stability of grid-connected systems. In general, the 

integration of DSTATCOMs in single-phase grid-connected systems is essential for the 

enhancement of power quality, stability, and efficiency. The research emphasises the necessity of 

ongoing development in single-phase systems to keep pace with the advancements observed in 

three-phase systems and the significance of advanced control strategies [141,142]. 
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2.4 Literature Survey on Three Phase Grid Connected DSTATCOM    

The literature on three-phase grid-connected DSTATCOMs emphasizes their critical role in 

improving the quality and stability of power in distribution networks. DSTATCOMs are shunt-

connected devices that regulate reactive power and address power quality issues, including voltage 

sags, harmonic distortion, and load imbalances [143]. Power quality issues, including disturbances 

in supply current injected as a result of load, inadequate power factor, and load unbalancing, are 

common in three-phase grid-connected systems. In the literature, a variety of control techniques 

have been devised, including the PNKLMF-based technique presented by Nishant et al. [144], the 

Kalman filter in [145-146], and the Extended Kalman Filter in [147]. P. Shah [148] addressed 

FOGI-FLL. Badoni et al [149] examined a control technique that was based on Euclid. Chittora et 

al [150] examined the Chebyshev technique. B. Singh et al. addressed the following topics: 

Laplacian Regression Technique [151], MGI control in [152], ILST control algorithm in [153], 

Recursive Digital Filter in [154], and QNBP NN-based I cos ϕ in [155]. Jain et al. addressed HTF-

Based Higher-Order Adaptive Control [156] and predictive model control in [157]. In [158], 

Rahamani et.al. addressed Lyapunov control, Naive Back Propagation-based I-cosĄ in [159], 

Learning-based Anti-Hebbian in [160], Variable Forgetting Factor Recursive Least Square Control 

Algorithm in [161], Conductance-based fryze in [162], Fast Zero Attracting Normalised Least 

Mean Fourth-Based Adaptive Control in [163], JAYA Optimization-based control algorithm in 

[164], and Leaky Least Logarithmic Absolute Difference-Based Control in [165]. In 3-phase grid-

connected systems, the algorithms mentioned above are implemented. Prakash and Alka [166] 

underscore the importance of employing an Enhanced Phase Locked Loop (EPLL) algorithm to 

improve the performance of a three-phase DSTATCOM. This method enhances power quality by 

stabilising DC link voltage during load disturbances and minimising Total Harmonic Distortion 

(THD) through the DSTATCOM of reactive and active power control. They suggest the utilisation 

of a Voltage VSC and a T-linked transformer to address these concerns, emphasising the 

DSTATCOM's contribution to reactive power regulation and efficient load balancing. Manoj et al. 

[167] investigate the utilisation of Adaptive Generalized Maximum Versoria Criterion (AGMVC) 

to control DSTATCOM. This system has been utilised to supply active power to linear and 

nonlinear loads, incorporating power quality adjustment elements such as harmonics, excessive 

reactive power, and imbalance.  
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Peerzadah et al.[168] conduct a comparative analysis of a 3Φ-3W system that employs a 

DSTATCOM, with an emphasis on the reduction of THD and the correction of power factor. They 

employ the Synchronous Reference Frame (SRF) technique to generate reference currents, which 

are validated through real-time simulation. This underscores the DSTATCOM's efficacy in 

enhancing power quality in a variety of load conditions. Lastly, [169] addresses the integration of 

DSTATCOMs into grid-connected solar PV systems. The study emphasises the DSTATCOM's 

function in ensuring the stable operation of the solar-PV system by maintaining power factor 

correction and zero voltage regulation, despite insolation variations. In general, these studies 

collectively emphasise the versatility and efficacy of DSTATCOMs in improving power quality 

and stability in a variety of grid-connected scenarios. They employ a variety of control strategies 

and configurations to address specific challenges in distribution networks [170,172]. 

2.5 Literature Survey on Grid integrated multilevel inverter based DSTATCOM  

According to the literature review, the SAPF is frequently used in single-phase distribution 

systems as a basic two-level inverter [173]. The high switching frequency and higher dv/dt stress 

on the switches in high power applications are the problems with this conventional inverter, which 

can lead to switch malfunctions. A supplementary line frequency transformer must be attached, 

hence augmenting the overall cost of the system for distribution at medium and high voltage levels. 

Consequently, its usefulness is constrained for high power applications. Nonetheless, MLI is 

developing as the favored configuration of DSTATCOM, particularly for high-power level 

applications [174-175]. It may operate at a low switching frequency, and the harmonic content 

decreases as the number of levels increases. The required flexibility is offered by the modular 

approach. Three typical topologies for MLI are available in literature, which are Neutral Point 

Clamped (NPC) [176], Flying Capacitor MLI (FCMLI) [177] and Cascaded H-bridge MLI (CHB-

MLI) [178].  

The first one, which is referred to as the 3-level Diode Clamped Multilevel Inverter (DCMLI), was 

introduced by Nabae and Takahashi [179]. The concept of midpoint Neutral Point Clamped (NPC) 

inverter was introduced in this paper. In the 1990s, Meynard and Foch [180] and Lavievilleet al. 

[181] introduced the Flying Capacitor MLI (FCMLI), which is the second most well-known 

configuration. It is based on the basic idea of using capacitors rather than clamping diodes and is 

also known as a capacitor constrained inverter. Baker and Bannister [182] put forth a succession 

of H-bridge connections in the mid-1970s, which are commonly referred to as cascaded H-bridge 
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MLI (CHB-MLI). The CHB-MLI configuration performs better than its counterparts due to its 

modular structure, inherent voltage balancing quality due to the absence of diodes and capacitors. 

The CHB-MLI is also known as Series Connected H-bridge MLI (SCHB-MLI) and it is also the 

most suitable topology for interconnecting renewable energy sources such as PV arrays or fuel 

cells [183].  

In order to obtain the required voltage, it is customary to connect multiple inverters in series. The 

circuit design and control scheme of each inverter module are identical. Consequently, the CHB 

inverter exhibits a high level of modularity [184-186]. Furthermore, this advanced control strategy 

facilitates the prevention of defective units without impeding the power supply to the load 

terminals, thereby guaranteeing continuous availability [187-188]. Numerous cascaded multilevel 

inverter topologies have been designed as a DSTATCOM and implemented for a prominent role 

in the design of power electronics-based compensators. These devices are quick in operation and 

their control can also be modified easily. The examples include the UPQC, SAPF, DVR. Paper 

[189] shows that DSTATCOM is used to correct phase-shift of current and achieve unity power 

factor in a three-phase three-wire system feeding nonlinear loads. It can also be used to improve 

Power Quality (PQ) related problems. A few methods for mitigating PQ problems are described 

in the research paper [190] in which DSTATCOM accompanied with CHB-MLI is used. 

The DSTATCOM can be configured to solve PQ problems such as harmonics filtering, reactive 

power compensation, voltage support in low voltage distribution networks, load balancing, 

lowering SPV power fluctuations etc. using several control algorithms. These algorithms include 

Synchronous Reference Frame Theory (SRFT) [191], P-Q theory[192], Salp Swarm Optimization 

Algorithm (SSOA) [193-194], cascaded enhanced second-order general integrator with a prefilter 

(CESOGI-WPF) control technique [124,195], LCL‐filter‐based DSTATCOM [196], ANOVA 

Kernel Kalman Filter (AKKF) [124,136], Hermite function based ANN [121],optimized Multi-

Layer Perceptron (MLP) neural network [197], Bernoulli polynomial‐based control technique 

[124,198], proportionate affine projection algorithm (PAPA) [199], Laguerre Polynomial (LP) 

based algorithm [124], Instantaneous Symmetrical Components Theory (ISCT) [200], Normalized 

Least Mean Absolute Third (NLMAT) algorithm [124,201-202], Immune Feedback Control 

Algorithm [203-204] etc. The DC link of the DSTATCOM can also be used to interface solar 

photovoltaic (SPV) arrays to extract DC power to three-phase system [205]. The modifications of 

system configuration have also been discussed in literature viz. three-phase, five-wire 
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DSTATCOM which helps to achieve Unity Power Factor (UPF) and Zero Voltage Regulation 

(ZVR) modes of operation [124].The five level cascaded H-bridge inverter based DSTATCOM 

may also be connected to asynchronous generator supply system and loads at point of common 

coupling (PCC) and can also solve PQ issues [124]. 

2.6 Literature Survey on Single Phase Grid Connected EV Charging Systems 

The literature on single-phase grid-connected electric vehicle (EV) charging systems emphasises 

several critical components, such as power quality, converter design, and integration of DC-DC 

converter with battery bank [206-208]. The necessity for efficient and rapid charging systems is a 

substantial obstacle to the adoption of electric vehicles (EVs). This can be resolved by integrating 

solar and utility power sources. The presence of EVs in significant number unleashes an additional 

source of electric power when needed. Battery Electric Vehicles have nowadays gained popularity 

as an alternative mode of transportation due to their improved performance, zero emissions as well 

as the convenience of a longer driving range. This naturally leads to a more sustained and 

environmentally friendly way of transportation [209]. This also implies realization of V2G 

operations on a much larger scale in the near future and the economic merits of EVs which have 

been debated in recent decades [210]. The automotive industry and numerous government 

organisations are focusing more on electric vehicle sector, owing to government incentive schemes 

and development programmes. Several countries, notably the United States (US), the European 

Union, Canada, China, and India, have already implemented Zero Emission Vehicle legislation 

[211-212]. These programmes aim to encourage the use of EVs by providing financial incentives 

and supporting the development of EV charging infrastructure. Furthermore, there were over 26 

million EVs on the road in 2023 across the globe. This number is expected to climb to over 1 

billion EVs by 2050 [213]. 

However, it may also be noted the growing popularity of EVs has the ability to adversely affect 

the quality of grid power since it is a DC load. Therefore, battery chargers become crucial 

components of performance evaluation and fulfilling grid-side power quality requirements as 

specified in IEEE 519 standards becomes relevant. [214-216]  

The chargers for Plug-in Electric Vehicles (PEV) can be broadly categorized as either on-board or 

off-board chargers. They may have the capability to facilitate bidirectional power flow, either from 

the grid to the vehicle or from the vehicle to the grid [217-218]. The on-board chargers (OBC) 

system must have characteristics such as high power density, efficient energy utilisation, a compact 
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form factor, lightweight construction, high reliability, and cost-effectiveness. Moreover, they 

should also be environmentally sustainable and grid-compatible [219-220]. 

Bidirectional power electronic converters serve as the essential components of EV chargers, 

supporting the main functions of G2V and V2G operations [221]. Furthermore, these converters 

can be used to provide additional grid functions such as reactive power support, voltage regulation 

and harmonics suppression. The Static synchronous compensators (STATCOMs) have 

traditionally offered these functionalities using different control algorithms. These control 

algorithms are Enhanced Phase Locked Loop (EPLL) [222], Hopfield Neural Network [223], 

Bernoulli polynomial‐based control technique, Hermite function‐based artificial neural network, 

Fractional delay Newton structure for Lagrangian interpolation [224], Sliding Window Recursive 

Discrete Fourier Transform (SWRDFT) [225], Sign Regressor Least Mean Mixed Norm 

(SRLMMN) control technique  [226], Laguerre polynomial function‐based inverter control [227], 

Nonlinear adaptive normalized least mean absolute third algorithm [202], Leaky Least Mean 

Fourth (LLMF) control algorithm etc. An EV charger, for example, is designed to deliver the 

reactive power required by non-linear loads while also charging or discharging the battery of an 

electric vehicle. An EV charger can also be used as an active power filter to reduce harmonics in 

the current on the grid side of a domestic network. A single-phase EV charger can additionally 

adjust the voltage at the point of common coupling (PCC) by injecting leading or lagging volt-

ampere reactive (VAR) into the grid [228]. The on-board charger comprises a single-phase grid-

integrated VSC and a dual active bridge (DAB)-based dc-dc converter that provides galvanic 

isolation between the battery and the grid [229]. This EV charger has bidirectional power flow, 

allowing it to be used in vehicle-to-home (V2H) or vehicle-to-grid (V2G) applications. In addition 

to the traditional G2V battery charging function, it can give reactive power (VAR) support to the 

grid [230-232]. 

In order to surmount the protracted charging process, which is a significant impediment to the 

adoption of electric vehicles (EVs), it is imperative to implement fast charging systems. As a result 

of the increased demand on the grid, these systems are confronted with challenges such as power 

loss, voltage instability, harmonic distortion, and transformer saturation [233]. In grid-connected 

EV charging systems, power quality is a critical concern. The congestion and stability issues that 

can result from the variability in EV charging can also affect other users on the same network. In 

order to more effectively comprehend and mitigate these challenges, recent research has 
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concentrated on the supra-harmonic frequency range (2 kHz to 150 kHz). A model study of a 

single-phase bidirectional AC/DC converter that is connected to the grid has been conducted to 

investigate power quality issues. The results indicate that high switching frequencies can result in 

substantial emissions within this range [234-236]. Improvements in converter design are essential 

for enhancing the reliability and efficacy of electric vehicle charging systems. A single-phase grid-

connected fault-tolerant bi-directional power flow converter has been proposed, which is capable 

of preserving power quality in the presence of defective conditions [237]. In order to reduce total 

harmonic distortion (THD) and maintain a unity power factor, this system implements adaptive 

resonant control and an H-bridge configuration [238]. In a similar vein, a high DC-gain flyback 

converter has been created, which maintains efficiency with fewer switches than conventional 

converters, while simultaneously reducing THD and improving power factor [239]. In general, the 

efficacy of single-phase grid-connected EV charging systems is significantly improved by the 

integration of advanced converter technologies and the emphasis on power quality. The support of 

the increasing demand for electric vehicles (EVs) and the maintenance of stable and efficient grid 

operations are contingent upon these developments. 

Single-phase grid-connected electric vehicle (EV) charging systems are intricate assemblies that 

incorporate numerous critical components to guarantee safe and efficient charging [206,218]. 

AC/DC converters, DC/DC converters, phase-locked loop (PLL) algorithms, and power factor 

correction (PFC) mechanisms comprise the primary components. The AC/DC conversion is 

typically administered by a pulse width modulated (PWM) rectifier, which is essential for 

converting alternating current (AC) from the grid to direct current (DC) that is suitable for charging 

EV batteries. Isolated converters are frequently implemented during the DC/DC conversion stage 

to regulate the voltage disparity between the energy storage system and the DC connector, thereby 

guaranteeing safety through galvanic isolation. This stage has the capacity to employ LLC-type 

resonant converters, which provide high input voltage operation and enhanced performance 

through resonant switching, thereby minimising reactive power and improving power flow 

regulation [240]. Additionally, a VSC at the front end is employed to achieve power factor 

correction, which reduces the phase difference between current and voltage and maintains a unity 

power factor, thereby minimising reactive power in the system [241]. This is essential for the 

stability of the grid and the efficient transmission of energy. The single-phase grid-connected EV 

charging systems are distinguished by their utilisation of VSCs for power factor correction, PWM 
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rectifiers for AC/DC conversion, isolated DC/DC converters for voltage regulation, and PLL 

algorithms for grid synchronisation. These components collaborate to guarantee the efficient, safe, 

and reliable charging of electric vehicles (EVs) while simultaneously promoting grid stability and 

energy management [242]. 

2.7 Literature Survey on Three Phase Grid Connected Solar PV and EV Charging Systems 

The integration of electric vehicle (EV) charging infrastructure with three-phase grid-connected 

solar photovoltaic (PV) systems is a promising approach to improve the efficiency and 

sustainability of EV charging [243-244]. Research paper [245] discusses a PV system with battery 

storage using a bidirectional DC-DC converter. This system has been designed for serving DC 

loads and EV battery charging is proposed in this paper. The PV array power is used to charge the 

EV’s battery and DC loads during peak hours. During the hours when the sunlight is not available, 

the power of battery is used to supply DC loads. 

A multi-port reconfigurable converter for grid-integrated hybrid PV/EV/battery system is 

proposed in [135]. The model is developed with PLECS software for time-domain simulation, and 

the converter is intended to charge electric vehicles at a rate of 10 kW. In order to achieve high 

power density and increased component utilization, the converter shares components across 

various power flow routes. A single transformer is used to exchange power between EV and the 

rest of the sources complying with EV isolation standards as well as attaining reduced magnetics. 

The research emphasises numerous critical components of this integration. 

Initially, a study [246] conducted in Jeddah, Saudi Arabia, demonstrates the viability of utilising 

grid-connected PV systems for EV charging. The study found that a rooftop solar PV system was 

capable of satisfying the energy requirements of a petrol station, which included EV charging, 

while simultaneously reducing energy costs and CO2 emissions. This suggests that solar 

photovoltaic (PV) systems have the potential to economically and environmentally support electric 

vehicle (EV) charging infrastructure. The integration of both photovoltaic and grid power sources 

can be advantageous for fast charging systems, which are essential for the widespread adoption of 

EVs. This dual-source approach is designed to address the challenges associated with high demand 

in rapid charging stations, including power loss, voltage instability, and transformer overloading 

[247]. The integration of solar and grid power not only facilitates rapid charging but also alleviates 

grid variability concerns. In addition, the incorporation of renewable energy sources, including 

solar, into EV charging systems provides benefits such as cost reductions and reduced grid demand 
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[248]. Although hybrid and on-board charging systems present challenges in terms of cost and 

integration complexity, they enhance these benefits by providing faster charging and enhanced 

communication protocols [249]. The stability and efficiency of EV charging infrastructure are 

further improved by a three-phase, four-wire distribution network that incorporates PV and tiny 

hydro energy conversion systems. This configuration enables the seamless operation of both grid-

tied and stand-alone modes, thereby reducing energy curtailment and enhancing power quality 

[250]. Additionally, the utilisation of bidirectional charge systems, which facilitate energy transfer 

between EVs and the grid, facilitates microgrid energy management. This method, which has been 

demonstrated through simulation, guarantees a consistent power supply and minimal harmonic 

distortion, underscoring the potential for EVs to function as energy storage systems within a grid-

connected solar PV framework [251]. The integration of three-phase grid-connected solar PV 

systems with EV charging infrastructure provides substantial advantages in terms of sustainable 

development, grid stability, and efficiency. Nevertheless, in order to completely realise these 

advantages, it is necessary to address obstacles such as the complexity of integration, the cost, and 

the necessity of advanced control mechanisms. 

2.8 Literature Survey on Grid Connected RSMLI with Solar PV and EV Charging Systems 

The integration of solar photovoltaic (PV) systems and electric vehicle (EV) charging stations with 

grid-connected Reduced Switch Multilevel Inverters (RSMLI) is a promising approach to improve 

the efficacy and sustainability of EV charging infrastructure [252]. Research is going on [253] to 

improve the battery efficiency, range etc which are the main hurdles in today’s scenario. Keeping 

in mind future growth of EV, V2G and G2V modes are being explored by industries. 

Developments in the areas of battery technology, charging infrastructure and vehicle-to-grid 

integration have advanced as a result of the EV market's explosive growth. These developments 

have kept elevating the efficiency, range, and comfort of electric vehicles over the last decade.  

Recent literature review [254] highlights the topology and the control aspects of EV chargers. 

Paper [255] discusses a charger which employs a Self Tuning Filter (STF) based control technique 

in Grid-Connected Operation (GCO) to estimate the fundamental load current and to provide 

synchronized sinusoidal reference current. A Sliding Mode Control (SMC) based DC-link voltage 

controller is presented in [256] to reduce DC-link voltage overshoot with finite-time convergence 

during external disturbances. A wide range high voltage gains bidirectional DC-DC converter 

utilizing a dead-beat controller is discussed in [257] which ensures smooth and accurate current 
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control for both G2V and V2G operation. A single-phase bidirectional active neutral-point-

clamped (ANPC) five-level converter (5LC) is proposed by the authors for use in V2G, vehicle-

to-home (V2H) and G2V applications for active filtering [258]. An innovative, high-quality 

charging scheme for electric vehicles is demonstrated by the author using a Type-2 fuzzy logic 

driven shunt converter coupled system. Both the G2V and V2G modes of operation are made 

possible by the bidirectional converters. The decoupled current control approach combined with 

the DC-link voltage is utilized in ac-dc converters [258]. A reconfigurable Power Electronics 

Interface (PEI) known as the integrated multipurpose power electronics interface (IMPEI) 

combining the drive inverter and on-board charger into a single interface that can be used for 

multiple modes of operation, including G2V and vehicle-to-grid V2G operations with grid 

flexibility is discussed in [259]. The distributed model predictive control (DMPC) technique 

enables EV chargers to make use of reactive power V2G capabilities and engage in real-time 

voltage regulation of both balanced and unbalanced distribution networks without interfering with 

active power interchange. The implementation of a solar photovoltaic (PV) array powered grid-

connected domestic EV charger that caters to the needs of an EV, household loads and the grid is 

discussed in [260]. In order to support local loads in an isolated situation, the charger is additionally 

equipped with vehicle-to-home power transfer and active/reactive grid power assistance. 

Maximum EV Hosting Capacity (HCmax) for low voltage distribution networks is presented in 

[261] to measure and evaluate the potential improvements to distribution networks that could result 

from the suggested phase-shifting technique. Paper [262] suggests a novel way to use the ripple 

injection load control signals for the regulation of EV charging load. Singh et al. and Jain et al. 

have shown an EV charging station [263]. In paper [264], the EV is charged solely from PV and 

the grid. However, if the PV array and grid are unavailable, the EV battery is not charged. This 

disadvantage is addressed in [266]. The paper [266] describes an efficient control technique for a 

multifunctional grid-connected solar photovoltaic (PV), EV charger that uses adaptive notch filters 

(ANFs) to power the EV batteries while also enhancing grid power quality. 

Additionally, the use of (RES) Renewable Energy Sources like PV into EV charging 

infrastructures is gathering momentum as a result of advantages such as reduced fuel costs, reduce 

global warming effects and greater independence from the grid [95]. They demonstrate the 

DSTATCOM's ability to effectively address oscillation and stability issues by employing 
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advanced control techniques such as Level Shifted Pulse Width Modulation (LSPWM) and 

Artificial Neural Networks (ANN) to enhance power stability and mitigate fault currents [267]. 

The literature also underscores the significance of advanced charging management systems and 

control algorithms in order to improve the efficacy and user experience of EV charging stations. 

These systems have the potential to enhance communication protocols, preserve battery life, and 

optimise recharge processes [268]. The integration of RSMLI with solar PV and grid-connected 

EV charging systems offers a viable solution to the obstacles associated with the adoption of 

electric vehicles. Although the prospective advantages are substantial, additional research is 

required to resolve technical obstacles and enhance system performance. This encompasses the 

examination of the feasibility of V2G technology and the development of sophisticated control 

algorithms in order to completely realise the potential of this integration [269-271]. 

2.9 Identified Research Gaps   

The following research gaps are noted according to the findings of the comprehensive literature 

review: 

❖ New and Improved control algorithms for Inverter control.  

❖ Need of Impact analysis of PV system on grid. 

❖ Modern control algorithms required for EV operation. 

❖ Need to analyze different Inverter configurations. 

2.10 Objectives of Current Research  

The following are research objectives based upon the research gap identified 

❖ Analysis and design  different Inverter circuits for PQ improvement in distribution system. 

❖ Impact of PV system on conventional grid along with PQ improvement. 

❖ Integration of EV system for G2V and V2G modes of operation. 

❖ Simulation and analysis of new Inverter topology for cost effective solution. 

2.11 Conclusions 

This chapter discusses the literature related to DSTATCOM, EV, PV, Single and Three phase grid 

and their control structure. On the basis of detailed review, research gaps are identified and finally 

objectives of the thesis are proposed. 
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Chapter 3 

Design Aspects of Different Converter Configuration  

 

This chapter includes the design aspects of different converter configurations. The design 

of DC link voltage, DC link capacitance, interfacing inductor, design of voltage and current 

sensors, design of gating circuit, design of PV array, design of DC-DC bidirectional converter etc. 

are presented in this chapter.  

3.1 Design and Analysis of Single Phase Grid connected DSTATCOM 

The proposed single phase grid connected system is shown in Fig 3.1. It comprises a single-phase, 

50 Hz grid supply through a single-phase auto transformer. The supply, compensator, and load are 

connected at the PCC. The single phase VSC is connected in shunt with a DC link capacitor to 

simulate the DSTATCOM. Voltages and currents in the system are measured using LEM-made 

sensors. dSPACE1104 is a digital signal processor (DSP) that is employed to process input signals 

and generate appropriate gating pulses for the DSTATCOM's operation. In order to operate the 

VSC, four gating pulses are necessary. The designed interfacing inductors and the parameters is 

 

Fig 3.1 System diagram of single phase grid connected DSTATCOM 
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selected to connect the VSC to the PCC. Only nonlinear loads are types of loads that are examined 

in this analysis. The DSO is used to record the performance/system variables.  

 3.1.1 Calculation of DC link Voltage       

The switching losses of IGBT switches ought to be injected with an adequate value of voltage 

from the DC link. For pulse width modulation (PWM) control to work properly in a single-phase 

system, the DC link voltage of the system must be higher than the peak supply voltage [272]. The 

single-phase system's peak value is estimated as 

𝐴𝑚 = √2𝑣𝑠                                                                                                                                  (3.1) 

where, 𝐴𝑚 is the peak amplitude of AC phase voltage, 𝑣𝑠 is the source voltage of single phase 

system. The rating of single phase system is considered as 110V, 50Hz for simulation and 

experimental performance. The calculation of DC-link voltage can be given as: 

𝑉𝑑𝑐𝑟𝑒𝑓
> 𝐴𝑚 = √2𝑣𝑠                                                                                                                   (3.2) 

The dc link voltage is calculated as 155V and it selected as 200V for the DSTATCOM operation.   

3.1.2 Calculation of DC link Capacitance   

The DC-link voltage of the VSC is extremely sensitive to the voltage of the input grid as well as 

the current of the load. It is important that the value of the DC-link capacitance be sufficiently high 

in order to maintain the DC-link voltage throughout the dynamics [272]. Calculating the DC-link 

capacitance can be done with the help of Eq. 3.3. 

𝐶𝑑𝑐 =
𝑣𝑔𝑎𝑖𝑠𝜏𝑔

1

2
(𝑉𝑑𝑐𝑟𝑒𝑓

2 −𝑉𝑑𝑐𝑚
2 )

                                                                                                                         (3.3) 

The overloading factor is denoted by ‘a’ which is considered as 1.2. The source current is denoted 

by is whose maximum values is 8A, the time constant is denoted by τ (0.02s), the gain constant is 

denoted by g(0.5), the reference DC-link voltage is denoted by Vdcref (200V), and the minimum 

DC-link voltage is denoted by Vdcm(155.56V). By applying these values to Eq. 3.3. The computed 

values of Cdc is 1340µF. 

𝐶𝑑𝑐 ≈ 1340𝜇𝐹                                                                                                                           (3.4) 

A value of DC-link capacitor higher than the calculated value has been chosen for simulation as 

well as experimental studies. The selected value of 𝐶𝑑𝑐 = 1500µF for further studies.  

3.1.3 Calculation of Interfacing Inductor 

An interfacing inductor is employed to eliminate current ripples. A larger inductance value 

enhances filtering efficacy; nevertheless, it concurrently increases power loss.  
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Therefore, the appropriate design of the interface or filter inductor (Li) is essential and is shown in 

Eq.3.5. 

 𝐿𝑖 =
𝑚∗𝑉𝑑𝑐

4∗𝑎∗𝑓𝑠 ∗ ∆𝑖
                                                                                                                          (3.5) 

In this case, m is the modulation index (m=1), Vdcref is the DC-link reference voltage, a is the 

overflow factor, fs is the switching frequency, and ∆i is the current ripple, which is set to 15% of 

the maximum current. For the purposes of modelling, the computed values of Li is. 

𝐿𝑖 ≈ 2.77𝑚𝐻                                                                                                                              (3.6) 

For simulation and experimental purpose, its value is selected as 

𝐿𝑖 ≈ 3𝑚𝐻                                                                                                                                (3.7)  

3.1.4 Rating of IGBT Switches of DSTATCOM        

The DSTATCOM is equipped with an IGBT switches. The IGBTs exhibit a low on-state voltage 

drop and a high voltage capability. Smoother turn-on/off waveforms are achieved through the use 

of IGBT. Additionally, the simplicity of driver circuit and the nearly zero gate drive current are 

additional benifit. The current limit and switching speed are the primary factors that determine the 

rating of switches. Given that the switching speed is 10 kHz and the IVSC is 25 A, the 

SKM150GB12V IGBT module was chosen. The IGBT switch leg and schematic internal 

connection diagram of the IGBT switches employed is illustrated in Fig 3.3 (a-b). Three of these 

modules are employed in a three-phase SAPF. The IGBT specifications include a VCE of 1200V, 

an IC of 150A, a fs of 20kHz, a VGE of 15V, and a top temperature range of -40°C to 150°C.  

 

Fig 3.2 (a) Diagram of IGBT leg and (b) Schematic diagram of IGBT 
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3.1.5 Design of Voltage and Current Sensor Circuits  

The design of voltage and current sensors are discussed in detail. In single phase systems two 

voltage and two current sensors are required. 

(a) Design of Voltage Sensors 

The LV-25P voltage sensors are used to measure the voltage across DC link capacitors and the 

voltage at the PCC. This sensor gives off a theoretical value of 25V and has a conversion ratio of 

2500:1000. For this sensor to work, it needs a ±15V source. The signal for the input voltage is sent 

to the +HT and -HT terminals. The output voltage is measured across terminal M across resistance 

(Ro/p), and the amplification circuit is given another signal. Fig 3.3 shows connection diagram of 

the voltage sensor circuit and its developed circuit.  

(b). Design of Current Sensors 

The LA-25P current monitor from LEM is used to measure both the grid current and the load 

 

Fig  3.4 Circuit diagram of  Current Sensor and developed sensor 
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Fig  3.3 Circuit diagram of  Voltage Sensor and developed sensor 
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current. It has a conversion ratio of 1000:1. This sensor needs a power source of ±15V to work. 

The output voltage is measured across resistance (Ro/p), and the signal is sent to the amplifier 

circuit. The connection diagram of current sensor and its developed sensor is shown in Fig 3.4.  

3.1.6 Design of Amplifier Gating Circuit for IGBT Driver  

The dSPACE-1104/MicroLab box 1202 generates PWM signal of nearly +5V and the voltage to 

needed to trigger the IGBTs is +15V. Therefore, an amplification circuit of gate driver as has to 

be connected between the dSPACE-1104/MicroLab box 1202 as shown in Fig 3.5 (a) and the 

experimental model is shown in Fig 3.5 (b). It consists of AND Gate IC-SN7406N and transistor 

2N2222A. IC requires +5V DC supply and NPN transistor needes +15V DC supply to operate. 

The driver circuit contains SKYPER-32 pro with evaluation board  as shown in Fig 3.5 (c) .  

  

Fig 3.6 (a) Image of linear load (b) image of diode bridge rectifier (c) circuit of non-linear load 

 

 
Fig 3.5 (a) Connection diagram of gate driving circuit (b) Practical Implementation of amplifier driver circuit 

and (c) Evaluation board with Skyper-32 Pro. 
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3.1.7 Rating of Non-linear loads    

The linear loads of a rating of 250 V and 24 A are connected in single-phase systems. Non-linear 

loads are connected through a diode bridge rectifier as shown in Fig 3.6. The DC side of the diode 

bridge rectifier contains a variable resistor (20-120Ω) and a fixed inductor of 80 mH. 

3.1.8 Experimental Set-up in the laboratory   

In the laboratory, single phase grid connected DSTATCOM is developed to verify the feasibility 

of proposed technique. The system rating is 110V rms and 50 Hz frequency. This hardware setup 

requires two voltage sensors (LV-25P) for sensing (vs, Vdc) and two current sensors (LA-25P) for 

sensing (is, iL). These sensed voltage and current signals are processed by DSP (dSPACE 1104) to 

generate four gating pulses for VSC. The VSC is controlled as a DSTATCOM to inject 

compensating current at point of common coupling.  Hardware results for steady state and dynamic 

states are captured using Power Analyzer and DSO respectively. The experimental setup is shown 

in Fig 3.7. 

3.2 Design and Analysis of Three Phase Grid connected DSTATCOM     

Fig 3.8 depicts system diagram of three phase grid connected DSTATCOM. It uses a three-phase 

auto transformer to receive power from the grid at 50 Hz in three phases. There is a connection for 

the supply, compensator, and load at the PCC. LEM based sensors are used to measure the system 

voltages and currents. In order to run DSTATCOM, a DSP called Microlab box 1202 processes 

 

Fig 3.7 Experimental setup of single phase DSTATCOM 
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input signals and generates the correct gating pulses. A three phase VSC shunted with a DC link 

capacitor is used to imitate the DSTATCOM. The operation of VSC requires six gating pulses. To 

link the VSC to the PCC, the interfacing inductors are created and selected with the proper value. 

In this study, the nonlinear loads are taken into account. A DSO is used to record the 

performance/system variables.  

3.2.1 Calculation of DC link Voltage      

The DC-link voltage will be used to contribute reactive power to the grid. Consequently, the grid 

voltage employed must be slightly higher than the DC-link voltage of the three-phase VSC [273]. 

It is possible to determine the grid voltage's magnitude by employing the factor Eq. 3.8. 

𝐴𝑚 =
2√2𝑣𝐿𝐿

√3
                                                                                                                                  (3.8) 

where Am is the maximal amplitude of the AC phase voltage and vLL is the line source voltage of 

the three-phase system. The 110V, 50Hz is the rating of the experimental performance. The DC-

link voltage can be determined by the following formula: 

𝑉𝑑𝑐𝑟𝑒𝑓
> 𝐴𝑚 =

2√2𝑣𝐿𝐿

√3
                                                                                                                 (3.9) 

In the experiment, the DC link reference value is 155V and is set at 200V for the DSTATCOM 

operation in three phase grid connected systems.  

  
Fig 3.8 System diagram of three phase grid connected DSTATCOM 
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3.2.2 Calculation of DC link Capacitance                                                                                    

A VSC's DC-link voltage is extremely sensitive to the input grid voltage and load current. A high 

enough DC-link capacitance value is required to keep the DC link voltage constant throughout 

dynamics [273]. Eq 3.10 can be used to get the capacitance of the DC link. 

𝐶𝑑𝑐 =
6𝑣𝑝ℎ𝑖𝑠𝑎𝜏𝑔

[𝑉𝑑𝑐𝑟𝑒𝑓
2 −𝑉𝑑𝑐𝑚

2 ]
= 3172µF                                                                                                                    (3.10) 

where, vph denotes the phase voltage of a three-phase system, is represents the source current 

(is=8A), ‘a’ signifies the overloading factor, which is set at 1.2 for this application, ‘τ’ indicates 

the time constant, established at 0.02 seconds, ‘g’ refers to the gain constant (g=0.4), 𝑉𝑑𝑐𝑚
 is the 

minimum DC link voltage (𝑉𝑑𝑐𝑚
= 155), and 𝑉𝑑𝑐𝑟𝑒𝑓

 is the DC link reference voltage (𝑉𝑑𝑐𝑟𝑒𝑓
=

200𝑉). The DC link capacitance is selected as 3300µF. 

3.2.3 Calculation of Interfacing Inductor    

Current ripples are filtered out using an interface inductor. Better filtering is provided by inductors 

with greater values, but the loss is also higher [273]. As a result, it is crucial to properly design the 

interface or filter inductor (𝐿𝑖), which is done by calculating by Eq.3.11. 

𝐿𝑖 =
√3𝑚𝑉𝑑𝑐𝑟𝑒𝑓

12𝑎𝑓𝑠∆𝑖
= 4.8𝑚𝐻                                                                                                                           (3.11) 

where, m is the modulation index of 1, a is overloading factor of 1.2, 𝑓𝑠 is the switching frequency 

of 10kHz and ∆𝑖  is the ripple current and it is considered 10% of the maximum current. In 

experimental 5mH is selected. 

3.2.4 Rating of IGBT Switches of DSTATCOM          

The DSTATCOM is equipped with an IGBT switches. The IGBTs exhibit a low on-state voltage 

drop and a high voltage capability. Smoother turn-on/off waveforms are achieved through the use 

of IGBT. Additionally, the simplicity of driver circuit and the nearly zero gate drive current are 

additional benifit. The current limit and switching speed are the primary factors that determine the 

rating of switches. Given that the switching speed is 10 kHz and the IVSC is 25 A, the 

SKM150GB12V IGBT module was chosen. The IGBT switch leg and schematic internal 

connection diagram of the IGBT switches employed is illustrated in Fig 3.3 (a-b). Three of these 

modules are employed in a three-phase SAPF. The IGBT specifications include a VCE of 1200V, 

an IC of 150A, a fs of 20kHz, a VGE of 15V, and a top temperature range of -40°C to 150°C. 

Here, three legs of IGBT switches are required for three phase VSC. 
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3.2.5 Rating of Non-linear loads                                                                                                         

The linear loads of a rating of 250 V and 24 A are connected in single-phase systems. Non-linear 

loads are connected through a diode bridge rectifier as shown in Fig 3.6.  

The DC side of the diode bridge rectifier contains a variable resistor (20-120Ω) and a fixed 

inductor of 80 mH. 

3.2.6 Experimental Set-up in the laboratory           

Fig 3.9 depicts a experimental setup of three phase grid connected DSTATCOM that includes 

sensors, the Microlab box 1202 controller, VSC, interfacing inductors, Nonlinear load, 

programable DC supply, power analyzer, DSO, Point of Common Coupling (PCC) and a three-

phase AC supply. three phase grid connected DSTATCOM systems are powered by a three-phase 

variable voltage transformer. The output of the three-phase variac and three phase DSTATCOM 

is connected to the PCC and load terminals. The DSTATCOM is connected to the three-phase 

power supply by interface inductors. The ADC ports of the Microlab box 1202 are used to sense 

and apply the following AC and DC voltages and currents: vsa, vsb, vsc; iLa, iLb, iLc; and Vdc, the DC 

link voltage of the DSTATCOM. It is via the Digital to Analog Channel (DAC) of the Microlab 

box 1202 that the output gating pulses are produced, following signal processing with the proper 

control algorithms. A voltage level amplifier circuit then feeds these signals into the IGBT 

switches of the DSTATCOM. It is necessary to have two independent DC sources in order to 

 
Fig 3.9 Experimental setup of three phase DSTATCOM 
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power the sensors circuit (-15 to +15 V) and the voltage amplifier circuit and IGBT switches (0-

30 V). 

3.3 Design and Description of Five Level CHB-MLI based DSTATCOM  

A five-level cascaded H-bridge design is depicted in the circuit diagram as shown in Fig 3.10. A 

rectifier load with an R-L branch linked to the DC side receives power from a single-phase AC 

source. A source's inductance and resistance are represented by the symbols LS and RS, 

respectively. PQ issues can also be solved by connecting the Five Level Cascaded H-Bridge (5L 

CHB) converter in a shunt configuration utilizing two H-bridges. Variables such as source voltage 

vs, source current is, load current iL, and total dc link voltage (Vdc1+Vdc2) are required for the control 

of the given system. These are detected using current and voltage sensors that are based on LEMs. 

The ADC channels of the DSP (dSPACE 1104) receives the voltage and current signals that are 

sensed. For DSTATCOM, the necessary eight gating pulses are generated by the DSP. The 

converter is equipped with an interface inductor (Li) to dampen the AC output ripples.  

3.3.1 Inverter and Driver Circuit   

A single-phase AC supply, dSPACE 1104 board, programmable DC supply, voltage and current 

sensors, two H-bridge VSC, DSO, interface inductor, nonlinear load are the main components 

 

Fig 3.10 System Diagram of 5-level Distribution System 
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needed for the setup. All components of a single-phase grid-connected system's design is 

thoroughly examined. The design quantities listed below have been taken into consideration. 

3.3.1.1 DC link voltage 

3.3.1.2 Interfacing inductors 

3.3.1.3 DC link capacitance 

3.3.1.4 Current and Voltage sensors 

3.3.1.5 Design of pulse generation 

3.3.1.1 Design of DC link Voltage         

Usually, the DC link voltage must be higher than the peak of supply voltage for effective 

compensation. The DC capacitor voltage can be calculated as [274]  

f

s
refdc

m

v
V

3

2
=−                                                                                                                              (3.12)     

Here, vs = 110V is the grid voltage, mf =0.9 is the modulation index. The DC link voltage across 

capacitor in each H-bridge is calculated to be 99.97V. So, the total DC link voltage is 200V for 5L 

CHB converter. 

3.3.1.2 Design of Interfacing Inductor     

The value of Li is calculated as [274] 

ppcrsw

refdc

i
Ifm

V
L

−−
=

)1(12

,
                                                                                                                (3.13) 

Considering the total DC link voltage Vdc-ref = 200V, switching frequency fsw = 5kHz, m= 5 

representing voltage levels and peak to peak ripple current is ∆Icr-pp= 0.2, the value of interfacing 

inductor is found to be 4.14mH. Hence, in the proposed system 5mH is selected in simulation 

studies as well as experiments. 

3.3.1.3 Design of DC link Capacitance   

The 5L CHB inverter contains two DC link capacitors and each capacitance is calculated using the 

following   relation [274]  

)(2 22

dcrefdc

csL
dc

VV

TivK
C

−
=

−

                                                                                                                  (3.14) 

where vs is taken as 110V AC, ic = 3.4A, T=0.02sec, Vdc-ref = 200V, Vdc=190V, considering a 

voltage drop of 10V, Cdc=2205.64 µF is calculated and for this system it is taken as 2400µF for 

simulation studies and 2500µF for experimental validation. 
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3.3.1.4 Design of voltage and current sensor   

The design of voltage and current sensors are discussed in detail. In single phase systems two 

voltage and two current sensors are required. 

(a) Design of Voltage Sensors 

The LV-25P voltage sensors are used to measure the voltage across DC link capacitors and the 

voltage at the PCC. This sensor gives off a theoretical value of 25V and has a conversion ratio of 

2500:1000. For this sensor to work, it needs a ±15V source. The signal for the input voltage is sent 

to the +HT and -HT terminals. The output voltage is measured across terminal M across resistance 

(Ro/p), and the amplification circuit is given another signal. Fig 3.3 shows connection diagram of 

the voltage sensor circuit and its developed circuit.  

(b). Design of Current Sensors 

The LA-25P current monitor from LEM is used to measure both the grid current and the load 

current. It has a conversion ratio of 1000:1. This sensor needs a power source of ±15V to work. 

The output voltage is measured across resistance (Ro/p), and the signal is sent to the amplifier 

circuit. The connection diagram of current sensor and its developed sensor is shown in Fig 3.4.  

3.3.1.5 Design of pulse generation 

Phase shift modulation control technique [275] is employed to generate the switching pulses of 

CHB-MLI. A signal generated by the sensed source current (is) and reference supply current (iref) 

is compared to a triangular carrier wave. The carrier signals in this modulation scheme are phase-

shifted by angle and are represented by the following: 

1

3600

−
=

m
cr

                                                                                                                                
(3.15) 

where where m is the number of levels of output voltage. As a reference signal, the modulating 

signal is chosen in the proposed CHB-MLI SAPF. In order to determine the switching pulses of 

IGBT switches, it is compared with a triangular carrier signal (f=5kHz) at each instant. As shown 

in Fig 3.11, the PS-PWM technique is characterised by the modulation frequency ( fm ) index, 

which is shown in Eq. 3.16. 

m

cr

f
f

f
m =                                                                                                                                  (3.16) 

where crf  and mf are the frequencies of the carrier and modulating signals, respectively. 
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The inverter's switching frequency can be determined using the following equation.  

fminv mfmf −= )1(
                                                                                                                                  

 (3.17) 

3.3.2 Power Supply Circuit    

The design of power supply and its implemented hardware is shown in Fig 3.12. It is the 

combination of transformer, Integrated circuits (IC), Diode bridge rectifier (DBR) and Capacitors. 

 

Fig 3.11 Waveform showing (a) Phase Shifted -PWM techniques of 5L-CHB converter (b) five level converter voltage 

output of CHB. 

 

(a)

(b)

 
Fig 3.12 (a) Power supply circuit (b) Implemented hardware setup of power supply 
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The power supply is designed for 230V AC and ±15V DC. It is used to supply DC power to sensors 

and gate driver circuit. 

3.4 Design and Description of Single Phase Grid Interfaced EV Charging Systems   

The complete circuit diagram of the developed system incorporating grid, bidirectional AC-DC 

converter and bidirectional DC-DC converter for EV charger is shown in Fig 3.13. A nonlinear 

load is connected at the PCC which can receive power from a single-phase AC supply. The source 

resistance and inductance are shown in Fig 3.13 as RS and LS, respectively. It is observed that the 

connected load is nonlinear which distorts the load current. A shunt configuration of AC-DC 

converter is applied as an active filter to reduce supply-side current harmonics. The proposed 

system's control is based on input variables such as source voltage (vs), source current (is), load 

current (iL), DC link voltage (Vdc), battery voltage (Vbat) and battery current (Ibat). These variables 

are measured using LEM-based current and voltage sensors. These measured voltage and current 

signals are subsequently analysed by the Real Time System (RTS's) controllers of ADC channel. 

The designed control technique is applied to create the pulses of gate terminal via digital I/O 

channels. The gating terminal pulses have a magnitude of +5V, which is amplified to +15V by the 

level shifter circuit. An interface inductor (Lc) is interfaced with the bidirectional AC-DC 

converter to suppress the output ripples from the inverter.  

 

Fig 3.13 System diagram of single phase grid connected EV charging systems 

3.4.1 AC-DC Converter and Gate Driver Circuit   
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The circuit design and its developed bidirectional AC-DC converter is depicted in Fig 3.14. Two 

IGBT legs make up the AC-DC converter (Semikron model number: SKM75GB12T4). Each leg 

has two IGBT switches and is rated at 1200 V/75 amps. Each IGBT leg's schematic is displayed 

in Fig 3.14. The DC link capacitor which is connected at the DC side, has an 800V and 1650 µF 

rating. To activate the switches, 15V pulses are needed, and the gate pulses are applied to driver.  

 
Fig 3.14 Design of bidirectional AC/DC Converter and developed converter 

3.4.1.1 Design of DC link Voltage [276]              

In single-phase EV charging systems, the DC link voltage must be greater than the peak of 

supply voltage. It is calculated as 

𝑉𝑑𝑐 = √2𝑉𝑠 = √2 ∗ 40 = 56.56 𝑉                                                                                            (3.18) 

where, 𝑉𝑑𝑐 is the peak amplitude of AC phase voltage, 𝑣𝑠 is the source voltage of single phase 

system. The rating of single phase system is 40V, 50Hz for the experimental system. The dc 

reference value is higher than dc link voltage.  The calculated Vdc is 56.56V and reference dc 

voltage (Vdc_ref) is set at 80V. 

3.4.1.2 DESIGN OF INTERFACING INDUCTOR [276]   

The calculation of interfacing inductor is already discussed in Section 3.1.3. The formula of 

interfacing inductor (Li) is 

𝐿𝑖 =
𝑚∗𝑉𝑑𝑐

4∗𝑎∗𝑓𝑠 ∗ ∆𝑖
= 2.77𝑚𝐻                                                                                                                           (3.19) 

Here, m is the modulation index (m=1), 𝑉𝑑𝑐𝑟𝑒𝑓  is DC-link reference voltage, a(1.2) is the 

overloading factor, 𝑓𝑠 (10kHz) is the switching frequency and ∆i is the ripple content in the current 

and it is considered as 5% of maximum current. The interfacing inductors of 3mH are selected for 

both simulation and experimental setup. 

 3.4.1.3 Design of DC link Capacitance       
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It is already discussed in section 3.1.2. The formula of DC-link capacitance is shown in Eq. 3.20. 

𝐶𝑑𝑐 =
𝑣𝑔𝑎𝑖𝑠𝜏𝑔

1

2
(𝑉𝑑𝑐𝑟𝑒𝑓

2 −𝑉𝑑𝑐𝑚
2 )

                                                                                                                         (3.20) 

Here, the source current denoted by (is) (5A), the reference DC-link voltage is denoted by Vdcref 

(80V), and the minimum DC-link voltage is selected by Vdcm (56.56V). The result of applying 

these values to Eq. 3.21 is 

𝐶𝑑𝑐 ≈ 1499𝜇𝐹                                                                                                                           (3.21) 

So, the selected value of 𝐶𝑑𝑐 is taken as1500µF.  

3.4.2 DESIGN OF BIDIRECTIONAL DC-DC CONVERTER 

As shown in Fig 3.15, the BDDC converter comprises a battery bank, filter capacitance (Cb), filter 

inductance (Lb), and two IGBT switches (Sbc, Sbt). The battery capacity is 48V, 42 Ah, with an 

initial state of charge (SOC) of 80% and a battery response time of 0.1s. The inductor filter design 

in buck mode is carried out as [277]. The value of D is selected as 0.6. 

𝐷 =
𝑉𝑏𝑎𝑡

𝑉𝑑𝑐
= 0.6      (3.22) 

𝐿𝑏 =
(𝑉𝑑𝑐 − 𝑉𝑏𝑎𝑡)𝐷

Δ𝐼𝑏𝑎𝑡 ∗ 𝑓𝑠
= 4.8 𝑚𝐻 

     (3.23) 

Here it is assumed that switching frequency is 5kHz and current ripple is 10% of battery current. 

For the inductor filter design in boost mode the duty cycle and inductor value are 5mH selected. 

2***8
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batb
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b



−
= ≈ 40µf 

     (3.24) 

The battery voltage is represented by Vbat, the DC link voltage by Vdc and the charging current 

∆Ibat is 10% of Ibat, the switching frequency is considered as 5 kHz. 

 
Fig 3.15 Design of bidirectional DC/DC Converter and developed converter 

3.4.3 Design of Amplifier Gating Circuit for IGBT Driver                                       
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The dSPACE-1104/MicroLab box 1202 generates PWM signal of nearly +5V and the voltage to 

needed to trigger the IGBTs is +15V. Therefore, an amplification circuit of gate driver as has to 

be connected between the dSPACE-1104/MicroLab box 1202 as shown in Fig 3.5 (a) and the 

experimental model is shown in Fig 3.5 (b). It consists of AND Gate IC-SN7406N and transistor 

2N2222A. IC requires +5V DC supply and NPN transistor needes +15V DC supply to operate. 

The driver circuit contains SKYPER-32 pro with evaluation board as shown in Fig 3.5 (c).  

3.4.4 Design of Solar PV array         

A standard Kyocera Solar KC175GT PV module from the Simulink library was utilized for 

modeling a 700W PV array. Fig. 3.16 shows the I-V and P-V characteristic of solar PV system. 

The design of inductor and capacitor of boost converter are shown in Eq. 3.25-3.26. 

𝐿𝑝 =
𝐷 ∗ 𝑉𝑚𝑝

Δ𝐼𝑃𝑉 ∗ 𝑓𝑠𝑤
= 1.20 𝑚𝐻 

 

     (3.25) 

Lp is determined to be 1.20mH and is taken to be 3mH. The variables are D (duty cycle), Vmp 

(voltage at maximum power), ΔIPV (inductor current ripple), and fSW (IGBT switching frequency) 

is 10kHz. 

𝐶𝑝 =
𝐷 ∗ 𝐼𝑜𝑢𝑡

Δ𝑉𝑜𝑢𝑡 ∗ 𝑓𝑠𝑤
= 86𝜇𝐹 

     (3.26) 

 

Fig 3.16 Characteristic of I-V and P-V curve at 1000W/m2 irradiance. 
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where PPV is the maximum power 700W selected as , Iout is the output current, ΔVout is the ripple 

in boost output voltage which is 10% of the output voltage Vout and Vout is 58 V, Cp is selected to 

be 100μF. 

                      Table 3.1: Parameters of single phase grid connected DSTATCOM 

S.No. Control parameters Simulation values Experimental values 

1.  AC voltage Source (vs) 110V (rms) 110V (rms) 

2.  DC link voltage (Vdc) 200V 200V 

3.  DC link capacitance 

(Cdc) 

1340µF 1500µF 

4.  Interfacing inductor (Li) 2.77mH 3mH 

5.  Non-linear load R=30Ω and 

L=100mH 

R=120Ω and L=80mH 

6.  Switching frequency 10kHz 10kHz 

7.  PI controller gains Kp=0.1, Ki=5 Kp=0.15, Ki=5 

 

                              Table 3.2: Parameters of three phase grid connected DSTATCOM 

S.No. Control parameters Simulation values Experimental values 

1.  AC voltage Source (vs) 110V (rms) 110V (rms) 

2.  DC link voltage (Vdc) 200V 200V 

3.  DC link capacitance 

(Cdc) 

3300µF 4700µF 

4.  Interfacing inductor (Li) 4.8mH 5mH 

5.  Non-linear load R=30Ω and 

L=100mH 

R=120Ω and L=80mH 

6.  Switching frequency 10kHz 10kHz 

7.  PI controller gains Kp=0.5, Ki=2 Kp=0.08, Ki=0.1 

 

                               Table 3.3: Parameters of five level CHB-MLI based DSTATCOM 

S.No. Control parameters Simulation values Experimental values 

1.  AC voltage Source (vs) 110V (rms) 110V (rms) 

2.  DC link voltage (Vdc) 200V 200V 
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3.  DC link capacitance 

(Cdc) 

2400µF 2500µF 

4.  Interfacing inductor (Li) 5mH 5mH 

5.  Non-linear load R=30Ω and 

L=100mH 

R=120Ω and L=80mH 

6.  Switching frequency 20kHz 5kHz 

7.  PI controller gains Kp=0.1, Ki=5 Kp=0.05, Ki=2 

 

                          Table 3.4: Parameters of single phase grid interfaced EV charging system 

S.No. Control parameters Simulation values Experimental values 

1.  AC voltage Source (vs) 110V (rms) 40V (rms) 

2.  DC link voltage (Vdc) 200V 80V 

3.  DC link capacitance 

(Cdc) 

1500µF 1500µF 

4.  Interfacing inductor (Li) 2.77mH 3mH 

5.  Non-linear load R=30Ω and 

L=100mH 

R=120Ω and L=80mH 

6.  Battery capacity 96V, 42Ah 48V, 42Ah 

7.  Switching 

frequency 

AC-DC 

Converter 

10kHz 10kHz 

DC-DC 

Converter 

5kHz 5kHz 

8.  Duty Cycle 0.48 0.6 

9. PI 

controller 

gains 

AC-DC 

Converter 

Kp=0.5, Ki=10 Kp=0.08, Ki=0.15 

DC-DC 

Converter 

Kp=0.5, Ki=5 Kp=0.1, Ki=5 

10. Battery Inductance (Lb) 3.12mH ≈5mH 

11. Battery Capacitance (Cb) ≈80µF 40µF 

 

3.5 Conclusion 

The design of single-phase and three phase grid-connected DSTATCOM, five level inverter based 

DSTATCOM and single phase grid connected EV charging system is performed in this chapter. 

The detailed parameters of different systems are also tabulated in Table 3.1 to Table 3.4. Based 

upon the detailed analysis and design equations experimental prototype setup is developed. Along 
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with the design aspects of CHB-MLI 5-level inverters, its switching logic aspects has also been 

discussed in this chapter. At the end of the chapter a three-phase grid-connected EV with PV 

system is considered which is capable of accommodating a PV array and EV. This configuration 

will be very useful when the impact of EV system will increase in near future. The performance 

aspects of these configuration is studied in detail in subsequent chapters. 
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Chapter 4 

Performance Analysis of Single Phase and Three Phase Grid 

Connected DSTATCOM 

 

This chapter discusses and analyzes the single phase and three-phase grid-connected DSTATCOM 

system. The designed system is then modeled in MATLAB/Simulink. The steady state and 

dynamic waveforms for different control algorithms are presented and results are analysed. The 

prototype experimental setup of both single phase and three phase system are developed in the 

laboratory. The experimental setup uses power analyser, DSO, dSPACE 1104, Microlab box 1202, 

loads etc. The performance of the proposed control algorithms system is compared with the 

conventional control algorithms. 

4.1 Introduction 

In this chapter, the mathematical analysis of Adaptive Leaky Least Mean Fourth (ALLMF), 

Adaptive Radial Basis Functional Neural Network (A-RBFNN) and Notch filter are presented. 

These control algorithms are applied to control single phase VSC as well as three phase VSC. The 

VSC is connected in single phase and three power distribution system and modelled as a 

compensator. The voltage across DC links of the VSC is regulated to reference value by the 

proposed control algorithms. The closed loop system is designed and developed to mitigate Total 

Harmonic Distortion (THD) in the source current and improve power quality of the proposed 

system. The system is analyzed for steady state and dynamic state condition and the results are 

verified on the hardware prototype developed in the laboratory. The complete system comprising 

the grid, load and compensator is modeled in MATLAB/SIMULINK. The simulation and 

experimental results with each algorithm are discuss in detail. The comparative analysis of % Total 

Harmonic Distortion (THD) are also shown at the end. The proposed Adaptive Leaky Least Mean 

Fourth control algorithm is also compared with conventional Notch filter and Adaptive Radial 

Basis Functional Neural Network (ARBFNN) control algorithm on several parameters.  

4.2 Brief theory and Mathematical Analysis of Different Control Algorithms 

The description and mathematical analysis of Notch Filter (NF), Adaptive Leaky Least Mean 

Fourth (ALLMF) control algorithm, and Adaptive Radial Basis Functional Neural Network 
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(ARBFNN) control algorithm are presented below. 

4.2.1 Mathematical Analysis of Conventional Notch Filter (NF) Control Algorithm 

The NF is generally developed to reject all undesired frequencies (f) of the signal. NF are 

essentially bandpass or band reject filters, and as such, they are utilized as selector or rejector 

circuits in a variety of applications. [278]. 

This filter design involves two parameters, damping constant ( ) and constant frequency (ω). In 

NF, the mechanism is to control the  and in this system the frequency is assumed to be constant. 

Moreover, due to constant frequency, the computational burden in the notch filter is reduced. 

Basically, notch filter uses two integrators to extract the fundamental component from the input 

signal. Bandwidth and settling time are varied by changing the damping constant ( ). The NF 

circuit diagram is depicted in Fig 4.1. The transfer function of NF is shown in Eq. 4.1. 
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  (4.1)                                       

 

 
Fig 4.1 Circuit diagram of notch filter 

4.2.2 Mathematical Analysis of Adaptive Radial Basis Function Neural Network Algorithm 

The Conventional Radial Basis Function (CRBF) Neural Network has the capability to 

approximate any continuous function with accuracy, if there are enough hidden neurons. The 

CRBF Neural Network also has the benefit of being a universal approximator, which means it can 

approximate any function regardless of its complexity or dimension. The CRBFNN structure is 

shown in Fig 4.2(a). The structure contains three layers and it is a feed-forward network. The first 

layer is the input layer that receives the input data, which is typically a vector of values that 

represent the characteristics of the data under analysis and the input signals (x) travel from this 

layer to the second layer. The second layer is a hidden layer made up of RBF neural units. A 

Gaussian function's centre is represented by each neuron in the hidden layer. Each neuron's level 
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of activation indicates how near the input vector is to the centre point that neuron represents. The 

third layer is known as the output layer and it is a linear combination of activation function from 

the hidden layer. The weights are updated in the output layer with LMS control technique.  

Neural networks are proven to have good convergence, simple structure and faster learning 

capability. In Fig 4.2(b), the circuit diagram of CRBFNN controller is shown. Here, the weight is 

updated with the help of LMS algorithm. The load current (iL) is passed through activation function 

(fk) to estimate the actual output (LOUT) which is compared with desired output d(n) to estimate 

error e(n). The updated weight is calculated by LMS control technique.  

Fig 4.2 (a) also shows, the input layer of the pth node Xp=[x1,x2,….xn], the centre vector of the kth 

node gk=[g1,g2,…..gm], Euclidean distance between the input layer and RBF layer is ||dist||, bias 

width of kth node is bk. 

The activation function of kth node in the RBF layer is   

                                                                                                                                     (4.2) 

where, 

|||| kpk gXS −=  

)2/||||exp( 22

kkpk bgXf −−=                k=1,2……m, p=1,2…...n                                                                            (4.3) 

Now, LOUT is the actual output of CRBFNN which is generated after the hidden layer and weight 

updation, 

mpmppout fwfwfwL +++= ......2211                                                                                                               (4.4) 
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                                                                                                                                                  (4.5) 

where, wp1,wp2,……..,wpm are the updated weights.  

In CRBFNN, the weight is updated with the help of Least Mean Square (LMS) controller and the 
error as shown in Eq. (4.6-4.7). 
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])([)( OUTLndne −=                                                                                                                                           (4.7) 

where, C(t)= [1/2 e2(t)] denotes the minimum cost function and γ denotes the convergence factor 

having value less than 1. 

The CRBFNN has fast self-learning ability, good generalization ability and the property of universal 

approximation which has been used for system control and development of nonlinear system model. 

Fig 4.2 (c) shows the circuit diagram of ARBFNN and it is used to extract fundamental weight of 

load current.  

)2/exp( 22

kkk bSf −=
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The CRBFNN has self-learning ability, good generalization ability and the property of universal 

approximation which has been used for system control and development of nonlinear system model 

[279].  Now, the CRBFNN is modified and adaptive varying gain (G) is added to develop ARBFNN 

which is very fast self learning ability to control various DSTATCOM. Fig 4.2 (c) shows the circuit 

diagram of A-RBFNN and it is used to extract fundamental weight of load current.  

In ARBFNN technique, the dynamics of the weight is control with the help of Adaptive varying 

gain G as shown in Eq. (4.8). 

G

w
nGnG

pr




−=+ )()1(                                                                                                                                     (4.8) 

The circuit diagram of ARBFNN as shown in Fig 4.2 (c) in which only one neuron (n=1) is 

considered, the output ‘wpr’ is calculated as 

 

Fig 4.2 (a) Structure of CRBFNN (b) Circuit diagram of CRBFNN (c) Circuit diagram of A-RBFNN 
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tdtenGwpr sin)(=                                                                                                              (4.9) 

tenGwpr cos)(−=                                                                                                                 (4.10) 

The partial derivative of the cost function with respect to the weight vector is                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
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                                                                                                                (4.11) 

Using Eq. (4.8), Eq. (4.10) and Eq. (4.11) 

tenGnG  cos)()1( +=+                                                                                                        (4.12) 

Thus, the gain varies adaptively in A-RBFNN technique until convergence is obtained. 

4.2.3 Mathematical Analysis of Adaptive Leaky Least Mean Fourth (ALLMF) Control 

Algorithm 

The ALLMF algorithm belongs to a new class of stochastic gradient descent-based algorithms that 

aims to minimize the mean fourth error, which is a convex function of the adaptive weight vector 

[280]. The strength of ALLMF algorithm lies in its faster initial convergence and lower steady-

state error compared to the conventional Least Mean Fourth (LMF) algorithm. 

Fig 4.3 shows the weight updating structure of LLMF adaptive algorithm. As shown in Fig 4.3, N 

represents the total number of matrix vector. Assigning the interpolation intervals and determining 

the interval index i that corresponds to the input signal t(n), are the initial steps in interpolation. 

The look-up table (LUT) control points are represented by AN∈ ℜA×1 = [A1 A2 A3 .............AN]T, 

where Ai stands for the ith control point and AN∈ ℜ4×1 = [Ai−1 Ai Ai+1 Ai+2] for the ith span. 

Additionally, to produce an error e(n), the output of ALLMF interpolation is deducted from the 

real load current iL(n). After load dynamics, this adaptive process is continued until steady state is 

reached. 

Assume that the signal B(n) is fed into the system with an unknown weight coefficient vector 

wp(n)=[wp(0) wp(1)wp(2)….wp(N-1)]T and that the observed signal is iL(n). 

where, B(n)=[b(n) b(n-1)….b(n-N+1)]T represents the vector of input signal. 

The goal is to identify the unknown channel coefficient vector wp(n) adaptively using the input 

signal B(n) and observed signal iL(n). 

The block diagram of ALLMF control algorithms is shown in Fig 4.4 and the weight updation 

using ALLMF control algorithm is shown in Fig 4.5. This controller is used to estimate the 

fundamental weight of load current and changes the weight of load current in real time. It has been 

observed that using ALLMF control technique reduces the error to zero quickly as compared to 
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Least Mean Fourth (LMF) method. The detailed description of extraction of fundamental active 

weight of nonlinear load current (iL) by ALLMF technique is described below. 
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Fig 4.3 Weight updating structure of ALLMF adaptive algorithm 
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Fig 4.4 Block diagram of ALLMF control algorithm 
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The load current (iL) contains the sum of both fundamental as well as harmonic components, which 

are represented as;   

++++= .........)2sin()sin()( 21  tititi LLL                                                                       (4.13) 




=
+++=

21 )sin()sin()(
r rLrLL trititi                                                                                       (4.14) 

where, r is the order of harmonics; θr is the harmonic phase angle; ω is an angular frequency of the 

fundamental harmonics; iL1is fundamental and iLr denotes the rth harmonic components of the 

current. Now, this equation can be expressed as; 
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21 ]sincoscos[sin]cossincos[sin)(
r rrLrLL trtrittiti                            (4.15) 

Replacing iL1cosθ; iL1sinθ; iLrcosθr; iLrsinθr by wp(0); wp(1); wp(2) ;wp(3) and negelecting even 

harmonics. 
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In matrix form,   
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where,  

TttttnB ]......3cos3sincos[sin)( =                                                                             (4.18) 

)......]3()2()1()0([)( ppppp wwwwnw =                                                                                      (4.19) 

Now the controller is designed to extract only the fundamental current component, hence only unit 

template (sin(ωt)) is used further along with only one weight update component. Further; Eq. (4.18-

4.19) can be used to estimate load current shown as, 

  )()()( nBnwni pest =                                                                                                                  (4.20)   

 Let iL(n) be the actual nonlinear load current and iest(n) be an estimated current to evaluate the 

error signal e(n). 

)()()()( nBnwnine pL −=                                                                                                           (4.21) 
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In case of LMF algorithm, the cost function ‘CLMF’ to be minimized is given by 

)]([
4

1
)( 4 nenCLMF =                                                                                                                   (4.22)          

4)}]()()([{
4

1
nBnwni pL −=                                                                                                       (4.23)                                                                                      

The modified LMF cost function is introduced to the ALLMF algorithm with the leakage 

parameter (𝛾) as shown in Eq.4.24. 

Therefore; the minimum cost function of ALLMF is  

24 |)(|2)]([
4

1
)( nwnenC pLLMF +=                                                                                          (4.24) 

As a result, the gradient estimation is defined as the partial derivative of the cost function with 

respect to the weight vector. 
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The minimum of C(n) can be sought recursively using the gradient method as shown below  
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)}]()()([{)( 3 nBnenwnw pp −−=                                                                                         (4.27) 

)}]()()([{)()1( 3 nBnenwnwnw ppp −−=+                                                                          (4.28) 

where, 𝜆 is the adaptation constant and γ is learning rate and its value ranges between 0 and 1.  

The Eq. 4.28 shows the weight updating equation of ALLMF control technique, which is being 

used in the proposed controller to extract the fundamental active weight of the load current. The 

ALLMF technique is developed for the control of a Distribution Static Compensator 

(DSTATCOM), which provides the necessary compensating currents at PCC so that the supply 

current is almost sinusoidal. 

4.3 Performance Analysis of Single Phase Grid connected DSTATCOM 

        The single phase grid connected DSTATCOM is designed in the laboratory to improve the 

PQ of the system. The diode bridge rectifier with series R-L load is non linear load. Fig 4.6 shows 

the system diagram with source impedance 𝑍𝑠  (source resistance 𝑅𝑠  and inductance 𝐿𝑠 ), 

interfacing inductor 𝐿𝑖, ripple filter 𝑅𝑖, diode bridge rectifier, VSC with DC link capacitance all 

collectively connected at PCC. The conventional H-bridge configuration is selected for the VSC 

with four IGBT and antiparallel diodes. The DSTATCOM with the help of suitable control 

algorithm injects the compensating current at PCC to mitigate harmonics in grid currents caused 
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by non-linear load. It also improves power factor to nearly unity, makes grid current sinusoidal 

and provides reactive power compensation. The DC link voltage is regulated using a tuned PI 

controller. The interfacing inductor are used to minimize ripples in the compensating current.  

The simulation and experimental parameters are listed in Appendix A. 

4.3.1 Control Algorithm using conventional Notch Filter 

The control diagram of single phase VSC incorporating conventional Notch Filter  is shown in Fig 

4.7. The proposed algorithm is used to update the estimated weight signals output which is the 

fundamental component of the load current (if). The weight loss component (iloss) is calculated by 

processing the DC-link voltage through the PI controller. The unit template is multiplied with the 

sum of the fundamental weights (if) and the PI controller's output to produce the reference current, 

iref. The reference current is perfectly sinusoidal (iref) and then compared with actual supply current 

is in HCC current controller to generate gating pulses for IGBT switching operation to control 

DSTATCOM. This ensures the grid current is perfectly sinusoidal and the entire reactive power 

demand of the load is met by the compensator. 

 
Fig 4.6 System diagram of single phase grid connected DSTATCOM 
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4.3.2 Extraction of fundamental current using Conventional Notch Filter (NF) 

The load current fundamental active magnitude (if) is extracted using Notch filter controller by  

using the Eq. 4.29. 

  22 )()(  iii f +=                                                                                                                             (4.29) 

 
Fig 4.8 Circuit diagram of Notch Filter 

where ‘f ’is the frequency and if is the fundamental current magnitude of notch filter.  

4.3.3 Calculation of current loss component           

The DC link voltage (Vdc) and its reference voltage (Vdc_ref) is compared to find error (Vdce) as 

shown in Eq.4.30. The current loss component is now obtained by feeding the error Vdce to the 

Proportional Integral (PI) controller. 

                                                                                                                                              (4.30) 

)}]1({)}()1({)1([)( ++−+++= nVknVnVknini dceidcedcePlossloss                                                  (4.31)                                                  

4.3.4 Calculation of unit templates                                                                                                   . 

In order to determine unit templates, the grid voltage (vs) and its quadrature phase shifted component 

dcrefdcdce VVV −= _

 
Fig 4.7 Control diagram using Notch Filter based control algorithm 
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(vp) as shown in Fig 4.9, are passed through the peak estimation block. In order to calculate peak 

voltage (vm), the Eq. 4.32-4.33 are used. 

The calculation of vm as per Eq. 4.34. 

𝑣𝑠 = 𝑣𝑚𝑠𝑖𝑛𝜔𝑡       (4.32) 

𝑣р = 𝑣𝑚(𝑠𝑖𝑛𝜔𝑡 +
𝜋

2
)       (4.33) 

 Now, the peak voltage is, 

∴ 𝑣𝑚 = √𝑣р
2 + 𝑣𝑠

2 
      (4.34) 

The unit template is computed as 
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Fig 4.9 Generation of Unit Templates 

4.3.5 Simulation results for NF Control Algorithm       

The simulation results using Notch filter are shown in Figs 4.10-4.11. These simulations provide 

several waveforms for closed-loop control systems. The parameters of the Simulink model are 

detailed in the Appendix A, and the results are elaborated below.  

The system's behaviour under dynamic circumstances is shown in Fig 4.10, which is obtained from 

the suggested Notch Filter (NF) controller architecture. The waveforms of the source voltage (vs), 

source current (is), nonlinear load current (iL), compensatory current via the active filter (ic), DC 

link voltage (Vdc) is shown. At time t=0.8s, the load current is increased from 4A to 5A and at time 

t=1s, the load is decreased back to initial level of 4A. An increase in source current (is) occurs 

without any change in source voltage (vs).  Due to load variations, the DC-link voltage (Vdc) slight 

decrease, but the PI controller promptly reinstates it to the 200V reference level. Furthermore, the 

source current stays sinusoidal and in phase with the source voltage, illustrating the efficacy of the 

control mechanism based on the Notch Filter algorithm under dynamic load conditions. Fig 4.11 

illustrates the waveforms of load current (iL), fundamental current (if), reference current (iref) and 

unit template (up) during load disturbance.  The reference current and fundamental current is also 

changed at t=0.8s due to load change but unit templates lie under sine limit of ±1. 

The analysis of the THD profiles in the source voltage (vs) exhibits harmonic performance with a 

negligible THD of 0.03%. The source current (is) shows a THD of 2.90% which reflecting good 
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harmonic quality. In contrast, the load current displays significant distortion with a THD of 30.61% 

as shown in Fig 4.12. 

 
Fig 4.10 Simulation waveforms of source voltage (vs), source current (is), load current (iL), compensating current (iC ), 

DC link voltage (Vdc ) during dynamic condition using NF. 

 

 

 
Fig 4.11 Simulation waveforms of load current (iL), fundamental current (if), reference current (iref), unit template (up) 

during dynamic condition using NF 
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4.3.6 Experimental Results of Notch Filter    

A prototype laboratory model as shown in Fig 4.13 is developed to validate the simulation findings. 

The developed model is evaluated at 110V (rms) and 50Hz alternating current supply, which 

powers a nonlinear load. The nonlinear load is arranged as a series combination of load resistance 

(R) and inductance (L) on the DC side of the rectifier. The VSC is supplied at the point of common 

coupling (PCC), enabling compensating currents to be sent via interface inductors to improve 

power quality in grid current. Multiple LEM sensors, namely the voltage sensor (LV-25P), are 

used for measuring vs and Vdc while current sensors (LA-25P) are used to detect is and iL. The 

dSPACE-1104 controller is linked for communicating with these sensors. The developed controller 

ensures proper regulation of the VSC, with four gating pulses from the dSPACE driving the 

converter. A DSO records various signals obtained from the hardware, while a power analyser 

(HIOKI PQ3100) evaluates experimental characteristics such as power, current, and harmonics. 

The comprehensive details of the experimental setup are included in the Appendix A. This section 

thoroughly analyses the experimental performance under steady-state and dynamic conditions, as 

seen in Figs 4.14-4.17. 

a). Steady State Conditions 

Figs 4.14-4.16 show the various waveforms, harmonics analysis, and power analysis during steady 

state conditions. 

 

 
Fig 4.12 Simulation results: Harmonic analysis of a). vs , THD = 0.03% b). is , THD = 2.90% c).  iL , THD = 30.61% 

during steady state conditions using NF 
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Fig 4.14 illustrates the results of the system's steady-state experiments, representing the waveforms 

of the vs, is, iL, and ic. The distortion of the load current due to the connection of a non-linear load 

is most clearly seen in Fig 4.14 (b). The sinusoidal characteristics of source current, as seen in Fig 

4.14 (a), with the supply  

      
Fig 4.14 Experimental results of a). vs,is b). vs,iL c). vs,iC d). Supply power PS  e). Load power PL  f). Compensator power 

PC during steady state condition using NF. 

 

 
Fig 4.13 Experimental setup of single phase DSTATCOM 
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voltage (vs). Fig 4.14 (c) demonstrates that the compensating current (ic) of 1.34A is injecting at 

point of common coupling to improve the quality of waveforms of source current. 

Fig 4.14 (d-f) shows the steady-state active and reactive power flow. The reactive power required 

by the load is 0.125kVAR, while the active power need is 0.292 kW. The active filter raises the 

load's power factor (P.F.) from 0.919 to 0.937 by reducing its reactive power demand by 

0.125kVAR, as seen in Fig 4.14 (d-e). The load's actual power demand plus switching losses is 

covered by the 0.351kW supplied by the grid.  

 Figure 4.15 depicts the single phase system's steady-state performance using the NF controller. 

Figures 4.15(a–c) demonstrate the harmonic content of the vs, is, and iL. The THD in iL is 26.86%, 

as illustrated in Fig 4.15(b). The THD in vs is 1.59% and THD in is is 4.12%, as shown in Fig 

4.15(a), in accordance with the IEEE 519 standard. The compensator current, which is utilized to 

mitigate harmonics in a non-linear load, exhibits a THD of 76.48%, as illustrated in Fig 4.15 (c). 

The Notch Filter based single phase VSC performs harmonic reduction for supply currents in 

single system.  

 
Fig 4.15 Experimental results : Harmonic analysis of a). vs,is with THD = 4.12% b). vs,iL with THD = 26.86% c). vs,iC 

with THD = 76.48% during steady state condition using NF. 
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b). Dynamic State Conditions 

 Fig 4.16 (a–d) shows the dynamic results of the proposed system under different load 

conditions. The waveforms show things that can change, such as source voltage (vs), source current 

(is), load current (iL), DC link voltage (Vdc), compensating current (ic), fundamental weight (If), 

unit template (up) and reference current (iref). 

Fig 4.16 (a–b) shows the waveforms of vs, is, iL, Vdc, and ic as the load changes. The source current 

changes when the load changes, but the DC link voltage stays at 200V. The voltage on the DC link 

is well-regulated, and changes in the load have little effect on how well it regulates.  

Fig 4.16 (c-d) illustrates the waveforms of load current (iL), source current (is), fundamental current 

(if), reference current (iref) and unit template (up). The waveform indicates a change in the 

fundamental current caused by fluctuations in the load current. The Notch Filter based control 

algorithm accurately predicts the fundamental load current magnitude. The unit template (up) 

maintains unity and unchanged during load change. 

 
Fig 4.16 Experimental waveforms of a). vs,is,iL,Vdc b). vs,is,iL,iC c). iL,is,,if,iref and d). iL, if,iref ,up during dynamic 

condition using NF 

The intermediate waveforms of load current (iL), in phase component of load current (iα), 

quadrature phase component of load current (iβ) and fundamental current are shown in Fig 4.17. It 
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is observed that during, a sudden increase in load, the intermediate parameters iα and iβ also change 

and fundamental current attains a new steady state position. 

 
Fig 4.17 Experimental waveforms of iL,iα, iβ,if  

during dynamic load condition using NF 

4.3.7 Control Algorithm using Adaptive LLMF Control Algorithm   

Fig 4.18 illustrates the control diagram of the Adaptive Leaky Least Mean Fourth (ALLMF) 

algorithm. The fundamental weight of the load current is estimated by updating the estimated 

weight signal in real time. In order to estimate the weight loss component (iL), a PI controller is 

implemented to regulate the DC-link voltage to a 200V reference. The effective weight iT is the 

sum of the fundamental (if) and loss component (iloss). This weight is multiplied by the unit 

template to produce the reference current (iref). The actual reference current is passed through a 

PWM current controller to generate gating pulses for IGBT switching operation, which is used to 

control DSTATCOM. The reference current is flawlessly sinusoidal (iref). This guarantees that the 
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Fig 4.18 Control diagram of ALLMF algorithm 
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grid current is precisely sinusoidal and that the compensator meets the entire reactive power 

demand of the load. The controller description includes the estimation of the fundamental weight 

current using ALLMF, the calculation of the unit template, the estimation of the active weight loss 

component, and the reference supply current. 

 4.3.8 Extraction of Fundamental Current using ALLMF  

The main aim of the fundamental current extraction is to control DSTATCOM and this funda- 

mental current is extracted by the application of ALLMF control algorithm as shown in Eq.4.36.  

The circuit diagram of ALLMF is shown in Fig 4.19. 

fppp inBnenwnwnw =−−=+ )}]()()([{)()1( 3                                                                    (4.36) 

where wp(n+1) = if corresponds to the fundamental component of load current and 𝜆 is the  

learning rate, e(n) is the error signal. 

4.3.9 Calculation of loss component    

The calculation of loss current is already discussed in section 4.3.3. The equation of loss current 

is shown in shown in Eq. 4.38. 

                                                                                                                                              (4.37) 

)}]1({)}()1({)1([)( ++−+++= nVknVnVknini dceidcedcePlossloss                                                 (4.38)                                                  

4.3.10 Calculation of unit templates   

Similarly, the calculation of unit templates is given in detail in section 4.3.4. The unit template is 

shown in Eq. 4.39. 

 𝑢(𝑛) =
𝑣𝑠

𝑉𝑚
= 𝑠𝑖𝑛𝜔𝑡                                                                                                                 (4.39) 

4.3.11 Simulation results for ALLMF Control Algorithm   

The MATLAB/Simulink environment is used to develop and analyse a model of the proposed 

system. Fig 4.20 - 4.22 shows the simulation waveforms under dynamic conditions and also %THD 

under steady state condition. The closed loop control system is developed for 110V, 50Hz. Fig 

dcrefdcdce VVV −= _

   

 

Fig 4.19 Circuit diagram of ALLMF algorithm using Matlab. 
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4.20 shows the dynamic behavior of proposed system for ALLMF control algorithm. In this figure, 

 
Fig 4.20 Simulation waveforms of source voltage (vs), source current (is), load current (iL), compensating current 

(ic), DC link voltage (Vdc) during dynamic condition using ALLMF 

 

 
Fig 4.21 Simulation waveforms of load current (iL), fundamental current (if), reference current (iref), unit template 

(up) during dynamic condition using ALLMF. 
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the waveform of grid voltage (vs), grid current (is), nonlinear load current (iL), compensating current 

through DSTATCOM (ic), and total DC link voltage (Vdc) are shown. Effect of load perturbation 

on controller performance is studied. At time t=0.8s, the load is increased from 4A to 5A and at 

time t=1s, the load is decreased back to initial level of 4A. At the instant of load change, Vdc shows 

sudden disturbance during load increase/decrease but Vdc voltage again settles to 200 V due to 

action of PI controller. After compensation, it is found that the source current stays sinusoidal and 

in phase with the PCC voltage. This proves the effectiveness of the ALLMF control technique 

under dynamic load conditions. 

Fig 4.21 shows the load current iL (A), fundamental weight current if, reference current iref and unit 

template (up). During load change the fundamental current is observed to increase at time t=0.8s 

and then it decreases at t=1s as per the changes in the actual loading conditions. This result shows 

that the extraction of fundamental current using ALLMF technique is in accordance with the 

change in load current and reference current. It also observed that, there is no change in waveforms 

of unit template during load change and it maintained to unity.   

The analysis of the THD profiles in the source voltage (vs) exhibits harmonic performance with a 

negligible THD of 0.03%. The source current (is) shows a THD of 2.72% which reflecting good 

harmonic quality. In contrast, the load current displays significant distortion with a THD of 

30.98%. as shown in Fig 4.22. 

 
Fig 4.22 Simulation results : Harmonic analysis of a). vs , THD = 0.03% b). is , THD = 2.72% c).  iL , THD = 30.98% 

during steady state condition using ALLMF. 
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4.3.12 Experimental results for ALLMF Control Algorithm  

The proposed system model is being developed in the lab. The simulation results are validated with 

an experimental setup. The suggested system is powered by an alternating current source of 110 V 

and 50 Hz. The prototype hardware also exhibits a nonlinear load modelled as an R-L load on the 

rectifier's DC side. A DSTATCOM is linked to the PCC to provide compensating current via 

interface inductors. Several LEM current sensors (LA-25P) for sensing (is, iL) and voltage sensors 

(LV-25P) for detecting (vs, Vdc) are linked and interfaced with the DSP dSAPCE1104 board. 

Gating pulses from the DSP are supplied into DSTATCOM for proper system control. A DSO is 

used to record different hardware dynamic results. The power analyser (HIOKI PQ3100) captures 

the experimental data of power, current, and their harmonics. Appendix A includes information on 

the experimental parameters. 

(a). Steady State Condition 

The Figs 4.23(a-c) depicts the steady-state experimental results for the proposed system. It shows 

the waveforms of source voltage (vs), source current (is), load current (iL), and compensating 

current (ic). As shown in Fig 4.23(a-b), the source voltage (vs), source current (is), and load current 

(iL) are all in the same phase. However, the load current is distorted. In Fig 4.23(c), the 

compensating current (ic) is used to reduce harmonics in the source current.  

Fig 4.23(d-f) depicts the steady-state active and reactive power flow using the present technique. 

The load's active and reactive power requirements are 0.287kW and 0. 124kVAR, respectively. 

     
 Fig 4.23 Experimental results of a). vs, is b). vs, iL c). vs, iC d). Supply power PS  e). Load power PL  f). Compensator 

power PC during steady state condition using ALLMF 
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The switching loss equals 0.063kW. The DSTATCOM fulfils the load's reactive power demand 

of 0.124kVAR, resulting in a power factor (P.F) improvement from 0.917 to 0.936, as shown in 

Fig 4.20(d-e). The DSTATCOM meets the load's reactive power need by delivering 0.143kVAR, 

as shown in Fig 4.23(f). The grid provides 0.347kW to match the load's actual power while also 

accommodating switching losses. 

Fig 4.24 shows the percentage THD of vs, is, iL and ic. In Fig 4.24(a), the source current's THD is 

decreased to 3.67% which is nearly sinusoidal and the voltage distortion is 1.55%. Fig 4.24 (b) 

shows a significant harmonic distortion content of 26.76%. The DSTATCOM compensating 

current having THD 87.80% is observed and further it injects compensating current to cancels out 

the harmonics produced by the nonlinear load. The source current is sinusoidal in shape and 

synchronised with the source voltage. The observed waveforms demonstrate that the ALLMF 

method functions properly, and the obtained %THD of source current (is) is within the IEEE-519 

standard limit of 5%. 

 
Fig 4.24 Experimental results : Harmonic analysis of a). vs, is with THD = 3.67% b). vs, iL with THD = 26.76% 

c). vs, ic with THD = 87.80% during steady state condition using ALLMF 
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(b). Dynamic State Condition 

The system's dynamic response under different load conditions is shown in Figs 4.25(a–d).  During 

load variations, the following parameters are displayed: source voltage (vs), source current (is), 

load current (iL), DC link voltage (Vdc), compensating current (ic), fundamental weight current (if), 

reference current (iref), and unit template (up). Fig 4.25(a-b) depicts the waveforms of vs, is, iL,ic 

and Vdc as load changes. The waveforms of source current, load current and compensating current 

are increased due to change in load. It is also observed that the source voltage remains unchanged. 

The DC link voltage is able to maintain its stability and be well-regulated at around 200V. The 

compensating current (ic) is injected at PCC through DSTATCOM to mitigate harmonics present 

in grid current.  

The waveforms of iL, is, if, iref and up as the load changes are shown in Fig 4.25(c-d).  Due to 

change in load current, the fundamental current and reference current are increased but unit 

template maintains constant to sine limit. The satisfactory waveforms are obtained by the 

application of ALLMF in single phase grid connected DSTATCOM.  

 

Fig 4.25 Experimental waveforms of a). vs,is,iL,Vdc b). vs,is,iL,ic c). iL,is,if,iref and d). iL,if,iref,up during dynamic condition 

using ALLMF. 
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The intermediate signal waveforms of is, iL, e, and if are displayed in Fig 4.26. It is observed that 

the load current increases during load change, the intermediate parameters (e, if) likewise also 

change. Additionally, it is noted that under dynamic load conditions, the error (e) is almost zero.  

4.3.13 Control Algorithm using ARBFNN Algorithm     

The complete control algorithm including both the control of DC links and details of ARBFNN are 

shown in Fig 4.27. The controller description comprises the calculation of unit template, the 

estimation of the fundamental weight signal, the estimation of active weight loss component and the 

reference supply current. The estimated weight signal is updated in real time to estimate the 

 

Fig 4.26 Experimental waveforms of is ,iL,e, if  during dynamic load condition using ALLMF. 
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Fig 4.27 Control diagram using A-RBFNN algorithm 
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fundamental weight of load current. A PI controller is realized over the DC-link voltage to regulate 

it to 200V reference so as to estimate the weight loss component. The summation of both weights 

viz. fundamental (if) and loss component (iloss) is effective weight (iT) which is multiplied with unit 

template to generate reference current iref. The reference current is perfectly sinusoidal (iref) and the 

actual supply current is (is) passed through PWM current controller to generate gating pulses for 

IGBT switching operation to control DSTATCOM. This ensures the grid current is perfectly 

sinusoidal and the entire reactive power demand of the load is met by the compensator.  

4.3.14 Extraction of Fundamental Current using ARBFNN  

Eq. 4.40 presents the active magnitude of current fundamental retrieved with A-RBFNN controller 

as shown in Fig 4.28. The gain in A-RBFNN changes dynamically until convergence is reached. 

fitenGnG =+=+  cos)()1(                                                                                                                 (4.40) 

where G(n+1) = if corresponds to the fundamental component of load current and ϒ is the learning 

rate, ‘e’ is the error signal. 

4.3.15 Calculation of loss component          

 It is similar discussed in section 4.3.3, the compared DC link voltage error (Vdce) as shown in Eq. 

4.41, The current loss component is shown in Eq. 4.42. 

4.3.16 Calculation of unit templates                           

Similarly, as discussed in section 4.3.4, the unit template is shown in Eq. 4.43. 

𝑢(𝑛) =
𝑣𝑠

𝑉𝑚
= 𝑠𝑖𝑛𝜔𝑡                                                                                                                 (4.43) 

                                                                                                                                               (4.41) 

)}]1({)}()1({)1([)( ++−+++= nVknVnVknini dceidcedcePlossloss                                                   (4.42)                                                  

dcrefdcdce VVV −= _

  

Fig 4.28 Circuit diagram of A-RBFNN algorithm 
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4.3.17 Simulation results for ARBFNN Control Algorithm      

In the MATLAB/Simulink software, a model of the suggested system with ARBFNN algorithm is 

designed and evaluated. The simulation results under different conditions are displayed in Figs 

4.29–4.31.  The system is designed for 110V, 50Hz applied in closed loop control system. 

Fig 4.29 shows the dynamic waveforms of source voltage vs, source current is, load current iL, 

compensator current ic, and DC link voltage Vdc. The load is increased from 4A to 5A at time 

t=0.8s and decreased to its initial level of 4A at time t=1s. Due to load change, the load current, 

source current and compensating current are also changes but source voltage, and DC link voltage 

remains unchanged. It is observed that the source current stays sinusoidal and in phase with the 

source voltage after compensation. The DC link voltage is well regulated and maintained to its 

reference value of 200V under load dynamics.  

The waveform of iL, if, iref and up are shown in Fig 4.30. The fundamental current is observed to 

increase at time t=0.8s and then decrease at t=1s in accordance with the variations in the actual 

loading conditions during a load change. The fundamental current is extracted by utilizing  

     
Fig 4.29 Simulation waveforms of source voltage (vs), source current (is), load current (iL), compensating current 

(ic), DC link voltage (Vdc) during dynamic condition using ARBFNN 
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ARBFNN algorithm. The reference current also changes with change in load current but the unit 

template's waveforms remained constant at unity.  Also, the fundamental current increases and 

reaches a new steady state value within less than one cycle, due to the A-RBFNN algorithm's 

effective control action. 

 
Fig 4.30 Simulation waveforms of load current (iL), fundamental current (if), reference current (iref), unit template (up) 

during dynamic condition using ARBFNN. 

 

 
Fig 4.31 Simulation results: Harmonic analysis of a). vs, THD = 0.03% b). is, THD = 4.75% c).  iL, THD = 30.61% 

during steady state condition using ARBFNN. 
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The analysis of the THD profiles in the source voltage (vs) exhibits harmonic performance with a 

negligible THD of 0.03% as shown in Fig 4.31. The source current (is) shows a THD of 4.75% 

which reflecting good harmonic quality. In contrast, the load current displays significant distortion 

with a THD of 30.61%. 

4.3.18 Experimental results of ARBFNN      

In the laboratory, single phase grid connected DSTATCOM is developed to verify the feasibility 

of proposed technique. The system rating is 110V rms and 50 Hz frequency. This hardware setup 

requires two voltage sensors (LV-25P) for sensing (vs, Vdc) and two current sensors (LA-25P) for 

sensing (is, iL). These sensed voltage and current signals are processed by DSP (dSPACE 1104) to 

generate eight gating pulses for VSC. The VSC are controlled to inject compensating current at 

point of common coupling.  Hardware results for steady state and dynamic states are captured 

using Power Analyzer and DSO respectively. 

(a). Steady State Condition 

The results of single phase grid connected DSTATCOM configuration are now discussed. Fig 

4.32(a-c) shows the supply voltage (vs) along with source current (is), load current (iL) and 

compensating current (ic). After compensation, the supply current (is) is observed to be in phase 

with supply voltage and sinusoidal as shown in Fig 4.32(a) while the load current iL is distorted as 

shown in Fig 4.32(b).  

 

Fig 4.32 Experimental results of a). vs, is b). vs, iL c). vs, iC d). Supply power PS  e). Load power PL  f). Compensator 

power PC during steady state condition using ARBFNN. 

 



83 

The steady state active and reactive powers are shown in Fig 4.32(d-f). The active and reactive 

power demand of load is 0.269kW and 0.117kVAR. The grid supplies 0.333kW active and 

0.139kVAR reactive power respectively. The compensator powers are 0.062kW and 0.134kVAR 

respectively. It is observed that the system active power demand is met by grid whereas most of 

the reactive power is provided by compensator. Thus, power factor at the supply end is improved 

from 0.9171 to 0.9325. 

Fig 4.33(a-b) shows the THD analysis of source current and load current. The THD of ‘is’ is 4.97% 

as shown in Fig 4.33(a) and THD of iL is 26.72% as shown in Fig 4.33(b). The load current is 

nonlinear (rectifier with R-L load) having high THD. The source current THD has been reduced 

due to DSTATCOM action and brought within prescribed IEEE standard 519. 

(b). Dynamic State Condition 

Fig 4.34(a-b) shows the waveforms of source voltage vs, source current is, load current iL, DC link 

voltage Vdc and compensating current ic under load increase condition. The DC link voltage is well 

 
Fig 4.33 Experimental results : Harmonic analysis of a). vs,is with THD = 4.97% b). vs,iL with THD = 26.72% c). vs,ic 

with THD = 69.42% during steady state condition using ARBFNN. 
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regulated to its reference value of 200V under load dynamics as shown in Fig 4.34(a). Fig 4.34(b) 

shows, the supply voltage and current are in same phase before and after load increase. The 

compensating current (ic) is also changed due to load change and it also inject compensating current 

to improve the waveform of source current. 

The waveform of iL,is, if ,iref and up  are shown in Fig 4.34(c-d). It is to be observed that, the load and 

fundamental current both increase as expected. In less than two cycle, the fundamental active current 

also increases and reaches a new steady state value due to effective control action of ARBFNN 

algorithm. The reference current also changes with change in load current and sine template 

maintains ±1.  

Fig 4.35 shows the intermediate signal waveforms of is, iL , e, if . It is seen that the intermediate 

parameters (e, if) also change whenever there is a sudden increase in load current. It is also observed 

that the error (e) is nearly zero under dynamic load condition. 

 
Fig 4.34 Experimental waveforms of a). v

s
,i

s
,i

L
,V

dc
 b). v

s
,i

s
,i

L
,i

C
 c). i

L
,i

s
,,i

f
,i

ref
 and d). i

L
, i

f
,i

ref
 ,u

p
 during dynamic 

condition using ARBFNN. 

 

(a) (b)

(c) (d)

sv

si

Li

dcV

sv

si

Li

ci

Li

si

fi

refi

Li

fi

refi

pu

80V/div.

5A/div.

5A/div.

200V/div.

80V/div.

5A/div.

5A/div.

5A/div.

5A/div.

5A/div.

5A/div.

5A/div.

5A/div.

5A/div.

5A/div.

1V/div.



85 

4.4 Comparative analysis of Notch Filter, ARBFNN and adaptive LLMF algorithm                                                      

The proposed control algorithms tested on single phase grid connected DSTATCOM. The 

comparison of all the three algorithms here is discussed based on the extraction of the fundamental 

current with load current as displayed in Fig 4.36. The comparative analysis of different control 

algorithms (Notch filter, ALLMF and ARBFNN) is also shown in Table 4.1. The proposed system 

and performance results for single phase grid connected DSTATCOM are thoroughly analysed. It 

is observed that the weight convergence is fastest for ALLMF controller and also the extracted 

fundamental current does not contain any oscillations. Whereas in other two algorithms, oscillations 

 

Fig 4.35 Experimental waveforms of is ,iL,e, if  
during dynamic load condition using ARBFNN. 
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Fig 4.36 Comparative waveforms of load current (iL) with fundamental current (if) at different algorithms 
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are observed. The ALLMF controller is adaptive algorithm while the Notch filter is a conventional, 

non-adaptive filter technique. Whereas, the ARBFNN is the neural network-based algorithm. The 

experimental harmonic content of the source current is obtained to be 4.97% and 4.12% for 

ARBFNN and Notch algorithms respectively, whereas the ALLMF technique achieves 3.67% THD 

when the load current has THD of 26.76%. The Convergence is also fast within two cycles with 3V 

DC link voltage variations under load change. Faster weight convergence guarantees that the 

proposed approach performs better and maintains closed-loop stability under varied load situations. 

It is concluded that the DSTATCOM with ALLMF algorithm shows better response in terms of 

THD of source current as shown in Table 4.2, lower switching losses and fast transient response.  

 

 

Table 4.1: Comparative analysis of NF, ARBFNN and proposed ALLMF algorithm 

S.no Parameters Notch ARBFNN 
ALLMF 

(Proposed) 

1 Filter type Non-Adaptive Adaptive Adaptive 

2 THD of is 4.12% 4.97% 3.67% 

3 
Estimation of 

fundamental currents 

Consist 

sustained 

oscillations 

Consist small 

oscillations 

Oscillations 
are absent 

4 Oscillations Magnitude ±4% ±5% Zero 

5 Complexity Medium Medium Medium 

6 Sampling Time (Ts) s50  s50  s50  

7 Degree of optimization NA Second order Fourth order 

8 
DC link Voltage      

variations 
4V 4-5V 3V 

9 
Convergence 

 

Faster than 

ARBFNN 

(3~4 cycles) 

Slow 

(4~6 cycles) 

Fastest 

(2 cycles) 

 

Table 4.2: %THD analysis of NF, ARBFNN and proposed ALLMF algorithm 

Algorithms %T.H.D (vs) %T.H.D (is) %T.H.D (iL) 

Notch 
Simulation 0.03 2.90 30.61 

Experimental 1.59 4.12 26.86 

ALLMF 
Simulation 0.03 2.72 30.98 

Experimental 1.55 3.67 26.76 

ARBFNN 
Simulation 0.03 4.75 30.61 

Experimental 1.90 4.97 26.72 
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4.5 Performance Analysis of Three Phase Grid Connected DSTATCOM 

The three phase grid connected DSTATCOM is designed in the laboratory to improve the power 

quality of the systems which is shown in Fig 4.37. It consists of three-phase grid, VSC converter 

connected in shunt to the system and loads. The three-phase, three-leg configuration comprising 

six IGBT switches with antiparallel diodes is selected for VSC. The VSC is coupled to DC Link 

capacitor is referred to as DSTATCOM. The interfacing inductor is used to minimize the ripples 

in the compensating current. The DSTATCOM is used in mitigating power quality problems with 

the help of suitable control algorithms and this is discussed in successive sections. The DC link 

voltage is controlled with the help of PI controller. The simulation and experimental parameters 

are listed in Appendix A. 

For the experimental verification, the three-phase three wire grid connected system is developed 

in the laboratory. The grid supply is varied through autotransformer. The load, compensator are 

connected at the point of common coupling (PCC). The compensator is realized as the three-phase, 

three leg configuration is selected for three-phase system. The DSTATCOM comprises a VSC 

with DC link capacitance connected in parallel. The interfacing inductors are suitably designed to 

minimize switching ripples in the DSTATCOM connected at PCC. The voltages and current are 

sensed and measured with the help of Hall effect sensors viz. LEM LA25 and LV25 current and 

voltage sensors respectively. The sensed voltage and current signals are processed and necessary 

computations are carried out inside the Microlab Box which produces the six gating signals for the 

 
Fig 4.37: System diagram of three phase grid connected DSTATCOM 
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DSTATCOM. The performance of steady state and dynamic waveforms are recorded using Power 

Analyzer (HIOKI) and DSO respectively. 

4.6.1 Control techniques developed using Conventional Notch Filter                                                                                           

The fundamental current component, active loss component, Unit templates and reference currents 

are all utilised to regulate the VSC, as illustrated in Fig 4.38. The phase load current is injected 

into the Notch Filter (NF) controller to derive the fundamental currents (ifa, ifb, ifc). The average 

current (iavg) is defined as one-third of the sum of fundamental currents. In order to estimate the 

current loss component, a PI controller is implemented to regulate the total DC-link voltage to a 

200V reference. In order to produce reference currents (isa*, isb*, isc*), the effective total current 

iT is multiplied by unit templates (ua, ub, uc) and the sum of both the average fundamental current 

(iavg) and loss component (iloss). The reference currents (isa*, isb*, isc*) are perfectly sinusoidal, 

while the actual supply currents (isa, isb, isc) and reference currents (isa*, isb*, isc*) are fed through 

a HCC to produce six gating pulses for the IGBT switching operation, which controls a three-

phase VSC. This guarantees that the grid currents are precisely sinusoidal and that the compensator 

meets the entire reactive power demand of the load. 

4.6.2 Extraction of Fundamental Current using NF                

The fundamental current components for each phase ifa, ifb and ifc is extracted by Notch Filter 

controller given by Eq. (4.44 – 4.46). 

 

22 )()( aafa iii  +=      (4.44)                                       

 
Fig 4.38: Control diagram using Notch filter 
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22 )()( bbfb iii  +=      (4.45) 

22 )()( ccfc iii  +=      (4.46) 

Now, the average fundamental current is calculated as  

)(
3

1
fcfbfaavg iiii ++=      (4.47) 

4.6.3 Calculation of loss component   

The error (Vdce) is determined by comparing the DC link voltage (Vdc) and its reference voltage 

(Vdc_ref) as shown in Eq.4.48. The current loss component is subsequently determined by supplying 

the error Vdce to the Proportional Integral (PI) controller. 

              

4.6.4 Calculation of Unit Templates    

The unit templates (ua, ub, uc) for each phase is calculated by using PCC terminal voltage as (Vt). 

The diagram of unit template generation is shown in Fig 4.36.   
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where, the PCC voltage is 
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3

2 222

scsbsat vvvV ++=  
      (4.51) 

 4.6.5 Simulation results incorporating Notch Filter           

The waveforms of three phase supply voltage (vsabc), supply currents (isabc), load currents (iLabc), 

compensator currents (icabc), and DC link voltage (Vdc) are depicted in Fig 4.39. The supply current 

maintains sinusoidal behaviour throughout both load change, even in the presence of distorted load 

currents due to non-linear load. The waveforms of load currents (IL), fundamental current across 

a-phase (ifa), reference current (irefa) and unit template (upa) are depicted in Fig 4.40. The load 

current is increased at t=0.8s and decrease at t=1s. The source current, reference current and 

fundamental current of a-phase also follow the load change but unit template (upa) remains unity. 

The Notch Filter (NF) is responsible to extract fundamental current and further it provides the 

improved waveforms in three phase grids connected DSTATCOM.    

The analysis of the THD profiles in the source voltage (vs) exhibits harmonic performance with a 

negligible THD of 0.00%. The source current (is) shows a THD of 3.21% which reflecting good 

                                                                                                                                               (4.48) 

)}]1({)}()1({)1([)( ++−+++= nVknVnVknini dceidcedcePlossloss                                                   (4.49)                                                  

dcrefdcdce VVV −= _
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harmonic quality. In contrast, the load current displays significant distortion with a THD of 17.68% 

as shown in Fig 4.41. 

 
Fig 4.39 Simulation waveforms of source voltage (vsabc), source current (isabc), load current (iLabc), compensating 

current (iCabc 
), DC link voltage (Vdc ) during dynamic condition using NF. 

 
Load Increase Load Decrease

 
Fig 4.40 Simulation waveforms of load current (iLabc), fundamental current (ifa), reference current (i*sa), unit 

template (ua) during dynamic condition using NF. 
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4.6.6 Experimental results using Notch Filter    

The experimental setup of three phase grid connected DSTATCOM is shown in Fig 4.42. This 

setup includes sensors, the Microlab box 1202 controller, VSC, interfacing inductors, Nonlinear 

load, programable DC supply, power analyzer, DSO, PCC and a three-phase AC supply. The 

output of the three-phase variac and three phase DSTATCOM is connected to the PCC and load 

terminals.  The purpose of developed hardware is to mitigate harmonics present in three phase 

source current.  

Fig 4.41 Simulation results : Harmonic analysis of a). vs , THD = 0.00% b). is , THD = 3.21% c).  iL , THD = 17.68% 

during steady state condition using NF. 

 

 
Fig 4.42 Experimental setup of three phase DSTATCOM 
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The waveforms presented in Fig 4.43 and Fig 4.44 illustrates the performance of the three-phase 

grid connected DSTATCOM under steady state condition. In Fig 4.45 and Fig 4.46, the dynamic 

performance across a-phase in three-phase grid connected DSTATCOM are shown.   

(a). Steady State Condition 

For the system, the waveforms of three phase source voltage (vsabc) with the three phase source 

current (isabc), load current (iLabc) and compensator current (icabc) are shown in Fig 4.43(a-c). 

The net power analysis across source (Ps), load (PL) and compensator are also shown in Fig.4.43(d-

f). The three phase grid power supplies 0.669kW and 0.124kVAR to the non-linear load as shown 

in Fig 4.43(d). The net power across load demands 0.603kW and 0.194kVAR as shown in Fig 

4.43(e). The reactive power demand is fulfilled by compensator which inject 0.205kVAR and the 

switching loss power is 0.034kW as shown in Fig 4.43(f).  

 The analysis of total harmonic distortion (THD) is shown in Fig 4.44. The total harmonic 

distortion (THD) in the source voltage is 1.86%, and the THD in the source current is 4.27%, as 

shown in Fig 4.44(a), which adheres to the IEEE 519 standard. The total harmonic distortion 

(THD) of load current due to non-linear load is 23.67%. The THD in compensator current is 

122.12%.           

 

Fig 4.43 Experimental results of a). v
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during steady state condition using NF. 
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(b). Dynamic State Condition 

The a-phase waveforms of source voltage (vsa), source current (isa), load current(iLa), DC link 

voltage (Vdc), compensating current(ica), fundamental current (ifa), reference current (irefa) and unit 

template (upa) are shown in Fig 4.45(a-d) under dynamic load condition. The current of load (iLa), 

source (isa), compensator (ica), fundamental (ifa) and reference (irefa) is changed due to load change. 

The Vdc remains constant and the is follows a sinusoidal pattern even when the load changes. 

Additionally, in accordance with the IEEE 519 standard, the harmonic content of the grid current 

is less than 5% observed. 

The reference current changes in response to load variations, and the output weight exhibits rapid 

convergence. This suggests that the NF-based control technique functions satisfactorily under a 

dynamic load condition. Within one to two cycles of operation, the system attains a stable state. 

The intermediate waveforms of Notch Filter (NF) controller are captured and display in Fig 4.46. 

The waveforms of in phase current (iα) and quadrature current (iβ) is increased due to change in 

 
Fig 4.44 Experimental results: Harmonic analysis of a). v
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load current (iLa). The a-phase fundamental current (ifa) is extracted to the application of NF which 

further used to control of three phase DSTATCOM. 

 
Fig 4.45 Experimental waveforms of a). v
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4.6.7 Control Algorithm using Adaptive LLMF Algorithm 

Fig 4.47 shows the system control diagram of ALLMF algorithm to control three phase VSC. The 

load currents of each phase are fed with separate ALLMF algorithm to generate fundamental 

currents (ifa, ifb, ifc) of each phase. The mean of these fundamental currents is average current (iavg). 

A PI controller is fed with the total DC-link voltage to regulate it to 200V reference so as to 

estimate the current loss component. The summation of both average fundamental current (iavg) 

and loss component (iloss) is effective total current i
T
 which is multiplied with unit templates (ua, 

ub, uc) to generate reference currents (isa
*, isb

*, isc
*). It is observed that the reference currents (isa

*, 

isb
*, isc

*) are perfectly sinusoidal and the actual supply currents (isa, isb, isc) is fed through HCC to 

generate six gating pulses for IGBT switching operation to control three phase VSC. These VSC 

injecting compensating current to fulfill reactive power demand of the load and ensures the grid 

currents is perfectly sinusoidal.  

4.6.8 Extraction of Fundamental Current using ALLMF        

The fundamental weight components for each phase ifa ,ifb and ifc is extracted by ALLMF controller 

given by Eq. (4.52 – 4.54). 

fapapapa inBnenwnwnw =−−=+ )}]()()([{)()1( 3               (4.52) 

fbpbpbpb inBnenwnwnw =−−=+ )}]()()([{)()1( 3          … (4.53) 

fcpcpcpc inBnenwnwnw =−−=+ )}]()()([{)()1( 3          … (4.54) 

Now, the average weight is calculated as  

 
Fig 4.47: Control diagram using ALLMF algorithm 
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 )(
3

1
fcfbfaavg iiii ++=  

             (4.55) 

4.6.9 Calculation of loss current component          

As discussed in Section 4.6.3, the calculation of loss current component. The current loss is shown 

in Eq. 4.57.  

4.6.10 Calculation of unit templates  

As discussed in Section 4.6.4, the unit templates (ua, ub, uc) is shown in Eq. 4.58 and the PCC 

voltage is shown in Eq. 4.59.        

4.6.11 Simulation Results for ALLMF Control Algorithm        

The MATLAB/SIMULINK software is utilized to observe the control strategies of three phase 

grid connected DSTATCOM that is controlled by utilised by ALLMF algorithms. The simulation 

research on the DSTATCOM system is being conducted to compensate with the intention of 

implementing innovative ALLMF control strategies is effective in relation to the enhancement of 

power quality (PQ). The simulation results of three-phase source voltage (vsabc), supply currents 

(isabc), load currents (iLabc), compensator currents (icabc), DC link voltage (Vdc), fundamental current 

(ifa), reference current (irefa), and unit template (upa) under dynamic conditions are displayed in Fig 

4.48 and Fig 4.49, respectively. The dynamic performance waveforms of three phase grid 

connected DSTATCOM is satisfactory by the use of ALLMF control approach. These waveforms 

are obtained by the change in loads from t=0.8s to t=1s. The isa, iLa, ica, ifa, and irefa currents is vary 

as a result of the load change. In the event that the load is changed, the vsabc does not change, and 

the Vdc also settles at 200V after one cycle. Additionally, it has been found that the magnitude of 

the sine templates lies in the range of +1 to -1. In order to achieve a higher PQ, the DSTATCOM 

injects compensatory current.  

The analysis of the THD profiles in the source voltage (vs) exhibits harmonic performance with a 

negligible THD of 0.00%. The source current (is) shows a THD of 1.07% which reflecting good 

harmonic quality. In contrast, the load current displays significant distortion with a THD of 17.68% 

as shown in Fig 4.50. 

                                                                                                                                                (4.56) 
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Fig 4.48 Simulation waveforms of source voltage (vsabc), source current (isabc), load current (iLabc), 

compensating current (iCabc 
), DC link voltage (Vdc ) during dynamic condition using ALLMF. 

 

 
Fig 4.49 Simulation waveforms of load current (iLabc), fundamental current (ifa), reference current (i*sa), unit 

template (ua) during dynamic condition using ALLMF. 
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4.6.12 Experimental Results for ALLMF Control Algorithm                

The experimental results of the proposed system are shown in Fig 4.51 to Fig 4.54. The steady 

state and dynamic waveforms are well presented in this section. 

(a). Steady State Condition 

The steady state waveforms of phase voltages (vsa,vsb,vsc) with three phase source current 

(isa,isb,isc), load current (iLa,iLb,iLc) and three phase compensator current (ica,icb,icc) are shown in Fig 

 
Fig 4.50 Experimental results : Harmonic analysis of a). vs , THD = 0.00% b). is , THD = 1.07% c).  iL , THD = 

17.68% during steady state condition using ALLMF. 

 

 
Fig 4.51 Experimental results of a). v
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4.51(a-c). The nonlinear load current is fed with ALLMF controller in proposed system to improve 

the quality of source current and maintain sinusoidal. 

The data of power is captured with HIOKI power analyser as shown in Fig 4.51 (d-f). The load 

power demand is 0.627kW and 0.197kVAR. The grid supply power of 0.649kW to the load and 

compensator injects reactive power of 0.213kVAR. The losses in the switches are 31W. The power 

factor is improved from 0.953 to 0.984. 

After compensation, the total harmonic distortion of source voltage is 2.18% with source current 

is 3.38% as shown in Fig 4.52(a). Before compensation, the THD of load current is 24.02% as 

shown in Fig 4.52(b). The compensator injects THD of 123.04% as shown in Fig 4.52(c). The 

THD of source current is less than 5% as per IEEE standard. 

(b). Dynamic State Condition 

Fig 4.53 and Fig 4.54 shows the dynamic performance waveforms of three phase grid connected 

DSTATCOM. The proposed ALLMF control algorithm is presented to control DSTATCOM. 

 
Fig 4.52 Experimental results : Harmonic analysis of a). v
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Further, the DSTATCOM is responsible to improve the quality of power. Fig 4.53 shows the 

improved waveforms of a-phase source voltage (vsa), supply currents (isa), load currents (iLa), 

compensator currents (ica), DC link voltage (Vdc), fundamental current (ifa), reference current (irefa), 

and unit template (upa).  The change in waveforms of currents due to varying load is well display. 

The source voltage (vsa) is constant and in phase with source current (isa). During load change, the 

DC link voltage (Vdc) and unit templates (upa) remains stable at 200V and ±1 respectively. The 

response of proposed ALLMF controller provides satisfactory results with sinusoidal waveforms 

of isa. 

In Fig 4.54, we can see the dynamic consequences of the a-phase variables iLa, isa, error (e), and 

ifa. Rise in load causes a rise in iLa, isa, and ifa. As an added bonus, using the ARBFNN algorithm 

yields the minimal error (e) and adequate system performance.  

The dynamic waveforms of iLa and isa current with intermediate results of error (e) and ifa are shown 

in Fig 4.54. The source current (is) sinusoidal and complies with the IEEE 519 standard for three-

 
Fig 4.53 Experimental waveforms of a). vs,is,iL,Vdc b). vs,is,iL,iC c). iL,is,,if,iref and d). iL, if,iref ,up during 

dynamic condition using ALLMF. 
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phase systems, despite the highly non-linear load current. The Adaptive Leaky Least Mean Fourth 

(ALLMF) controller is employed to calculate the fundamental current to control DSTATCOM. It 

is also observed that the system is stable. 

4.6.13 Control Algorithms using ARBFNN Algorithm   

The proposed ARBFNN algorithm is utilized to control three phase VSC. The six gating pulses 

(S1, S2, S3, S4, S5 and S6) are generated by the combination of Unit templates, the fundamental 

 

Fig 4.54 Experimental waveforms of
 
iLa,e, ifa  , isa 

during dynamic load condition using ALLMF. 

 

   

Fig 4.55 Control diagram using A-RBFNN algorithm 
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current component, active loss component, reference currents and hysteresis controller which are 

shown in Fig 4.55. The fundamental currents (ifa, ifb, ifc) is extracted by processing phase load 

current with ARBFNN controller. The one third of the sum of all fundamental currents is average 

current (iavg).  A DC-link voltage and its reference voltage is compared and fed with PI controller 

to estimate the current loss component (iloss). The effective total current i
T
 is the addition of both 

average fundamental current (iavg) and loss component (iloss). Further, it is multiplied with unit 

templates (ua, ub, uc) to generate reference currents (isa
*, isb

*, isc
*). The actual supply currents (isa, 

isb, isc) and reference currents (isa
*, isb

*, isc
*) are now passed in HCC to provide gating pulses of 

three phase VSC. The VSC with interfacing inductor injects compensating current to improve the 

grid currents waveform. 

4.6.14 Extraction of Fundamental Current using ARBFNN          

The fundamental weight components (ifa , ifb and ifc) for each phase is extracted by ARBFNN 

controller as shown in Eq. (4.60 – 4.63) 

faaa itenGnG =+=+  cos)()1(                 (4.60) 

fbbb itenGnG =+=+  cos)()1(                 (4.61) 

fccc itenGnG =+=+  cos)()1(                 (4.62) 

Now, the average weight is calculated as  

4.6.15 Calculation of loss current    

As discussed in Section 4.6.3, the switching losses of the IGBT switches of the DSTATCOM can 

be calculated as shown in Eq. 4.65. 

4.6.16 Calculation of unit templates            

As discussed in section 4.6.4, the unit templates (ua, ub, uc) is shown in Eq. 4.66. 
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where, the PCC voltage (vt) is shown in Eq.4.67. 
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4.6.17 Simulation Results using ARBFNN algorithm     
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The control technique using ARBFNN algorithm is simulated in the MATLAB/SIMULINK. The 

purpose of the simulation study on the DSTATCOM system is to evaluate the efficacy of novel 

control technique for the improvement of PQ and load compensation in three phase grids 

connected DSTATCOM. Fig 4.56 and Fig 4.57 shows the simulation results of three phase source 

voltage (vsabc), supply currents (isabc), load currents (iLabc), compensator currents (icabc), DC link 

voltage (Vdc), fundamental current (ifa), reference current (irefa) and unit template (upa) under 

dynamic condition. The dynamic performance waveforms of DSTATCOM employing ARBFNN 

control technique is captured by an increase and decrease of loads at t=0.8s to t=1s. Due to load 

change, the current of source, load, compensator, fundamental and reference current are also 

changed. The vsabc remains same and Vdc also settles at 200V in one cycle during load variation. It 

is also observed that the sine templates magnitude lies in between +1 to -1. The DSTATCOM 

inject compensating current to improve PQ.  

The analysis of the THD profiles in the source voltage (vs) exhibits harmonic performance with a 

negligible THD of 0.02%. The source current (is) shows a THD of 4.02% which reflecting good 

 

Fig 4.56 Simulation waveforms of source voltage (vsabc), source current (isabc), load current (iLabc), compensating 

current (iCabc ), DC link voltage (Vdc ) during dynamic condition 
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harmonic quality. In contrast, the load current displays significant distortion with a THD of 17.68% 

as shown in Fig 4.58. 

4.6.18 Experimental Results for ARBFNN algorithm      

The hardware Prototype model of three phase grid connected DSTATCOM is designed and 

controlled by a Microcontroller box 1202. The Digital Signal Oscilloscope and HIOKI power 

 
Fig 4.57 Simulation waveforms of load current (iLabc), fundamental current (ifa), reference current (i*sa), unit template 

(ua) during dynamic condition using A-RBFNN. 

 

 
Fig 4.58 Experimental results : Harmonic analysis of a). vs , THD = 0.02% b). is , THD = 4.02% c).  iL , THD = 17.68% 

during steady state condition using ARBFNN. 
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analyser were used to test the hardware and record the signals in real-time. This section discusses 

the experimental outcomes.  

(a). Steady State Condition 

The three phase AC voltage supply (vsabc) with ac currents of source, load and compensator are 

shown in Fig 4.59(a-c) under steady state condition. The distorted nonlinear load is processed by 

 
Fig 4.59 Experimental results of a). vs,is b). vs,iL c). vs,iC d). Supply power PS  e). Load power PL  

f). Compensator 

power PC during steady state condition 

 

 
Fig 4.60 Experimental results: Harmonic analysis of a). vs,is with THD = 4.54% b). vs,iL with THD = 22.91% c). 

vs,ic with THD = 128.64% during steady state condition 
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proposed techniques of ARBFNN algorithm to improve the waveform of source current and it is 

observed that the source waveform is sinusoidal.   

The power flow in three phase grids connected DSTATCOM is shown in Fig 4.59 (d-f) under 

steady-state which is controlled by an ARBFNN-based algorithm. The HIOKI power quality 

analyser is used to measure the active and reactive power. The load requires 0.430kW of active 

power and 0.527kVARs of reactive power, whereas the supply offers 0.600kVARs of reactive 

power and 0.334kW of active power. The 29W compensator switching losses are fed by the supply. 

The 215 VARs are fed into the system by the DSTATCOM.  

The total harmonic distortion of a-phase source voltage (vsa) with source current (isa), load current 

(iLa) and compensator current is 2.12%, 4.54%,22.91% and 128.64% respectively are shown in Fig 

4.60.    

(b). Dynamic State Condition                                                                                                              

The dynamic performance of the three phase grid connected DSTATCOM and ARBFNN control 

technique for non-linear load is illustrated in Fig 4.61 and Fig 4.62. The dynamic waveforms of 

       
Fig 4.61 Experimental waveforms of a). vsa,isa,iLa,Vdc b). vsa,isa,iLa,ica c). iLa,isa,,ifa,irefa and d). iLa, ifa,irefa 

,upa during dynamic condition 
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phase-a is shown in between source voltage (vsa), supply currents (isa), load currents (iLa), 

compensator currents (ica), DC link voltage (Vdc), fundamental current (ifa), reference current (irefa) 

and unit template (upa) in Fig 4.61.  All the currents of phase-a increases due to load change but 

vsa remains stable with sinusoidal wave of isa. The DC link voltage also attains its initial position 

to 200V in few cycles during load change. It is also observed that the unit template is sinusoidal 

in limit and unchanged during load variations. 

The intermediate results of a-phase iLa, isa, error (e) and ifa under dynamic condition are shown in 

Fig 4.62. The iLa, isa and ifa are increased due to load increase. It is also absorbed that the minimum 

error (e) is obtained and the performance of the system is satisfactory by the application of 

ARBFNN algorithm.  

4.7 Comparative analysis of NF, ARBFNN and ALLMF algorithm in three phase system 

The comparative analysis of fundamental currents of respective algorithms with load current are 

shown in Fig 4.63. During load current is increase at time t=0.8s and decrease at time t=1s, the 

fundamental currents of respective algorithm is also change. The response of the fundamental 

current extracted through ALLMF is oscillation free and fast response during load change. But in 

other algorithms, the response of NF and ARBFNN observes oscillation and also the response is 

slow for ARBFNN algorithm. The %THD analysis of ALLMF of source current (is) is less and 

performs better in comparison to other algorithms as shown in Table 4.3.  

           
 

 

Fig 4.62 Experimental waveforms of iLa, isa ,e, ifa  
during dynamic load condition 
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4.8 Conclusion 

In this chapter performance analysis of NF, ALLMF and ARBFNN based control technique is 

performed on single phase and three phase DSTATCOM system. Detailed simulation analysis is 

shown and to verify the simulation results the control techniques are further applied to single phase 

as well as three phase hardware prototype system. The detailed parameters are already tabulated 

in Table 3.1 of chapter 3. In this chapter THD analysis of supply voltage and current is also 

performed and it is observed that for both simulation as well as hardware setup, the THD obtained 

using all the three control technique is found to be below 5% which is required as per IEEE 519 

standard. On detailed comparative analysis, it is found that the ALLMF control technique 

outperform the other two technique on the basis of source current THD and its dynamic 

performance.  

 
Fig 4.63 Comparative waveforms of load current (iL), with fundamental current (ifa) at different algorithms  

 

Table 4.3: %THD analysis of NF, ARBFNN and proposed ALLMF algorithm 

Algorithms %T.H.D (vs) %T.H.D (is) %T.H.D (iL) 

Notch 
Simulation 0.00 3.21 17.68 

Experimental 1.86 4.27 23.67 

ALLMF 
Simulation 0.00 1.07 17.68 

Experimental 2.18 3.38 24.02 

A-

RBFNN 

Simulation 0.02 4.02 17.68 

Experimental 2.12 4.54 22.91 
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Chapter 5 

Performance Analysis of Grid integrated Multilevel Inverter to 

Improve Power Quality               

 

This chapter discuss the performance analysis of the single phase grid-connected multilevel 

inverter based DSTATCOM. This chapter also presents the classification and configuration of 

multilevel inverter. The designed system is first modeled in MATLAB/Simulink. Subsequently, 

real-time simulation and experimental validation have been demonstrated. The cascaded H-bridge 

inverter is used as a DSTATCOM in single phase grid connected system to mitigate harmonics 

present in grid current. The steady state and dynamic waveforms for different control algorithms 

are presented and results are analysed. 

5.1 Introduction 

Fig 5.1 shows the circuit diagram of the proposed system with five level cascaded H-bridge 

configuration. A single-phase AC source supplies power to a rectifier load having R-L branch 

 

Fig 5.1 System Diagram of 5-level Distribution System 
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connected at DC side. Source resistance and source inductance parameters are denoted as RS and 

LS. The Five Level Cascaded H-Bridge (5L CHB) converter configurations is connected in shunt 

configuration to compensate the PQ problems. The control of the proposed system requires input 

variables such as source voltage vs, source current is, load current iL, total dc link voltage 

(Vdc1+Vdc2). These are sensed with LEM based current and voltage sensors. These sensed voltage 

and current signals are fed through ADC channel of DSP (dSPACE 1104). The DSP generates the 

required gating pulses for DSTATCOM. An interfacing inductor (Li) is connected with converter 

to suppress the AC output ripples.  

5.2 Description and Configuration of Selected Five Level CHB-MLI based  

The conversion of DC supply into AC with desired frequency and voltage using conventional 

inverter results in some demerits like more switching stresses, higher distortion, and reduced 

efficiency [281]. The Cascaded H- Bridge (CHB) inverter produces output having reduced number 

of harmonics compared to conventional two-level H bridge inverter. The Five Level Series 

Connected H-bridge Multilevel Inverter (5L SCHB-MLI) used as DSTATCOM to improve PQ of 

the connected system. 

A single H-bridge (SHB) inverter generates a two-level output +Vdc and –Vdc with a single DC 

link and four IGBT switches. The Multilevel Inverter (MLI) with higher number of levels results 

in an output voltage waveform having reduced harmonics. Two available topologies for MLI for 

increasing the number of levels is mentioned in literature viz. clamping diode multilevel 

configuration which requires larger number of diodes and the flying capacitor multilevel inverter 

which requires larger number of capacitors. Both these configurations of Multilevel Inverter (MLI) 

are costly and require more switches. The 5-level CHB inverter consists of double H-bridge 

configuration each having its own DC link and IGBT switches. The number of bridges can be 

increased to increase the number of levels. However, when the number of levels is increased, the 

number of power electronics switches also increases properly. Hence the scope of this paper is 

limited to 5L CHB configuration. In comparison to two level inverters as shown in Fig 5.2(a), 

switching stresses are less in 5-level inverters. In Fig 5.2(b), two H-bridge are connected in series 

with separate DC link voltage fed with PCC to generate higher voltage levels and reduced Total 

Harmonic Distortion (THD). The 5L CHB is appropriately switched on so as to obtain five voltage 

levels +2Vdc, +Vdc, 0, -Vdc, -2Vdc. 
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The power electronic switches are operated in only two states viz, turn-on and turn-off. The CHB 

configuration shows eight IGBT switches as shown in Fig 5.2b which requires eight gating pulses 

for the operation of CHB. The technique used in this paper is Pulse Width Modulation (PWM) in 

which reference signal is compared with high frequency triangular waveform for generating 

various voltage steps (+2Vdc, +Vdc, 0Vdc , -Vdc, -2Vdc) and switching pattern of various IGBTs (Su1, 

Su2, Su3, Su4, Sl1, Sl2, Sl3, Sl4) as shown in Table 5.1. The combination of four switches in ON mode 

and remaining four switches in OFF mode to generate different voltages (+2Vdc, +Vdc, 0Vdc , -Vdc, -

2Vdc). The conducting switches are represented by 1 indicate the switch is ON while 0 indicates 

the particular switch is OFF. Here, Su1, Su2, Su3, Su4 belong to first H-bridge and Sl1, Sl2, Sl3, Sl4 

belong to the second H-bridge which is also shown in Fig 5.2b. All the remaining possible cases 

listed in Table 5.1 are forbidden since the two switches in the same leg must not be switched on 

simultaneously. 

5.3 Switching operation of Five Level CHB-MLI based DSTATCOM 

The five modes of switching operation are discuss below and Fig 5.3 shows the five modes of 

Table 5.1:Switching table for 5L CHB-MLI  

Modes 

Conducting Switches 

1 = ON ; 0 = OFF 

Output Voltage 

Vdc1= Vdc2= 

Vdc 

Su1 Su2  Su3 Su4  Sl1 Sl2 Sl3  Sl4  

1 1 0 0 1 1 0 0 1 +2Vdc(mode1) 

2 1 0 0 1 0 0 1 1 +1Vdc(mode2) 

3 1 0 0 1 0 1 1 0 0Vdc(mode3) 

4 0 1 1 0 0 0 1 1 -1Vdc(mode4) 

5 0 1 1 0 0 1 1 0 -2Vdc(mode5) 
 

Su1 Su3

Su4

Sl1

Sl2 Sl4

Sl3

1dcV
2dcV

Su2

Vpcc

.

.

.

(b)

Su1 Su3

Su4

dcV

Su2

Vpcc

.

(a)  

Fig 5.2 Generalized configuration of (a) 2-level converter (b). 5-level CHB MLI 
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CHB to produce different voltage steps. 

Mode 1: In this mode, switches Su1, Su4, Sl1, Sl4 are ON and the remaining switches are OFF to 

obtain +2 Vdc.This is shown in Fig 5.3. 

Mode 2: In this mode, switches Su1, Su4, Sl3, Sl4 are ON, and the remaining switches are OFF to 

obtain +1 Vdc. This is shown in Fig 5.3. 

Mode 3: In this mode, switches Su1, Su4, Sl2, Sl3 are ON, and the remaining switches are OFF to 

obtain 0 Vdc. This is shown in Fig 5.3. 

Mode 4: In this mode, switches Su2, Su3, Sl3, Sl4 are ON, and the remaining switches are OFF to 

obtain -1 Vdc. This is shown in Fig 5.3. 

Mode 5: In this mode, switches Su2, Su3, Sl2, Sl3 are ON and the remaining switches are OFF to 

obtain -2 Vdc. This is shown in Fig 5.3. 

 
Fig 5.3 Different modes of switching operation in 5L CHB-MLI 
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5.4 Design and Control of MLI based DSTATCOM using Notch Filter  

The complete control algorithm including both the control of DC links and details of Notch filter 

are shown in Fig 5.4. The controller description comprises the calculation of unit template (up), 

the estimation of the fundamental current (if), the estimation of active loss component (iloss) and 

the reference supply current (iref). The estimated weight signal is updated in real time to estimate 

the fundamental value of load current. A PI controller is realized over the total DC-link voltage to 

regulate it to 200V reference so as to estimate the weight loss component. The summation of both 

fundamental current (if) and loss component (iloss) is considered as the effective current i
T
 which 

is multiplied with unit template to generate reference current iref. The reference current is perfectly 

sinusoidal (iref) and the actual supply current is is passed through PWM current controller to 

generate gating pulses for IGBT switching operation to control DSTATCOM. This ensures the 

grid current is perfectly sinusoidal and the entire reactive power demand of the load is met by the 

compensator. 

5.4.1 Estimation of Fundamental Current   

The load current fundamental active magnitude is extracted using Notch filter controller by using the 

Eq. 5.1. 

  22 )()(  iii f +=                                                                                                                                  (5.1) 

where if is the fundamental current of notch filter.  

5.4.2 Estimation of current Loss Component:  

The DC link voltage must be raised to a minimum reference value for active shunt filtering. The sum 

of both DC link voltage Vdc1; Vdc2 ( i.e Vdc =Vdc1+Vdc2) is passed through a low pass filter to compute 
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Vdc of DSTATCOM. The error Vdce is generated by using DC reference voltage Vdc_ref and Vdc in Eq. 

(5.2). Now, the error Vdce is fed to the Proportional Integral (PI) controller to obtain the current loss 

component. 

                                                                                                                                                     (5.2) 

)}]1({)}()1({[ ++−++= nVknVnVkii dceidcedcePfloss                                                                        (5.3)                                                  

where, the kp and ki are the constants denoting the proportional and integral controller gains.  

5.4.3 Calculation of Unit Templates  

For the calculation of the unit template, the grid voltage (vs) along with its phase shifted quadrature 

component (vc) are passed through peak estimation block as shown in Fig 5.4 to calculate vp as 

shown in the Eq. (5.4-5.6). 

tvv ps sin=                                                                                                                                               (5.4) 

)
2

(sin


 += tvv pc
                                                                                                                                             (5.5) 

 Now, the peak voltage is estimated as 

22

csp vvv +=                                                                                                                                   (5.6) 

Now, the unit template is computed as, 

t
v

v
nu

p

s
p sin)( ==                                                                                                                                                               (5.7) 

5.4.4 Estimation of Reference Current and Gating Signal 

Now, the fundamental active component extracted by Notch filter is added to fundamental DC loss 

component. This is used to obtain effective current i
T
 which is used for the generation of reference 

current.  

lossfT iii +=                                                                                                                                     (5.8) 

pTref uii =                                                                                                                                      (5.9) 

The generation of pulses and output voltage of five level CHB converter is shown in Fig 5.5. 

5.5 Simulation Results using Notch Filter Control Algorithm     

A model of the proposed system is developed and analyzed in MATLAB/Simulink environment. 

Figs 5.6-5.8 show the simulation results under various conditions. The closed loop control system 

is developed for 110V, 50Hz. Detailed parameters are mentioned in Appendix B. 

The system's dynamic behavior for the Notch control algorithm is shown in Fig. 5.6. This figure 

displays the waveforms of the grid voltage (vs), grid current (is), nonlinear load current (iL), inverter 

voltage (vinv), compensatory current via DSTATCOM (ic), and total DC link voltage (Vdc). It is 

dcrefdcdce VVV −= _



115 

investigated to observe load perturbations effect on controller performance. The load is raised from 

3A to 5A at time t=0.8s and lowered down to the starting level of 3A at time t=1s. When the load 

changes, the dc link voltage (Vdc) exhibits a slight disruption during the load rise or drop; 

nevertheless, the PI controller's action causes the Vdc voltage to settle back to 200 V. Fig. 5.6 also 

displays the output response of a 5-L CHB inverter voltage (vinv) of 200V. After corrective action 

by CHB inverter, it is noted that the source current stays sinusoidal and in phase with the PCC 

voltage.  

Fig 5.7 shows nonlinear load current (iL), fundamental current (if), source current (is), and unit 

template (up). During load change the fundamental current is observed to increase at time t=0.8s 

and then it decreases at t=1s as per the changes in the actual loading conditions. This result shows 

that the extraction of fundamental current signal using Notch technique is in accordance with 

change in load current. A highly distorted compensating current ensures the supply current is 

perfectly sinusoidal. The unit template (up) is maintained in the range of ±1. 

 
Fig 5.5 Waveform showing (a) Phase Shifted -PWM techniques of 5L-CHB converter (b) five level converter 

voltage output of CHB. 

 

 

(a)

(b)
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The analysis of the THD profiles in the source voltage (vs) exhibits harmonic performance with a 

negligible THD of 0.48%. The source current (is) shows a THD of 3.17% which reflecting good 

harmonic quality. In contrast, the load current displays significant distortion with a THD of 30.69% 

as shown in Fig 5.8. 

Fig 5.6 Simulation waveforms of source voltage (vs), source current (is), load current (iL), compensating current (ic 
), 

inverter voltage (vinv) , DC link voltage (Vdc ) during dynamic condition using NF. 

 

     
 Fig 5.7 Simulation waveforms of load current (iL), fundamental current (if), reference current (iref), unit template (up) 

during dynamic condition using NF. 
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5.6 Experimental Results using Notch Filter Control Algorithm   

A prototype model is designed in the laboratory as shown in Fig 5.9. The simulation results are 

verified with experimental setup. The proposed system is working at 110 V and 50 Hz AC supply. 

The prototype hardware also shows nonlinear load modeled as R-L load at the DC side of rectifier. 

A DSTATCOM is connected at the PCC for providing compensating currents through interfacing 

inductors. Various LEM current sensors (LA-25P) for sensing (is, iL) and voltage sensors (LV-25P) 

for sensing (vs, Vdc1, Vdc2) are connected and interfaced with DSP dSAPCE1104 board. Gating 

pulses from the DSP are fed to DSTATCOM for proper control of the system. A DSO is used to 

Fig 5.8 Simulation results : Harmonic analysis of a). vs , THD = 0.48% b). is , THD = 3.17% c).  iL , THD = 30.69% 

during steady state conditions using NF. 

 

 

Fig. 5.9 Experimental hardware setup of grid integrated multilevel inverter 
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capture various hardware dynamic results. The experimental results of power, current and its 

harmonics are captured through power analyzer (HIOKI PQ3100). The experimental parameters 

are mentioned in the Appendix B. 

(a). Steady State Results 

The proposed system's steady-state experimental findings and the waveforms of source voltage 

(vs) along with source current (is), load current (iL)and compensating current (ic) are shown in Fig 

5.10 (a-c). Here, the source voltage (vs) along with source current (is) and load current are in same 

phase as shown in Fig 5.10 (a-b) but load current is distorted. In Fig 5.10 (c), the source voltage 

with compensating current (ic) is use to mitigate harmonics present in source current.  

Fig 5.10 (d-f) shows the steady-state active and reactive power flow with the present technique. 

The load's active and reactive power requirements are 324 W and 138 VAR respectively. The 

switching loss amounts to 0.017 kW. The DSTATCOM meets the load's reactive power demand 

of 138 VAR, providing power factor (P.F) improvement from 0.920 to 0.983 as seen in Fig 5.8 (d-

e). The load has a real and reactive power requirement of 324W and 138 VAR, respectively and 

the DSTATCOM matches the load's reactive power need by providing 145VAR as seen in Fig 5.10 

(f). The grid offers 344W to fit the load's actual power and also meets switching losses. 

After compensation, the THD of the source current is reduced to 4.78% and is almost sinusoidal. 

Moreover, the voltage distortion is 2.29% as shown in Fig 5.11 (a). Before compensation, a high 

Fig 5.10 Experimental results of a). v
s
,i

s
 b). v

s
,i

L
 c). v

s
,i

C
 d). Supply power P

S  
e). Load power P

L  
f). Compensator 

power P
C
 during steady state condition using NF. 
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content of harmonic distortion of 28.62% can be observed in Fig 5.11(b). The injected 

DSTATCOM compensating current cancels the harmonics produced by the nonlinear load. The 

source current is sinusoidal in shape and in phase with the source voltage. The observed waveforms 

show that the Notch control algorithm works appropriately and the obtained %THD of source 

current (is) is within the IEEE-519 standard limit of 5%.  

 (b). Dynamic State Results 

Figs 5.12 (a-d) present the system's dynamic response under varied load circumstances. The 

parameters source voltage (vs), source current (is), load current (iL), DC link voltage of first H-

bridge (Vdc1), DC link voltage of second H-bridge (Vdc2), total DC link voltage (Vdc), 

compensating current (ic), fundamental current (if), reference current (iref), and unit template (up) 

are displayed during load variations. Fig 5.12(a-b) shows the waveforms of vs, is, iL, Vdc, ic during 

load change. The waveform of source voltage, source current and load current are in same phase 

and the DC link voltage settles to 200V. The compensating current (ic) is injected at PCC through 

DSTATCOM to provide sinusoidal grid current. 

Fig 5.12(c) shows the waveforms of iL, Vdc1, Vdc2, Vdc with the change in load. The waveforms 

show that the voltages at the two DC capacitors settle to100 V within a few cycles. As a result, 

      
Fig 5.11 Experimental results: Harmonic analysis of a). v

s
,i

s
 with THD = 4.78% b). v

s
,i

L
 with THD = 28.62% c).  

v
s
,i

C
 with THD = 99.40% during steady state condition using NF. 
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even under dynamic load conditions, the total DC link voltage stays steady and well-regulated 

around 200V.  

Fig 5.12(d) shows the plots of iL, if, iref, up. It presents the system's gets performance when the load 

current increases. The waveform shows the fundamental weight is changed due to change in load 

     
Fig 5.12 Experimental waveforms of a). v
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current as predicted by Notch control algorithm. The reference current also follows the change in 

load but the sine template remains unity. 

The intermediate waveforms of iα, iβ and if of Notch control algorithm with load current iL are 

shown in Fig 5.13. The waveforms are observed that the iα, iβ and if track the load current (iL). 

Further, the waveforms of 900 phase shift between iα and iβ is also observed.  

5.7 Design and Control of MLI based DSTATCOM using ALLMF Control Algorithm                   

 The complete control algorithm including both the control of DC links and details of ALLMF are 

shown in Fig 5.14. The controller description comprises the calculation of unit template, the 

estimation of the fundamental weight signal, the estimation of active weight loss component and 

the reference supply current. The estimated weight signal is updated in real time to estimate the 

fundamental weight of load current. A PI controller is realized over the total DC-link voltage to 

regulate it to 200V reference so as to estimate the weight loss component. The summation of both 

weights viz. fundamental (if) and loss component (iloss) is effective weight iT which is multiplied 

with unit template to generate reference current (iref). The reference current is perfectly sinusoidal 

(iref) and the actual supply current is is passed through PWM current controller to generate gating 

pulses for IGBT switching operation to control DSTATCOM. This ensures the grid current is 

perfectly sinusoidal and the entire reactive power demand of the load is met by the compensator. 

 

 
Fig 5.14 Control diagram using ALLMF algorithm 
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5.7.1 Estimation of Fundamental Current 

The load current fundamental active magnitude is extracted using ALLMF controller by using  

the Eq.5.10. 

  fppp inBnenwnwnw =−−=+ )}]()()([{)()1( 3                                                                 (5.10) 

where wp(n+1) = if corresponds to the fundamental component of load current and 𝜆 is the learning 

rate, e(n) is the error signal. 

5.7.2 Estimation of Current Loss Component  

The estimation of current loss component is same as per section 5.4.2. The error Vdce and current loss 

component (iloss) are shown in Eq.5.11 and Eq.5.12 respectively.  

                                                                                                                                             (5.11) 

)}]1({)}()1({[ ++−++= nVknVnVkii dceidcedcePfloss                                                                (5.12)                                                  

where, the kp and ki are the constants denoting the proportional and integral controller gains.  

5.7.3 Estimation of Unit Template 

Similar to section 5.4.3, the calculation of unit template is shown in Eq. 5.13.  

t
v

v
nu

p

s
p sin)( ==                                                                                                                  (5.13) 

5.7.4 Estimation of Reference Current 

Similarly, as discussed in section 5.4.4 in NF algorithm based system, the calculation of reference 

current (iref) is shown in Eq.5.15 

lossfT iii +=                                                                                                                              (5.14) 

pTref uii =                                                                                                                               (5.15) 

5.8 Simulation Results using ALLMF Algorithm                             

The MATLAB/Simulink environment is used to develop and analyze a model of the proposed 

system. Fig 5.15 - 5.17 shows the simulation results under various conditions. The closed loop 

control system is developed for 110V, 50Hz. 

Fig 5.15 shows the dynamic behavior of proposed system for ALLMF control algorithm. In this 

figure, the waveform of grid voltage (vs), grid current (is), nonlinear load current (iL), compensating 

current through DSTATCOM (ic), Inverter Voltage (vinv) and total DC link voltage (Vdc) are shown. 

Effect of load perturbation on controller performance is studied. At time t=0.8s, the load is 

increased from 3A to 5A and at time t=1s, the load is decreased back to initial level of 3A. At the 

instant of load change, Vdc shows sudden disturbance during load increase/decrease but Vdc voltage 

dcrefdcdce VVV −= _
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again settles to 200 V due to action of PI controller. The output response of 5-L CHB inverter 

voltage (vinv) of 200V is also shown in Fig 5.15. It is also observed that the source current remains 

sinusoidal and in phase with the PCC voltage after compensation. This proves the effectiveness of 

the ALLMF control technique under dynamic load conditions. 

Fig 5.16 shows the load current iL (A), fundamental current if, reference current iref and unit template 

(up). During load change the fundamental weight is observed to increase at time t=0.8s and then it 

decreases at t=1s as per the changes in the actual loading conditions. This result shows that the 

extraction of fundamental weight current using ALLMF technique is in accordance with the 

change in load current and reference current. It also observed that, there is no change in waveforms 

of unit template during load change and it is maintained to ±1. 

The analysis of the THD profiles in the source voltage (vs) exhibits harmonic performance with a 

negligible THD of 0.06%. The source current (is) shows a THD of 2.72% which reflecting good 

harmonic quality. In contrast, the load current displays significant distortion with a THD of 30.64% 

as shown in Fig 5.17. 

Fig 5.15 Simulation waveforms of source voltage (vs), source current (is), load current (iL), compensating current (iC ), 

inverter voltage (vinv) , DC link voltage (Vdc ) during dynamic condition using ALLMF. 
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5.9 Experimental Results using ALLMF Algorithm                

The proposed system hardware model is being developed in the laboratory. The simulation results 

are validated with an experimental setup. The suggested system is powered by an alternating 

current source of 110 V and 50 Hz. The prototype hardware also consists of a nonlinear load 

modelled as an R-L load on the rectifier's DC side. A 5-level CHB DSTATCOM is linked to the 

PCC to provide compensating current via interface inductors. Several LEM current sensors (LA-

     
Fig 5.16 Simulation waveforms of load current (iL), fundamental current (if), reference current (iref), unit template (up) 

during dynamic condition using ALLMF. 

 

 

 Fig 5.17 Experimental results : Harmonic analysis of a). vs , THD = 0.06% b). is , THD = 2.72% c).  iL , THD = 30.64% 

during steady state condition using ALLMF. 
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25P) for sensing (is, iL) and voltage sensors (LV-25P) for measuring (vs, Vdc1, Vdc2) are linked and 

interfaced with the DSP dSAPCE1104 board. Gating pulses from the DSP are supplied to 

DSTATCOM for proper system control. A DSO is used to record different hardware dynamic 

results. The power analyser (HIOKI PQ3100) captures the experimental data of power, current, 

and their harmonics. Appendix B includes information on the experimental parameters. 

(a). Steady State Results 

The proposed system's steady-state experimental findings and the waveforms of source voltage vs 

along with source current (is), load current (iL)and compensating current (ic) are shown in Fig 

5.18(a-c). Here, the source voltage (vs) along with source current (is) and load current are in same 

phase as shown in Fig 5.18 (a-b) but load current is distorted. In Fig 5.18(c), the source voltage 

with compensating current (ic) is use to mitigate harmonics present in source current. Fig 5.18(d-

f) depicts the steady-state active and reactive power flow using the present technique. The load's 

active and reactive power requirements are 0.327 kW and 0.139 kVAR, respectively. The 

switching loss equals 0.021 kW. The DSTATCOM fulfils the load's reactive power demand of 

0.139 kVAR, resulting in a power factor (P.F) improvement from 0.920 to 0.978, as shown in Fig 

5.18 (d-e). The DSTATCOM meets the load's reactive power need by delivering 0.137kVAR, as 

shown in Fig 5.18(c). The grid provides 0.350kW to match the load's actual power while also 

accommodating switching losses. 

     
Fig 5.18 Experimental results of a). v
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Fig 5.19 shows the percentage THD of vs, is, iL and ic. In Fig 5.19(a), the source current's THD is 

decreased to 3.86% which is nearly sinusoidal and the voltage distortion is 2.09%. Fig 5.19(b) 

shows a significant harmonic distortion content of 28.93% in the load current. The DSTATCOM 

inject compensating current to cancels out the harmonics produced by the nonlinear load. The 

source current is sinusoidal in shape and synchronised with the source voltage. The observed 

waveforms demonstrate that the ALLMF method functions properly, and the obtained %THD of 

source current (is) is within the IEEE-519 standard limit of 5%. 

(b). Dynamic State Results 

The system's dynamic response under different load conditions with ALLMF algorithm is shown 

in Figs 5.20(a–d).  During load variations, the following parameters are displayed: source voltage 

(vs), source current (is), load current (iL), DC link voltage of first H-bridge (Vdc1), DC link voltage 

of second H-bridge (Vdc2), total DC link voltage (Vdc), compensating current (ic), fundamental 

weight current (if), reference current (iref), and unit template (up). Fig 5.20(a-b) depicts the 

 

Fig. 5.19 Experimental results: Harmonic analysis of a). v
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s
 with THD = 3.86% b). v
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 with THD = 28.93% c). 
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 with THD = 109.79% during steady state condition using ALLMF. 
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waveforms of vs, is, iL,ic and Vdc as load changes. The waveforms of source current, load current 

and compensating current are increased due to change in load and also observed that the source 

voltage is remains unchanged. The DC link voltage stabilizes to 200V. The compensating current 

(ic) is injected at PCC through DSTATCOM to provide sinusoidal grid current.  

The waveforms of iL, Vdc1, Vdc2, and Vdc as the load changes are shown in Fig 5.20(c).  Due to 

change in load current, each DC-link voltages Vdc1, Vdc2 settles down to 100V in a few cycles. 

Consequently, even when dynamic load conditions are present, the total DC link voltage is able 

to maintain its stability and be well-regulated at around 200V. 

Fig 5.20(d) shows the dynamic waveforms of iL, if, iref and up. Due to increase in load current the 

fundamental weight current and reference current increase but unit template maintains to ±1 limit.  

The intermediate waveforms of error (e) and fundamental current (if) with source current (is) and 

load current (iL) are shown in Fig 5.21. It is observed that during, a sudden increase in load, the 

intermediate parameters error (e) and fundamental current (if) also change and attain new steady 

state position. 

     
Fig 5.20 Experimental waveforms of a). v
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5.10 Design and Control Estimation of MLI based DSTATCOM using ARBFNN Control 

Algorithm 

The complete control algorithm including both the control of DC links and ARBFNN algorithm are 

presented in Fig 5.22. The controller description comprises the calculation of unit template (up), the 

estimation of the fundamental weight signal (if), the estimation of active weight loss component 

(iloss) and the reference supply current (iref). The estimated weight signal is updated in real time to 

estimate the fundamental weight of load current. A PI controller is realized over the total DC-link 

voltage to regulate it to 200V reference so as to estimate the weight loss component. The summation 

of both weights viz. fundamental (if) and loss component (iloss) is effective weight (iT) which is 

multiplied with unit template to generate reference current iref. The reference current is perfectly 

sinusoidal (iref) and the actual supply current is (is) passed through PWM current controller to 

generate gating pulses for IGBT switching operation to control DSTATCOM. This ensures the grid 

 

Fig 5.21 Experimental waveforms of is ,iL,e, if  during dynamic load condition using ALLMF. 
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Fig 5.22 Control diagram of ARBFNN algorithm 
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current is perfectly sinusoidal and the entire reactive power demand of the load is met by the 

compensator.  

5.10.1 Estimation of Fundamental Current 

In ARBFNN technique, the dynamics of the weight is control with the help of Adaptive varying 

gain G as shown in Eq. (5.16). 

G

w
nGnG

pr




−=+ )()1(                                                                                                                                     (5.16) 

The output ‘wpr’ is calculated for one neuron (n=1) is shown in Eq. 5.17. 

tdtenGwpr sin)(=                                                                                                              (5.17) 

tenGwpr cos)(−=                                                                                                                 (5.18) 

The partial derivative of the cost function with respect to the weight vector is                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
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                                                                                                                (5.19) 

Using Eq. (5.16), Eq. (5.18) and Eq. (5.19) 

fitenGnG =+=+  cos)()1(                                                            ..                                  (5.20) 

Thus, the gain varies adaptively in A-RBFNN technique until convergence is obtained. The active 

magnitude of current fundamental is extracted using A-RBFNN controller is given in the Eq. 5.20. 

The gain varies adaptively in A-RBFNN technique until convergence is obtained. 

where G(n+1) = if corresponds to the fundamental component of load current and ϒ is the learning 

rate, ‘e’ is the error signal. 

5.10.2 Estimation of the Active Current Loss Component:  

The estimation of active weight loss component in ARBFNN controller based system is shown in 

Eq. 5.22. 

                                                                                                                                      (5.21) 

)}]1({)}()1({[ ++−++= nVknVnVkii dceidcedcePfloss                                                                             (5.22)                                              

5.10.3 Calculation of Unit Templates  

The formula of the unit template is shown in the Eq.5.23.  

t
v

v
nu

m

s
p sin)( ==                                                                                                                 (5.23) 

5.10.4 Estimation of Reference Current and Gating Signal 

The equation of reference current is shown in Eq. 5.25 

dcrefdcdce VVV −= _
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losspT wnww += )(                                                                                                                    (5.24) 

)(* nuwi pTp =                                                                                                                         (5.25) 

5.11 Simulation Results using ARBFNN Algorithm                           

In the MATLAB/Simulink software, a model of the suggested system with ARBFNN algorithm is 

designed and evaluated. The simulation results under different conditions are displayed in Figs 

5.23–5.25. The system is designed for 110V, 50Hz applied for testing of closed loop control 

system. 

Fig 5.23 shows the dynamic waveforms of source voltage vs, source current is, load current iL, 

compensator current ic, inverter voltage (vinv) and DC link voltage Vdc. The load is increased from 

3A to 5A at time t=0.8s and decreased to its initial level of 3A at time t=1s. Due to load change, 

the load current, source current and compensating current are also changes but source voltage, 

inverter voltage and DC link voltage remains unchanged. It is observed that the source current 

Fig 5.23 Simulation waveforms of source voltage (vs), source current (is), load current (iL), compensating current (iC ), 

inverter voltage (vinv) , DC link voltage (Vdc ) during dynamic condition using ARBFNN. 
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stays sinusoidal and in phase with the source voltage after compensation. Additionally, Fig 5.23 

also displays the output response of a 5-L CHB inverter voltage (vinv) of 200V. The DC link voltage 

is well regulated and maintained to its reference value of 200V under load dynamics.  

The waveform of iL, if, iref and up are shown in Fig 5.24. The fundamental current is observed to 

increase at time t=0.8s and then decrease at t=1s in accordance with the variations in the actual 

loading conditions during a load change. The fundamental current is extracted by utilizing 

ARBFNN algorithm. The reference current also changes with change in load current but the unit 

     
Fig 5.24 Simulation waveforms of load current (iL), fundamental current (if), reference current (iref), unit template (up) 

during dynamic condition using ARBFNN. 

 

 
Fig 5.25 Experimental results : Harmonic analysis of a). vs , THD = 0.06% b). is , THD = 4.56% c).  iL , THD = 

33.42% during steady state condition using ARBFNN. 
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template's waveforms remained constant at unity.  Also, the fundamental current increases and 

reaches a new steady state value within less than one cycle, due to the A-RBFNN algorithm's 

effective control action. 

The analysis of the THD profiles in the source voltage (vs) exhibits harmonic performance with a 

negligible THD of 0.06%. The source current (is) shows a THD of 4.56% which reflecting good 

harmonic quality. In contrast, the load current displays significant distortion with a THD of 33.42% 

as shown in Fig 5.25. 

5.12 Experimental Results of ARBFNN Algorithm                        

In the laboratory, single phase system incorporating 5L CHB converter is developed to verify the 

feasibility of proposed technique. The system rating is 110V rms and 50 Hz frequency. The 

hardware setup for 5L converter features three voltage sensors (LV-25P) for sensing (vs, Vdc1, Vdc2) 

and two current sensors (LA-25P) for sensing (is, iL). These sensed voltage and current signals are 

processed by DSP (dSPACE 1104) to generate eight gating pulses for 5L-CHB converter. The 5L 

CHB converters are controlled to inject compensating current at point of common coupling.  

Hardware results for steady state and dynamic states are captured using Power Analyzer and DSO 

respectively. 

(a). Steady State Results 

The results for the 5L CHB based DSTATCOM configuration are now discussed. Fig 5.26 (a-c) 

shows the supply voltage (vs) along with source current is, load current iL and compensating current 

Fig 5.26 Experimental results of a). v
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ic. After compensation, the supply current (is) is observed to be in phase with supply voltage and 

sinusoidal as shown in Fig 5.26(a) while the load current iL is distorted as shown in Fig 5.26(b).  

The steady state active and reactive powers are shown in Fig 5.26(d-f). The active and reactive 

power demand of load is 339W and 143VAR. The grid supplies 346W active and 66VAR reactive 

power respectively. The compensator powers are 17W and 143VAR respectively. It is observed 

that the system active power demand is met by grid whereas most of the reactive power is provided 

by compensator. Thus, power factor at the supply end is improved from 0.9214 to 0.9822. 

 The harmonic spectrum of source voltage vs, source current is, and load current iL is shown in 

Fig 5.27 (a-b). It is observed that after compensation, the THD of iL is reduced from 29.18% to 

4.87% in is and THD of vs is 2.76%. The source current THD has been reduced due to 

DSTATCOM action and brought within prescribed IEEE standard. 

(b). Dynamic State Results 

Fig 5.28(a-b) shows the waveforms of source voltage vs, source current is, load current iL, DC link 

voltage Vdc and compensating current ic under load increase condition. The DC link voltage is well 

regulated to its reference value of 200V under load dynamics as shown in Fig 5.28(a). Fig 5.28(b) 

shows, the supply voltage and current are in same phase before and after load increase. The 

     
Fig 5.27 Experimental results: Harmonic analysis of a). v
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compensating current (ic) is also changed due to load change and it also inject compensating current 

to improve the waveform of source current. 

Fig 5.28(c) shows the waveforms of iL, Vdc1, Vdc2, Vdc. It is observed that when there is sudden 

increase in load, the DC link voltage drops but it soon settles down to its steady state value.  

The waveform of iL , if ,iref and up  are shown in Fig 5.28(d). It is to be observed that, the load and 

fundamental current both increase as expected. In less than one cycle, the fundamental active current 

also increases and reaches a new steady state value due to effective control action of A-RBFNN 

algorithm. The reference current also changes with change in load current and sine template 

maintains ±1 as expected.                                                                                                         

Fig 5.29 shows the intermediate signal waveforms of is, iL , e, if . It is seen that the intermediate 

parameters (e, if) also change whenever there is a sudden increase in load current. It is observed that 

the error (e) is nearly zero under dynamic load condition. 

     
Fig 5.28 Experimental waveforms of a). vs,is,iL,Vdc b). vs,is,iL,iC c). iL,is,,if,iref and d). iL, if, iref ,up during 

dynamic condition using ARBFNN. 
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5.13 Comparative Analysis of NF, ALLMF and ARBFNN Control Algorithm 

The proposed control algorithms were tested on 5-level CHB converter connected as DSTATCOM 

at PCC. The comparison of all the three algorithms is discussed based on the extraction of the 

fundamental current of load current whose response are displayed in Fig 5.30. The comparative 

analysis of 5L CHB converters with different algorithms (Notch filter, ALLMF and ARBFNN) are 

also shown in Table 5.2. The topology and performance results for 5-level converters are thoroughly 

analysed. It is observed that the weight convergence is fastest for ALLMF controller and also the 

 

Fig 5.29 Experimental waveforms of is ,iL,e, if  
during dynamic load condition using ARBFNN. 
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extracted fundamental current does not contain any oscillations. Whereas in other two algorithms, 

oscillations are observed. The ALLMF controller is adaptive algorithm while the Notch filter is a 

conventional, non-adaptive filter technique and the ARBFNN is the neural network-based 

algorithm. The harmonic content of the source current is obtained to be 4.87% and 4.78% for 

ARBFNN and Notch algorithms respectively, whereas the ALLMF technique achieves 3.86% THD 

for the load current has THD of 28.93%. The Convergence is also fastest within two cycles with 

3V DC link voltage variations under load change. Fast weight convergence guarantees that the 

proposed approach performs better and maintains closed-loop stability under varied load situations. 

It is concluded that 5L-CHB converter configuration based DSTATCOM with ALLMF algorithm 

shows better response in terms of THD of source current with other algorithms as shown in Table 

5.3. It is also observed that the lower switching losses and fast transient response in case of ALLMF 

algorithms.  

Table: 5.2 Comparison table of NF, ALLMF and ARBFNN algorithms 

S.no Parameters NF ARBFNN ALLMF 

1 Filter type Non-Adaptive Adaptive Adaptive 

2 THD of is 4.78% 4.87% 3.86% 

3 
Estimation of 

fundamental currents 

Consist sustained 

oscillations 

Consist small 

oscillations 

Oscillations 
are absent 

4 Oscillations Magnitude ±4% ±5% Zero 

5 Complexity Medium Medium Medium 

6 Sampling Time (Ts) s50  s50  s50  

7 Degree of optimization NA 
Second 
order 

Fourth order 

8 
DC link Voltage      

variations 
4V 4-5V 3V 

9 
Convergence 

 

Faster than 

ARBFNN 

(3~4 cycles) 

Slow 

(4~6 cycles) 

Fastest 

(2 cycles) 

 
Table: 5.3 %THD analysis of NF, ALLMF and ARBFNN algorithms 

Algorithms %T.H.D (vs) %T.H.D (is) %T.H.D (iL) 

Notch 
Simulation 0.48 3.17 30.69 

Experimental 2.29 4.78 28.62 

ALLMF 
Simulation 0.06 2.72 30.64 

Experimental 2.09 3.86 28.93 

A-

RBFNN 

Simulation 0.06 4.56 33.42 

Experimental 2.76 4.87 29.18 
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5.14 Conclusion 

In this chapter, three different algorithms viz. NF, ALLMF and ARBFNN algorithms are applied 

to a single-phase grid connected 5L-CHB based DSTATCOM for mitigation of power quality 

issues. All the three control techniques are able to estimate the magnitude of fundamental load 

current effectively. It is observed that the performance of the simulated as well as hardware system 

with ALLMF algorithm is better in terms of source current THD (3.86%). The ALLMF also shows 

faster dynamic response along with improved steady state response in comparison to other two 

algorithms. A detailed comparison is also discussed in this chapter based upon simulation and 

hardware results. 
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Chapter 6 

Performance Analysis of Single Phase Grid Interfaced EV Charging 

System                          

 

This chapter presents the analysis of single phase grid connected EV charging system to operate 

under Grid to Vehicle (G2V) and Vehicle to Grid (V2G) condition. The harmonic analysis of this 

system is also studied during charging and discharging mode. Three various control algorithms viz 

Rodrigues Jacobi Polynomial (RJP), Least Mean Square (LMS) and Second Order Generalised 

Integrator (SOGI) are applied to the proposed system and its mathematical calculation with 

comparative analysis are discussed in the chapter. The simulation and experimental results are also 

presented and analysed. 

6.1  Introduction 

 Fig. 6.1 displays a complete circuit diagram of the constructed system that includes the grid, a 

bidirectional AC-DC converter, and a bidirectional DC-DC converter for an EV charger. At the 

PCC, a nonlinear load that can be powered by a single-phase AC source is connected. The source 

resistance and inductance are shown in Fig 6.1 as RS and LS, respectively. It is observed that the 

Fig 6.1: System Diagram of single phase grid connected EV charging system 
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connected load is nonlinear which distort the load as well as source current. A shunt configuration 

of AC-DC converter is applied as an active filter to reduce supply-side current harmonics. The 

proposed system's control is based on input variables such as source voltage (vs), source current 

(is), load current (iL), DC link voltage (Vdc), battery voltage (Vbat) and battery current (Ibat). These 

variables are measured using LEM-based current and voltage sensors. These measured voltage and 

current signals are subsequently analysed by the Real Time System (RTS's) controller through 

ADC channels. The designed control technique is applied to create the pulses of gate terminal via 

digital I/O channels. The gate pulses have a magnitude of +5V, which is amplified to +15V by the 

level shifter circuit. An interface inductor (Lc) is interfaced with the bidirectional AC-DC 

converter to suppress the output ripples from the inverter.  

6.2 Brief theory and Mathematical Analysis of Different Control Algorithms              

In this section, the mathematical analysis of different control algorithms like Second Order 

Generalized Integrator (SOGI), Least Mean Square (LMS) and Rodrigues Jacobi Polynomial (RJP) 

are described below. 

6.2.1 Conventional Second Order Generalised Integrator (SOGI)   

The SOGI controller is used to create two orthogonal components in alpha-beta reference frame 

from the input. The fundamental component of load current as well as unit template is generated 

using SOGI controller and it is described in following section. 

The SOGI controller developed for extraction of load fundamental current is as shown in Fig 6.2. 

The error between input and alpha component of the output signal is amplified by a factor of ‘K’ 

and it is compared to the beta component signal. The total performance of SOGI is influenced by 

the parameter ‘K’. To make the system flexible to frequency changes, SOGI controller employs the 

angular frequency block created by the second half of the circuit as shown in Fig 6.2. The higher 

 
Fig 6.2: Circuit diagram of the SOGI controller 
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order frequency component occurs in the measured sample can be removed using SOGI block 

[282].  

where, TF is the transfer function of SOGI and ‘𝜔’ depicts the resonance frequency, often known 

as the angular frequency of fundamental. The transfer function of closed loop for 𝛼 and 𝛽 current 

is shown in equation (6.2) and (6.3), respectively. 

 

6.2.2 Adaptive Least Mean Square (LMS) Control Algorithm 

The LMS control algorithm is commonly used adaptive filter for control applications. It is a type 

of gradient descent algorithm used for finding the updated weights in a linear regression problem. 

The LMS algorithm is based on the principle of steepest descent, which involves minimizing the 

mean squared error (MSE) between the predicted output and the actual output [283]. To reduce 

the difference between the predicted and actual outputs, the algorithm iteratively modifies the filter 

coefficients. The algorithm determines the error between the intended and predicted outputs at 

each iteration, and then uses the gradient of the error with respect to the filter coefficients to update 

the filter coefficients.  

The circuit diagram of LMS control algorithm is shown in Fig 6.3. This circuit estimate the 

fundamental weight w(n) and changes it in real time of operation. It has been observed that using 

LMS control technique reduces the error to zero. 

As per circuit diagram, the estimated load current is, 

  )()()( nBnwniest =                                                                                                                      (6.4) 

Let, iL(n) be the actual nonlinear load current and iest(n) be an estimated current to evaluate the 

error signal e(n). 

)()()()( nunwnine ppL −=                                                                                                           (6.5) 

In case of LMS algorithm, the cost function to be minimized is given by 
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As a result, the gradient estimation is defined as the partial derivative of the cost function with 

respect to the weight vector. 
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The minimum of C(n) can be sought recursively using the gradient method is known as weight 

update equation of the LMS is  
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)()()( nunenw p+=                                                                                                                            (6.10) 

The updated weight equation for the LMS algorithm is fundamental current (if) given by: 

fp inunenwnw =+=+ )()()()1(                                                                                                       (6.11) 

where, 𝜆  is the adaptation constant, e(n) is the error and up(n) is unit template 

6.2.3 Rodrigues Jacobi Polynomial (JP) based Control Algorithm              

The classical orthogonal polynomial Pm
(δ,γ ) is known as Jacobi Polynomial [284]. It is orthogonal 

in terms of weight  )1()1( +− xx  on the interval [1,-1]. Whenever, the choice of the given 

parameters δ and γ belongs to real (δ,γ ϵ ℜ) and both are more than -1 (δ>-1 and γ>-1). It is denoted 

by the relation shown in Eq.6.12.   
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Fig. 6.3 Circuit diagram of LMS control algorithm  
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where, m is the degree of polynomial and m)1( +  is Pochhammer’s symbol.                              

Let us assume, s and k are non-negative integers, the differential term Ds (xk+ δ) can be written     

as 

Similarly,  
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Putting this value in Eq.6.13, it becomes 
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Then, by Leibnitz theorem [ ], we get 
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 Thus, the Rodrigues Jacobi Polynomial can be expressed as 
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Now, the first few terms of Rodrigues Jacobi Polynomial are calculated for different values of ‘m’. 

Substituting, m=0 for the first term and m=1 for the second term gives Rodrigues Jacobi 

polynomials as shown in Eq.6.19-6.20.  

For m=0, the first Rodrigues Jacobi polynomial reduces to 

1)(),(

0 =xP         (6.19) 

 For m=1, the second Rodrigues Jacobi Polynomial reduces to 
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The sum of these two terms is mainly responsible for fundamental )(),( xPm


  generation using 

Rodrigues Jacobi Polynomial. 
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      (6.21) 

Other higher order Rodrigues Jacobi Polynomials can be obtained by substituting different values 

of ‘m’ but these have not been considered further for analysis.  
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6.3 Control Structure of Single Phase Grid Interfaced EV Charging Systems using    

SOGI filter      

The control of bidirectional AC-DC converters and bidirectional DC-DC converters is thoroughly 

examined in this section, and the control diagram is illustrated in Fig 6.4 (a-b). 

6.3.1 Control of Bidirectional AC-DC Converter 

Fig 6.4 (a) illustrates the complete control algorithm, which incorporates fundamental component 

extraction using Second Order Generalised Integrator (SOGI) and DC link voltage control. 

Important components of the controller description include the computation of the unit template 

(up), estimation of the fundamental current (if), determination of the loss current component (iloss), 

and calculation of the reference supply current (iref). The main aim of the Second Order 

Generalised Integrator (SOGI) based controller is to extract the fundamental component (if) of the 

load current. The PI controller processes the voltage of the DC-link to provide an estimate of the 

current loss (iloss) component. The Second Order Generalised Integrator (SOGI) controller 

calculates the fundamental load current component, which is subsequently combined with this 

output to produce the effective current. Further, the effective current magnitude and unit template 

are employed to generate reference current, which is then processed through HCC to produce four 

gating pulses for the bidirectional AC-DC converter. Regardless of the non-linear connected 

demand, the control algorithm guarantees enhanced power quality on the grid side. 

6.3.2 Calculation of Fundamental Component of Load Current                                                                            

   

Fig 6.4 Control diagram of SOGI algorithm 
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The fundamental component of the load current is estimated by utilising the output of the Second 

Order Generalised Integrator (SOGI), as illustrated in Fig 6.4 (a). The fundamental current is 

generated by passing the load current through dominant Second Order Generalised Integrator 

(SOGI) controller. The fundamental load current is ultimately represented in Eq. 6.22 as 

22 )()(  iii f +=  (6.22) 

6.3.3 Calculation of Unit Templates  

The peak estimate block, shown in Fig 6.4 (a) is used to compute the unit template by processing 

the grid voltage (vs) and its phase-shifted quadrature component (vp). This technique produces 

the vm as shown in Eq. (6.24-6.25). 

tvv ms sin=                                                                             (6.23) 

The 90o phase shifted component of vs can be depicted by vp and shown in Eq.6.24 

)
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 += tvv mp
  

     (6.24) 

Now, the peak voltage can be estimated as 

22

spm vvv +=       (6.25) 

The calculation of in-phase unit template (up) is shown in Eq.6.26. 
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6.3.4 Estimation of Reference Current and Gating Signals                                                                                     

The contribution of the Second Order Generalised Integrator (SOGI) is responsible to generate 

fundamental current component (if). This component is added to the DC loss current (iloss) to 

produce an effective current (iT) as per Eq.6.27. Thereafter, this effective current (iT) is 

multiplied with the unit template to generate reference current as shown in Eq.6.28. 

lossfT iii +=   (6.27) 

pTref uii =  (6.28) 

Once the reference supply current (iref) is generated, it is compared with the actual supply current 

(is) using an HCC block to generate four switching pulses for driving the inverter.  

6.3.5 Control of Bidirectional DC-DC Converter 

The control of bidirectional DC-DC converter is shown in Fig 6.4 (b). The feedback current is 

the battery current (Ibat) fed with reference battery current (Ibref) to obtain error (Ibe) as seen in 

Eq.6.29. This error is tuned with PI controller to obtain duty cycle (D). Now, the tuned output 
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of PI controller is applied with Pulse Width Modulation (PWM) generator to operate two 

switches having gate pulse Sbc (buck) and Sbt (boost). 

batbrefbe III −=  (6.29) 
 

6.4 Simulation Results using SOGI Control Algorithm 

The outcomes of the system after testing in the MATLAB/Simulink environment are shown in Figs 

6.5-6.6. These simulations provide several waveforms for closed-loop control systems throughout 

the charging and discharging processes. The parameters of the Simulink model are detailed in the 

appendix C, and the results are elaborated below.  

(a). Simulation Results under Charging Condition 

The system's behaviour under charging condition is shown in Fig 6.5, which is obtained from the 

suggested SOGI controller architecture. The waveforms of the source voltage (vs), source current 

(is), nonlinear load current (iL), compensatory current via the active filter (ic), DC link voltage 

(Vdc), battery voltage (Vbat), and battery current (Ibat) are shown. Fig 6.5 illustrates an examination 

of the effects of load disturbance on controller performance during the charging procedure. At time 

t=0.8s, the current is augmented from 2A to 3A. An increase in source current (is) occurs without 

any change in source voltage (vs).  Due to load variations, the DC-link voltage (Vdc) temporarily 

decreases, but the PI controller promptly reinstates it to the 200V reference level. Furthermore, the 

source current stays sinusoidal and in phase with the source voltage throughout the charging mode, 

illustrating the efficacy of the control mechanism based on the SOGI algorithm under dynamic 

Fig.6.5 Single phase waveform of v
s, 

i
s, 

i
L, 

i
c,
V

dc
,V

bat
, I

bat 
and %SoC at charging mode using SOGI. 
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load conditions. Simultaneously, the battery current (Ibat) remains at -8A while the voltage 

consistently increases to 96V. The state of charge (SOC) begins at 80% and continues to increase.  

The Simulink harmonics content in the source voltage (vs), source current (is), and load current (iL) 

during the charging condition is shown in Figs 6.6. The source current's total harmonic distortion 

(THD) is reduced to 3.17% after the injection of compensating current, as 17.69% for iL due to 

non-linear load. Additionally, the supply voltage's THD is 0.48% during charge (b). Simulation 

Results under Discharging Condition 

Fig 6.7 displays the dynamic behaviour of the system while utilising the proposed controller under 

discharge conditions. The waveforms of several voltages and currents: grid voltage (vs) with grid 

current (is), nonlinear load current (iL), compensatory current via DSTATCOM (ic), DC link voltage 

(Vdc), battery voltage (Vbat), and battery current (Ibat) are shown in the Fig 6.7. In a procedure 

analogous to charging, the electric vehicle's battery is used to meet the increased load current 

demand from 2A to 3A, with the surplus current being returned to the grid. The supply voltage and 

current are not in phase during discharging, which should be noticed. This is seen clearly in the 

first plot in Fig 6.7. The DC-link capacitance voltage is maintained at 200V using the tuned PI 

controller. The electric vehicle's battery voltage drops from 96V which is linked to the grid and is 

providing power throughout the discharge process. The percentage state of charge (SoC) of 80% 

is continuously decreasing in nature. The battery current stays at 8A as planned while it is being 

discharged.                                         

 
Fig 6.6 Simulink results : Harmonic analysis of a). vs , THD = 0.48% b). is , THD = 3.17% c).  iL , THD = 

17.69% during steady state condition at charging mode using SOGI. 
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The Simulink harmonics content in the source voltage (vs), source current (is), and load current (iL) 

during the discharging condition is shown in Fig 6.8. The source current's total harmonic distortion 

(THD) is reduced to 3.25% after the injection of compensating current, as 17.69% for iL due to 

non-linear load. Additionally, the supply voltage's THD is 0.49% during discharge.  

6.5 Experimental Results using SOGI Control Algorithm 

A constructed experimental set up is developed in the.laboratory as shown in Fig 6.9. The 

 

Fig.6.7 Single phase waveform of v
s, 

i
s, 

i
L, 

i
c,
V

dc
,V

bat
, I

bat 
and %SoC in discharging mode using SOGI. 

 

 Fig 6.8 Experimental results : Harmonic analysis of a). vs , THD = 0.49% b). is , THD = 3.25% c).  iL , THD = 

17.69% during steady state condition at discharging mode using SOGI. 
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constructed model is evaluated at 40V (rms) and 50Hz alternating current supply, which powers a 

nonlinear load and incorporates an integrated EV charger. The nonlinear load is arranged as a series 

combination of load resistance (R) and inductance (L) on the DC side of the bridge rectifier. The 

bidirectional AC-DC converter is supplied at the point of common coupling (PCC), enabling 

compensating currents to be sent via interface inductors. The bidirectional buck-boost converter is 

supplied by the DC link of the AC-DC converter. Multiple LEM sensors, namely the voltage sensor 

(LV-25P), are used for measuring vs, Vdc1, and Vbat, while current sensors (LA-25P) are used to 

measure is, iL, and Ibat. The Real Time System (RTS) controller is linked for communicating with 

these sensors. The developed controller ensures proper regulation of the AC side converter, with 

four gating pulses from the RTS driving the converter. A DSO records various signals obtained 

from the hardware, while a power analyser (HIOKI PQ3100) evaluates experimental 

characteristics such as power, current, and harmonics. The comprehensive details of the 

experimental setup are included in the Appendix C. 

a). Experimental Results during Charging Operation with SOGI controller 

This section thoroughly analyses the experimental performance during charging operations under 

steady-state and dynamic conditions, as seen in Figs 6.10-6.12. 

 

Fig. 6.9 Experimental setup up single phase grid interfaced EV charging systems 
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a). Steady State Conditions 

Figs 6.10-6.11 show the various waveforms, harmonics, and power is captured during the charging 

process. 

Fig 6.10 illustrates the results of the system's steady-state experiments, representing the waveforms 

of the source voltage (vs), source current (is), load current (iL), and compensating current (ic). The 

distortion of the load current due to the connection of a non-linear load is most clearly seen in Fig 

6.10 b. Charging operations have sinusoidal characteristics, as seen in Fig 6.10 a, with the supply 

voltage (vs) and current (is) being in phase. Fig 6.10 c demonstrates that while an electric vehicle 

is charging, current is drawn into the battery pack via a bidirectional AC converter and a 

bidirectional DC-DC converter.  

During charging operation, Fig 6.10 (d-f) shows the steady-state active and reactive power flow. 

The reactive power required by the load is 0.0099 kVAR, while the active power need is 0.015 kW. 

The active filter raises the load's power factor (P.F.) from 0.83 to 0.98 by reducing its reactive 

power demand by 0.0099 kVAR, as seen in Fig 6.10 (d-e). The load's actual power demand plus 

switching losses is covered by the 0.167 kW which is supplied by the grid.  

The harmonic spectrum of source voltage vs, source current is, and load current iL is shown in Figs 

6.11 (a-c). It is observed that after compensation, the THD of iL is reduced from 15.55% to 4.90% 

in is and THD of vs is 2.13%. The compensator current, which is utilised to mitigate harmonics in 

     

Fig. 6.10 Experimental results of a). vs,is b). vs,iL c). vs,iC d). Supply power PS  e). Load power PL  f). Compensator 

power PC during steady state condition using SOGI. 
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a non-linear load, exhibits a THD of 6.26%, as shown in Fig 6.11 c.The harmonics generated by 

the nonlinear load are effectively cancelled by the injection of AC-DC converter compensating 

current, resulting in a sinusoidal and in-phase source current. 

The waveforms that were observed plainly demonstrate that the source current's %THD adheres 

to the IEEE-1547 and its standard limit of 5%.  

This further corroborates the fact that the SOGI-based control algorithm has been well-designed 

and functions correctly.  

b). Dynamic State Conditions 

Fig 6.12 (a–d) shows the dynamic results of the proposed system under different load conditions 

while it is charging. The waveforms show waveforms that can change, such as source voltage (vs), 

source current (is), load current (iL), total DC link voltage (Vdc), compensating current (ic), 

fundamental weight (If), unit template (up), reference current (iref), battery voltage (Vbat), and 

battery current (Ibat), while the load changes during charging.  

 

Fig. 6.11 Experimental results Harmonic analysis of a). v
s
,i

s
 with THD = 4.90% b). v

s
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L
 with THD = 15.55% c). 

v
s
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C
 with THD = 6.26% during steady state condition using SOGI. 
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Fig 6.12 (a–b) shows the patterns of vs, is, iL, Vdc, and ic as the load changes. The source current 

changes when the load changes, but the DC link voltage stays at 80V. The voltage on the DC link 

is well-regulated, and changes in the load have little effect on how well it regulates. The fact that 

the waves vs and is are seen to be in the same phase indicating charging process.  

Fig 6.12 c depicts the waveforms of the variables is, iL, Ibat, and Vbat respectively. While the 

charging procedure is being carried out, the battery current (Ibat) is maintained at a constant value 

of -2A. The battery voltage gradually increases from 48V irrespective of the load.  

Fig 6.12 d illustrates the waveforms of load current (iL), fundamental current (if), battery current 

(Ibat), and unit template (up). The waveforms indicate a change in the fundamental current caused 

by fluctuations in the load current. The SOGI controller-based control algorithm accurately 

estimate fundamental load current. The battery current maintains consistently at -2A during the 

charging condition, as previously stated. 

       

Fig. 6.12 Experimental waveforms of a). vs,is,iL,Vdc b). vs,iL, is ,iC c). is ,iL,,Ibat,Vbat and d). iL, if, Ibat ,up during dynamic 

condition using SOGI. 
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b). Experimental Results during Discharging Operation with SOGI controller 

Fig 6.13-6.15 illustrates the experimental performance analysis that is described in this part. This 

section focusses on the steady state and dynamic condition experimental performance analysis that 

takes place throughout the discharging process. 

a). Steady State Conditions 

In Fig 6.13–6.14, waveforms, power analysis, and THDs are displayed during discharging 

operation. Fig 6.13 (a-c) depicts the discharging mode operation and source voltage, source current, 

load current, and compensatory current waveforms. Fig 6.13 a shows source current and voltage 

in phase opposition. The distorted load current (iL) and source voltage (vs) curve in Fig 6.10 b is 

shown during EV discharging. As shown in Fig 6.13 c, the active filter injects compensating current 

(ic) to negate load current nonlinearity and injects a net excess current to the supply side grid when 

discharging. This can be shown by source voltage inphase opposition to source current. These 

observations also confirm the simulation results depicted in Fig 6.6.  

Figs 6.13 (d-f) illustrate the power balance during the discharging condition. The active and 

reactive power requirements of the load are +0.0165kW and +0.0054kVAR, respectively. The 

compensator injects active and reactive power of 0.064kw and 0.0217kVAR to meet the load 

power demand. Consequently, the grid is supplied with a surplus electricity of -0.0486kw and -

0.0161kVAR.  

The harmonics content in the source voltage (vs), source current (is), and load current (iL) during 

     
Fig. 6.13 Experimental results of a). v
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 b). v
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the discharging condition is shown in Figs 6.14 (a–c). The source current's total harmonic distortion 

(THD) is reduced to 6.94% after the injection of compensating current, as opposed to 15.24% for 

iL. Additionally, the supply voltage's THD is 1.90% during discharge. According to Fig 6.14 c, the 

compensator current has a THD of 13.81% and is employed to compensate for harmonics in the 

non-linear load. The harmonics generated by the nonlinear load are effectively eliminated by 

injecting a compensating current through AC-DC converter, which results in a sinusoidal and out-

of-phase source current. The waveforms that have been observed clearly indicate that the source 

currents follow the opposite waveform of the source voltage, indicating a discharging operation. 

This demonstrates that the SOGI-based control method has been meticulously constructed, and 

satisfactory results have been obtained. 

b). Dynamic State Conditions 

Fig 6.15 (a-d) illustrates the various waveforms of source voltage (vs), source current (is), load 

current (iL), DC link voltage (Vdc), compensating current (ic), fundamental current (if), unit 

Fig. 6.14 Experimental results: Harmonic analysis of a). v
s
,i

s
 with THD = 6.94% b). v

s
,i

L
 with THD = 15.24% c). v

s
,i

C
 

with THD = 13.81% during steady state condition using SOGI. 



154 

template (up), battery current (Ibat), and battery voltage (Vbat) during the discharging mode 

condition. 

The dynamics of source voltage (vs), source current (is), load current (iL), DC link voltage (Vdc), 

and compensating current (ic) during a load transition are illustrated in Figure 6.15 a-b. The system 

discharging mode is demonstrated by the fact that the source voltage (vs) remains stable and is in 

opposition to the source current (is). Consequently, the DC-link voltage remains consistent at 80V 

during dynamic load conditions. During the discharging operation, the compensator is responsible 

for injecting current to the load and transferring the surplus current to the grid. 

Furthermore, the waveforms of is, iL, Ibat, and Vbat are illustrated in Fig 6.15 c. The current is and 

iL are in accordance with the change in burden during V2G operation. The battery voltage 

gradually decreases from 48V, while the battery current remains constant at 2A. Similarly, in Fig 

6.15 d, the load current (iL) and fundamental current (if) are increased during a load change; 

however, the unit template remains sinusoidal with a range of ±1. While the EV battery is being 

discharged, the battery current remains constant at 2A. 

   
Fig. 6.15 Experimental waveforms of a). v
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6.6 Control Structure of Single Phase Grid Interfaced EV Charging Systems using LMS   

algorithm 

The control of bidirectional AC-DC converters and bidirectional DC-DC converters is thoroughly 

examined in this section, and the control diagram is shown in Fig 6.16 (a-b). 

6.6.1 Control of Bidirectional AC-DC Converter         

The complete control algorithm, which includes fundamental component extraction using Least 

Mean Square (LMS) and DC link voltage control, is illustrated in Fig 6.16 (a). In the controller 

description, the computation of the unit template (up), estimation of the fundamental current (if), 

determination of the loss current component (iloss), and calculation of the reference supply current 

(iref) are critical components. The fundamental component of load current has been extracted by 

utilising adaptive Least Mean Square (LMS) controller. The current loss component (iloss) is 

estimated by the PI controller by processing the voltage of the DC-link. The effective current is 

obtained by adding this output to the essential load current component calculated by the Least 

Mean Square (LMS) controller. Lastly, the effective current magnitude and unit template are 

employed to generate reference current, which is then processed through HCC to produce four 

gating pulses for the bidirectional AC-DC converter. The control algorithm guarantees enhanced 

power quality on the grid side, regardless of the non-linear connected demand.   

6.6.2 Calculation of Fundamental Component of Load Current          

The fundamental component of the load current is estimated by utilising the output of the Least 

Mean Square (LMS), as illustrated in Fig 6.16 (a). The fundamental current is generated by passing 

 
 Fig 6.16 Control diagram using LMS algorithm 
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the load current through adaptive Least Mean Square (LMS) controller. The fundamental load 

current (w(n+1) = if) is ultimately represented in Eq. 6.30 as 

fiunenwnw =+=+ )()()1(           (6.30) 

 6.7 Simulation Results using LMS algorithm                                                                             

The system's results after testing in the MATLAB/Simulink environment are displayed in Figs 

6.17-6.18. These simulations results are shown for closed-loop control systems during charging 

and draining. The simulink model's parameters are presented in the appendix C, and the findings 

are further discussed below. 

(a). Charging Condition 

The behaviour of the system during charging conditions is illustrated in Fig 6.17, which is based 

on the proposed Least Mean Square (LMS) controller design. It displays the waveforms of the 

source voltage (vs) with source current (is), nonlinear load current (iL), compensating current via 

active filter (ic), DC link voltage (Vdc), battery voltage (Vbat), and battery current (Ibat). In Fig 6.17 

shows an investigation into the impact of load disturbance on controller performance during 

charging operation. At time t=0.8s, the load is increased from 2A to 3A. A rise in source current 

(is) is accompanied with no change in source voltage (vs).  As a result of changes in the load, the 

DC-link voltage (Vdc) experiences a brief drop, but the PI controller quickly restores it to the 200V 

reference value. In addition, the source current remains sinusoidal and in phase with the source 

voltage during charging mode, demonstrating the effectiveness of the control mechanism based on 

 
Fig 6.17 Single phase waveform of v
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LMS algorithm under dynamic load circumstances. Meanwhile, the battery current (Ibat) stays at   

-8A and the voltage charges steadily to 96V. The state of charge (SOC) starts at 80% and keeps 

going up.  

The Simulink harmonics content in the source voltage (vs), source current (is), and load current (iL) 

during the charging condition is shown in Figs 6.18. The source current's total harmonic distortion 

(THD) is reduced to 4.75% after the injection of compensating current, as 17.65% for iL due to 

non-linear load. Additionally, the supply voltage's THD is 0.49% during charge mode. 

(b). Discharging Condition 

Fig 6.19 shows the system's dynamic behaviour under discharging circumstances using the 

suggested controller. Waveforms of the following voltages and currents are displayed: grid voltage 

(vs) with grid current (is), nonlinear load current (iL), compensatory current via DSTATCOM (ic), 

DC link voltage (Vdc), battery voltage (Vbat), and battery current (Ibat). In a process similar to 

charging, the load current is increased from 2A to 3A, which is fulfilled by the electric vehicle's 

battery, and the extra current is sent back into the grid. It should be noted that during discharging, 

the supply voltage and current are out of phase. The first plot in Fig 6.19 clearly shows this. In 

order to keep the DC-link capacitance voltage constant at 200V, the tuned PI controller is used. 

During the discharge process, the electric vehicle battery is connected to the grid side and is 

delivering electricity. The SOC curve shows a continual decline from 80%, which corresponds to 

 
Fig 6.18 Experimental results : Harmonic analysis of a). vs , THD = 0.49% b). is , THD = 4.75% c).  iL , THD = 

17.65% during steady state condition at charging mode using LMS. 
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a gradual reduction in the battery voltage from 96V when in discharging mode. Under discharging 

conditions, the battery current remains constant at the intended amount of 8A.                                         

The Simulink harmonics content in the source voltage (vs), source current (is), and load current (iL) 

during the discharging condition is shown in Figs 6.20. The source current's total harmonic 

distortion (THD) is reduced to 4.97% after the injection of compensating current, as 17.69% for iL 

due to non-linear load. Additionally, the supply voltage's THD is 0.50% during discharge.  

 
Fig 6.20 Experimental results : Harmonic analysis of a). vs , THD = 0.50% b). is , THD = 4.97% c).  iL , THD = 

17.69% during steady state condition at discharging mode using LMS. 

 

Fig 6.19 Single phase waveform of v
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and %SoC at discharging mode using LMS. 
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6.8 Experimental Results using LMS algorithm 

The experimental setup is same as discussed in section 6.5. The only difference is to use LMS 

algorithm in place of SOGI controller. 

a). Experimental Results during Charging Operation with LMS algorithm 

The steady state and dynamic condition experimental performance analysis during charging 

operation are thoroughly examined in this section, as shown in Figs. 6.21-6.23. 

a). Steady State Conditions 

Figs 6.21-6.22 illustrates the various waveforms, harmonics, and power analysis that occur during 

the charging process. 

Fig 6.21 (a-c) shows the steady-state experimental results of the system, which shows the source 

voltage (vs), source current (is), load current (iL), and compensating current (ic) waveforms. The 

supply voltage (vs) and current (is) are in phase with sinusoidal nature during charging operation 

as shown in Fig 6.21 (a). Fig 6.21 (b) demonstrate that the load current is distorted when a non-

linear load is connected. The fig 6.21 (c) shows that during charging operation EV is drawing 

current via bidirectional AC converter and bidirectional DC-DC converter to store the charge in 

the EV battery.  

Fig 6.21 (d-f) shows the steady-state active and reactive power flow during the charging operation. 

The load demands 0.0099 kVAR of reactive power and 0.015 kW of active power. The active filter 

Fig. 6.21 Experimental results of a). v
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enhances the load's power factor (P.F.) from 0.83 to 0.98 by addressing its reactive power demand 

of 0.0099 kVAR, as illustrated in Figs 6.21 (d-e). The grid supplies 0.167kW to satisfy the load's 

actual power needs and account for switching losses.  

Figs 6.22 (a-c) shows the harmonic content of the source voltage (vs), source current (is), and load 

current (iL). The source current's total harmonic distortion (THD) reduces to 4.9% after 

compensation, compared to the THD of iL, which is 15.55%. In addition, the supply voltage's THD 

is 2.13% during the charging process. In Fig 6.22 (c), the compensator current exhibits a THD of 

6.36%, which is employed to mitigate harmonics that are present in a non-linear load. By injecting 

compensating current into the AC-DC converter, the harmonics generated by the nonlinear load 

are effectively cancelled, resulting in a sinusoidal and in-phase source current. The waveforms that 

were observed plainly demonstrate that the source current's %THD adheres to the IEEE-1547 and 

its standard limit of 5%. This further corroborates the fact that the LMS-based control algorithm 

has been well-designed and functions correctly. 

 
Fig. 6.22 Experimental results: Harmonic analysis of a). v

s
,i

s
 with THD = 4.90% b). v

s
,i

L
 with THD = 15.55% c). 

v
s
,i

C
 with THD = 6.36% during steady state condition using LMS. 



161 

b). Dynamic State Conditions 

The dynamic results of the designed system are illustrated in Fig 6.23 (a-d) at various load 

conditions during the charging operation. The waveforms show the following variables: source 

voltage (vs), source current (is), load current (iL), total DC link voltage (Vdc), compensating current 

(ic), fundamental weight (If), unit template (up), reference current (iref), battery voltage (Vbat), and 

battery current (Ibat) during a charging operation with load variations.  

The waveforms of vs, is, iL, Vdc, and ic during load variations are depicted in Fig 6.23 (a-b). The 

source current is altered and the DC link voltage is maintained at 80V during a load change. The 

regulation performance of the DC link is minimally affected by load disturbance, and the voltage 

is well-regulated. The charging operation is demonstrated by the fact that the waveforms vs and is 

are in the same phase.  
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Fig 6.23 c illustrates the waveforms of is, iL, Ibat, and Vbat. The battery current (Ibat) remains constant 

at -2A throughout the charging process, as intended. During load disturbances, the battery voltage 

gradually recharges to 48V.  

The waveform of the load current (iL), fundamental current (if), battery current (Ibat), and unit 

template (up) is depicted in Fig 6.23 (d). A shift in the fundamental current is evident in the 

waveform of if, which is induced by fluctuations in the load current. The load current of the 

fundamental component is accurately predicted by the control algorithm that is based on Least 

Mean Square. As previously stated, the battery current remains constant at -2A during the charging 

process. 

b). Experimental Results during Discharging Operation with LMS algorithm 

The experimental performance analysis of the steady state and dynamic conditions during the 

discharging operation is thoroughly discussed in this section, as illustrated in Fig 6.24-6.26 

a). Steady State Conditions 

Figs 6.24-6.25 illustrates the waveforms, power analysis, and THD that are observed during the 

discharging operation. Currently, Fig 6.24 (a-c) illustrates the discharging mode operation, as well 

as the waveforms of the source voltage (vs), source current (is), load current (iL), and compensating 

current (ic). This is evident in Fig 6. 24 (a), where the source voltage and current are in phase 

opposition which indicate that the system is in a discharging state. Fig 6. 24 (b) shows the source 

voltage (vs) with distorted load current (iL). As illustrated in Fig 6. 24 c, the active filter injects 
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compensating current (ic) to cancel out non-linearity in the load current, and a net surplus current 

is injected into the supply side grid during the discharging condition. Thus, the relationship 

between the source voltage and the out-of-phase source current is substantiated. The simulation 

results depicted in Figs 6. 24 are also validated by these results.  

Figs 6. 24 (d-f) illustrate the power balance during the discharging condition. The active and 

reactive power requirements of the load are +0.0169kW and +0.0048kVAR, respectively. The 

compensator injects active and reactive power of 0.0118kw and 0.0175kVAR to satisfy the load 

power demand. Consequently, the grid is supplied with a surplus electricity of -0.0990kw and -

0.016kVAR. 

The harmonics content in the source voltage (vs), source current (is), and load current (iL) during 

the discharging condition is illustrated in Figs 6.25 (a–c). The source current's total harmonic 

distortion (THD) is reduced to 7.62% after the injection of compensating current, as opposed to 

15.35% for iL. Additionally, the supply voltage's THD is 1.63% during discharge. According to 

Fig 6.25 c, the compensator current has a THD of 7.50% and is employed to compensate for 

  
Fig. 6.25 Experimental results : Harmonic analysis of a). v
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harmonics in the non-linear load. The harmonics generated by the nonlinear load are effectively 

eliminated by injecting a compensating current into the AC-DC converter, which produces a 

sinusoidal and out-of-phase source current. The waveforms that have been observed clearly 

indicate that the source currents follow the opposite waveform of the source voltage, indicating a 

discharging operation. This demonstrates that the Least Mean Square-based control method has 

been meticulously constructed, and satisfactory results have been obtained. 

b). Dynamic State Conditions 

Figs 6.26 (a-d) illustrates the various waveforms of source voltage versus source current, including 

the load current (iL), DC link voltage (Vdc), compensating current (ic), fundamental current (if), 

unit template (up), battery current (Ibat), and battery voltage (Vbat) during the discharging mode 

condition. 

The dynamics of source voltage (vs), source current (is), load current (iL), DC link voltage (Vdc), 

and compensating current (ic) during a load transition are illustrated in Fig 6.26 a-b. The system 

discharging mode is demonstrated by the fact that the source voltage (vs) remains stable and is in 
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opposition to the source current (is). Consequently, the DC-link voltage remains consistent at 80V 

during dynamic load conditions. During the discharging operation, the compensator is responsible 

for injecting current to the load and transferring the surplus current to the grid. 

Furthermore, the waveforms of is, iL, Ibat, and Vbat are illustrated in Fig 6.26 c. The current is and 

iL are in accordance with the change in burden during V2G operation. The battery voltage 

gradually decreases from 48V, while the battery current remains constant at 2A.  

In the same way, the load current (iL) and fundamental current (if) are increased during a load 

change in Fig 6.26 d. However, the unit template remains sinusoidal with a range of ±1. For the 

duration of the EV battery's discharge, the battery current remains constant at 2A.  

6.9 Control Structure of Single Phase Grid Interfaced EV Charging Systems using RJP 

algorithm   

In this section, the control of bidirectional AC-DC converter and bidirectional DC-DC converter 

are discussed in detail and its control diagram is shown in Fig 6.27 (a-b). 

6.9.1 Control of Bidirectional AC-DC Converter  

Fig 6.27 (a) depicts the entire control algorithm, which includes both DC link voltage control as 

well as fundamental component extraction using Rodrigues Jacobi polynomials. The computation 

of the unit template (up), estimation of the fundamental current (if), determination of the loss 

current component (iloss) and calculation of the reference supply current (iref) are important parts 

of the controller description. The dominant terms of Rodrigues Jacobi polynomial based controller 

have been utilized specifically to extract the fundamental component of load current. The voltage 

 
Fig 6.27 Control diagram using RJP 
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of the DC-link is processed by the PI controller to estimate the current loss component. This output 

is then added to the fundamental load current component calculated by Rodrigues Jacobi 

polynomial controller to yield the effective current. Finally, reference current is generated using 

the effective current magnitude and unit template and processed via HCC to generate four gating 

pulses for the bidirectional AC-DC converter's. The control algorithm ensures improved power 

quality at the grid side irrespective of the non-linear connected load. 

6.9.2 Calculation of Fundamental Component of Load Current                                                                            

As shown in Fig 6.27 (a), the output of Rodrigues Jacobi polynomial is utilised to estimate the 

load currents fundamental component. The load current is passed through dominant Rodrigues 

Jacobi polynomial terms to generate fundamental current if. Hence, the term x in Eq.6.31 

represents the input load current (iL) and the output )(),( xPm


 is equal to if. The fundamental load 

current is finally expressed in Eq.6.31 as 

)}]1)(2()1(2{
2

1
1[)(),( −+++++= xxPm   

      (6.31) 
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       (6.32) 

6.10 Simulation Results using RJP algorithm          

The developed system is tested out in MATLAB/Simulink environment and the results 

performance are presented in Fig 6.28-6.29. These simulation present different plots under 

charging and discharging condition for closed-loop control system. The parameters of the simulink 

model are mentioned in the Appendix C and the results are discussed in detail below. 

(a). Charging Condition 

Fig 6.28 depicts the behaviour of the system during charging conditions using the proposed 

Rodrigues Jacobi polynomial based controller. It shows the waveforms of the source voltage (vs) 

with source current (is), nonlinear load current (iL), compensating current via active filter (ic), DC 

link voltage (Vdc), battery voltage (Vbat) and battery current (Ibat). The effect of load disturbance 

on controller performance is also investigated during charging operation in Fig 6.28. The load is 

raised from 2A to 3A at t=0.8s time. The source current (is) also increases but source voltage (vs) 

remains same. The small transient dip is observed in the DC-link voltage (Vdc) due to load 

variations but the PI controller stabilises it back to the reference value of 200V. Furthermore, 

during charging mode, the source current stays sinusoidal nature and same phase with the source 

voltage, showing the efficiency of Rodrigues Jacobi polynomial control mechanism under 
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dynamic load conditions. Also, the battery voltage slowly charges at 96V and the battery current 

(Ibat) remains same to -8A. The state of charge (SOC) continuously increases from 80%. 

The harmonics content in the source voltage (vs), source current (is), and load current (iL) is shown 

in Fig 6.29. After compensation, the source current's total harmonic distortion (THD) drops to 

1.82% from the THD of iL having 17.69%. Additionally, the THD of the supply voltage is 0.48% 

Fig 6.28 Single phase waveform of v
s, 

i
s, 

i
L, 

i
c,
V

dc
,V

bat
, I

bat 
and %SoC at charging mode using RJP. 

 
Fig 6.29 Experimental results : Harmonic analysis of a). vs , THD = 0.48% b). is , THD = 1.82% c).  iL , THD = 

17.69% during steady state condition at charging mode using RJP. 
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during charging operation. A sinusoidal and in-phase source current is obtained by successfully 

cancelling the harmonics generated by the nonlinear load by the injection of AC-DC converter 

compensating current. 

(b). Discharging Condition 

Fig 6.30 depicts the dynamic behaviour of the system during discharging conditions using the 

proposed RJP controller. It shows the waveforms of the grid voltage (vs) with grid current (is), 

nonlinear load current (iL), compensating current via DSTATCOM (ic), DC link voltage (Vdc), 

battery voltage (Vbat) and battery current (Ibat).  

Similar to charging operation, the requirement of load current is changed from 2A to 3A, which is 

fulfilled by EV (battery) and additional current is injected back into the grid. It is noted that, the 

supply current and supply voltage are not in phase during discharging operation. This is evident 

from the first plot of Fig 6.30. The tuned PI controller is utilised to maintain the DC- link 

capacitance voltage constant at 200V. The setup of EV battery is supplying power to the grid side 

during the discharging operation. The battery voltage slowly decreases from 96V in the 

discharging mode and it can be noticed from the SOC plot which is continuously decreasing from 

80%. The battery current is constant to desired value of 8A during discharging condition.  

The harmonics content in the source voltage (vs), source current (is), and load current (iL) is shown 

in Fig 6.31. The source current's total harmonic distortion (THD) drops to 1.33% from the THD 

Fig 6.30 Single phase waveform of v
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169 

of iL having 18.68%. Additionally, the THD of the supply voltage is 0.50% during discharging 

operation.  

6.11 Experimental Results using RJP algorithm                                     

A developed model in the laboratory is verify to confirm and validate the simulation results. The 

designed model is tested at 40V (rms), 50Hz alternating current supply which feeds nonlinear load 

and also has an integrated EV charger. The nonlinear load is configured as a series combination of 

load resistance (R) and inductance (L) on the rectifier's DC-side. The bidirectional AC-DC 

converter is fed at the point of common coupling (PCC) which allows compensatory currents to 

be provided via interfacing inductors. The bidirectional buck-boost converter is fed at DC link of 

AC-DC converter. Various LEM sensors viz. voltage (LV-25P) is utilized for sensing vs, Vdc1, Vbat 

and the is, iL, Ibat is sensed by current sensors (LA-25P). The Real Time System (RTS) controller 

is connected for interfacing with these sensors. Proper control of the AC side converter is ensured 

by the designed controller and the four gating pulses coming from the RTS drive the converter. A 

DSO is used to record different signals captured from the hardware, and a power analyser (HIOKI 

PQ3100) analyses experimental parameters like power, current, and harmonics. The complete 

specification of the experimental setup is provided in Appendix C. 

a). Experimental Results during Charging Operation with RJP algorithm 

In this section, the steady state and dynamic condition experimental performance analysis during 

charging operation are discussed well and it is shown in Figs 6.32-6.34. 

 
Fig 6.31 Experimental results : Harmonic analysis of a). vs , THD = 0.50% b). is , THD = 1.33% c).  iL , THD = 

18.68% during steady state condition in discharging mode using RJP. 
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a). Steady State Conditions 

The different waveforms, harmonics and power analysis are shown in Fig 6.32-6.34 during 

charging operation. 

The system's steady-state experimental findings are shown in Figs 6.32, where the source voltage 

(vs), source current (is), load current (iL), and compensating current (ic) waveforms are displayed. 

Notably, Fig 6. 32 b show that the load current is distorted as non-linear load is connected. The  

 

supply voltage (vs) and current (is) are in phase with sinusoidal nature during charging operation 

as shown in Fig 6. 32 a. Fig 6. 32 c shows that during charging operation EV is drawing current 

via bidirectional AC converter and bidirectional DC-DC converter to store the charge in the EV 

battery.  

The steady-state active and reactive power flow during charging operation is depicted in Figs 6. 

32 (d-f). The load requires 0.015 kW of active power and 0.0047 kVAR of reactive power. As 

shown in Figs 6. 32 (d-e), the active filter improves the load's power factor (P.F.) from 0.95 to 0.99 

by addressing its reactive power demand of 0.0047 kVAR. In order to meet the load's real power 

requirement and account for switching losses, the grid provides 0.159kW. 

The harmonics content in the source voltage (vs), source current (is), and load current (iL) is shown 

in Figs 6.33 (a-c). After compensation, the source current's total harmonic distortion (THD) drops 
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to 4.69% from the THD of iL having 15.33%. Additionally, the THD of the supply voltage is 1.94% 

during charging operation. Fig 6.33 c shows that the compensator current shows THD of 6.30% 

which is used to compensate harmonics present in non-linear load. A sinusoidal and in-phase 

source current is obtained by successfully cancelling the harmonics generated by the nonlinear 

load by the injection of AC-DC converter compensating current. The observed waveforms clearly 

show the source current's %THD is follow the IEEE-519 and its standard limit of 5% which further 

verifies that the Rodrigues Jacobi polynomial based control algorithm has been well designed and 

operates properly.  

b). Dynamic State Conditions 

The dynamic results of the designed system are depicted in Fig 6.34 (a-d) at different load 

condition during charging operation. The waveforms show variables like source voltage (vs), 

source current (is), load current (iL), total DC link voltage (Vdc), compensating current (ic), 
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fundamental weight (if), unit template (up), reference current (iref), battery voltage (Vbat) and battery 

current (Ibat) respectively, during load variations in charging operation.  

The waveforms of vs, is, iL, Vdc and ic during load variations are shown in Fig 6.34 (a-b). During 

load change, the source current changes and DC link voltage maintained to 80V. The DC link 

voltage is well-regulated and load disturbance has little effect on its regulation performance. The 

waveforms vs and is are observed in same phase is the proof of charging operation.  

The waveforms of is, iL, Ibat and Vbat are shown in Fig 6.34 c. The battery current (Ibat) remains 

constant to -2A during charging operation as desired. The battery voltage slowly charges to 48V 

during load disturbances.  

In Fig 6.34 d, the waveform of load current (iL), fundamental current (if), battery current (Ibat) and 

unit template (up) are shown. The waveform of if shows a shift in the fundamental current brought 

during the load current variations. The control algorithm based on Rodrigues Jacobi polynomials 
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correctly predicts the load current of fundamental component. The battery current remains constant 

to -2A for charging condition as before. 

b). Experimental Results during Discharging Operation with RJP algorithm 

The experimental efficiency evaluation under steady state as well as dynamic conditions during 

discharging operation is fully discussed in this part and is shown in Figs. 6.35–6.37. 

a). Steady State Conditions 

The waveforms, power analysis and THD are shown in Fig 6.35 - 6.36 during discharging 

operation. Now, Figs 6.35 (a-c) shows the discharging mode operation and the waveforms of 

source voltage vs along with source current (is), load current (iL)and compensating current (ic). It 

can be noted that the source current and source voltage is in phase opposition as seen in Fig 6.35 

a. The distorted load current (iL) and source voltage (vs) plot is shown in Fig 6.35 b, that is the 

system operates in discharging condition. The active filter injects compensating current (ic) to 

cancel out non linearity in load current and a net surplus current is injected to the supply side grid 

during discharging condition as seen in Fig 6.35 c. This justifies the relationship between the 

source voltage with the out of phase source current. These results also validate the simulation 

results shown in Fig 6.30.  

The power balance during discharging condition is shown in Figs 6.35 (d-f). The requirement of 

load active and reactive power is +0.014kW and +0.0042kVAR. The demand of load power is 
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delivered by compensator which inject active and reactive power of 0.094kW and 0.022kVAR. 

Hence a surplus power of -0.154kW and -0.0369kVAR is injected to the grid.  

Figs 6.36 (a–c) demonstrate the harmonics content in the source voltage (vs), source current (is), 

and load current (iL) during discharging condition. After injecting compensating current, the source 

current's total harmonic distortion (THD) is reduced to 5.85%, compared to 15.35% for iL. 

Furthermore, the THD of the supply voltage is 2.04% when discharging. Fig 6.36 c indicates that 

the compensator current has a THD of 8.93%, which is utilized to correct for harmonics in the non-

linear load. The harmonics created by the nonlinear load are successfully cancelled by injecting 

AC-DC converter compensating current, resulting in a sinusoidal and out of phase source current. 

The observed waveforms clearly reveal that the source current's follow the opposite waveform of 

source voltage i.e discharging operation and it demonstrate that the Rodrigues Jacobi polynomial-

based control method has been carefully constructed and satisfactory results found. 

b). Dynamic State Conditions 
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The different waveforms of source voltage vs, source current is, load current (iL), DC link voltage 

(Vdc), compensating current (ic), fundamental current (if), unit template (up), battery current (Ibat) 

and battery voltage (Vbat) are shown in Fig 6.37 (a-d) during discharging mode condition. 

Fig 6.37 a-b shows the dynamics behaviour of source voltage (vs), source current (is), load current 

(iL), DC link voltage (Vdc) and compensating current (ic) during load change. The source voltage 

(vs) remain stable and opposite phase with source current (is) is the proof of system discharging 

mode. As a result, the entire DC-link voltage stays stable and maintained 80V at dynamic load 

situations. The compensator is responsible to inject current to the load and feed the surplus current 

to the grid during discharging operation. 

Additionally in Fig 6.37 c, the waveforms of is, iL, Ibat and Vbat are shown. The current is and iL 

follow the load change during V2G operation. The battery current remains stable to 2A and battery 

voltage slowly discharges from 48V.  
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Similarly, in Fig 6.37 d, during load change, the load current (iL) and fundamental current (if) get 

interchanged but unit template maintains sinusoidal with range ±1. The battery current remains 

stable to 2A during the discharge of the EV battery.  

6.12 Comparative Analysis of SOGI, RJP and LMS Control Algorithm 

In this section, the developed Rodrigues Jacobi Polynomial algorithm is compared with SOGI and 

LMS control method under identical load conditions. The comparison of extraction of fundamental 

component of load current with these three algorithms under dynamic load current changes as 

depected in Fig 6.38. The RJP controller is utilized and shows the fastest response in extracting 

fundamental current (if) with respect to SOGI and LMS based algorithms. In this Figure, it is clearly 

seen that there is no oscillation present in the extracted fundamental current using RJP. The Table 

6.1 shows the analysis of all three control algorithms and it is observed that the proposed RJP 

controller performs better and the fundamental current is estimated fast with negligible oscillations. 

(a) Comparative %T.H.D analysis of single phase grid connected EV system during charging 

operation 

The Total Harmonic Distortion (THD) percentages for the three algorithms RJP, LMS, and SOGI 

are shown in Table 6.2 across the three current components (vs, is, and iL) during charging 

operation. The RJP method has provide lower %THD 1.82% (experimental) and 4.69% (Simulink) 

than SOGI and LMS algorithms. 

 
Fig. 6.38 Comparative waveforms of load current (

,
iL), with fundamental current (if) at different algorithms  
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(b) Comparative %T.H.D analysis of single phase grid connected EV system during 

discharging operation 

Similarly, the %THD of the three algorithms RJP, LMS, and SOGI are shown in Table 6.3 across 

the three current components (is, iL, and ic) during discharging operation. The RJP method has 

Table 6.2: %THD analysis of SOGI, LMS and RJP algorithms during charging mode 

Algorithms %T.H.D (vs) %T.H.D (is) %T.H.D (iL) 

SOGI 
Simulation 0.48 3.17 17.69 

Experimental 2.13 4.90 15.55 

LMS 
Simulation 0.49 4.75 17.65 

Experimental 2.13 4.90 15.55 

RJP 
Simulation 0.48 1.82 17.69 

Experimental 1.94 4.69 15.33 

 

Table 6.3: %THD analysis of SOGI, LMS and RJP algorithms during discharging mode 

Algorithms %T.H.D (vs) %T.H.D (is) %T.H.D (iL) 

SOGI 
Simulation 0.50 3.25 18.68 

Experimental 1.90 6.94 15.24 

LMS 
Simulation 0.49 4.97 17.69 

Experimental 1.63 7.62 15.35 

RJP 
Simulation 0.50 1.33 17.69 

Experimental 2.04 5.85 15.35 

 

Table: 6.1 Comparison table of SOGI, LMS and RJP algorithms 

S.no Parameters SOGI LMS RJP 

1 Filter type Non-Adaptive Adaptive Adaptive 

2 
Simulation 
%THD of 

is 

Charging 3.17% 4.75% 1.82% 

Discharging 3.25% 4.97% 1.33% 

3 
Estimation of fundamental 

currents 

Consist 

smalloscillations 

Consist 

sustained 

oscillations 

Oscillations 
are absent 

4 Complexity Medium Medium Simple 

5 Sampling Time (Ts) s50  s50  s50  

6 
DC link Voltage      

variations 
3V 4-5V 2V 

7 
Convergence 

 

Faster (3~4 

cycles) 

Slow 

(4~6 cycles) 

Fastest 

(2 cycles) 
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provide lower %THD 5.85% (experimental) and 1.33% (Simulink) than SOGI and LMS 

algorithms. 

6.13 Conclusion 

In this chapter three algorithms SOGI, LMS and RJP are developed for grid connected EV charging 

operation along with mitigation of PQ issues on the grid side. Various parameters are carefully 

chosen and a prototype hardware is developed in the laboratory. On the basis of extensive 

simulation as well as hardware results during dynamics and steady state it is observed that all the 

three algorithms are able to mitigate grid side PQ issues as well as demonstrated stable G2V and 

V2G modes. Also, at the end, a comparison of all the three techniques is performed. Based upon 

the comparison it is observed that RJP algorithm is performing better that other algorithm. The 

work in this chapter also demonstrates large scale extension is feasible and realisable in V2G and 

G2V modes of operation in the near future.    
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Chapter 7 

Performance Analysis of Three Phase Grid interfaced Solar PV and 

EV Charging System                           

This chapter discusses the performance analysis of three phase grid interfaced Solar PV and EV 

charging systems. Three control techniques Rodrigues Jacobi Polynomial (RJP), Least Mean 

Square (LMS) and Second Order Generalised Integrator (SOGI) are incorporated to test the 

system.  Results obtained using Matlab software for three phase grid interfaced EV with PV and 

without PV are presented and compared in this chapter. 

7.1  Introduction 

In this chapter, the complete system comprises three phase sources, three phase VSC, battery bank 

with bidirectional Buck Boost converter and Solar PV array as shown in Fig 7.1. The three phase 

AC voltage supply (va,vb,vc) feeds power to the system. In Vehicle to Grid (V2G) mode the grid 

may also absorb power from the system. The source impedances (Za, Zb and Zc) are also shown in 

the figure. A non linear load (RL,XL with bridge rectifier)  is connected at the load end to simulate 

the non-linear behaviour. A three-phase VSC is connected at Point of Common Coupling (PCC). 

This three phase VSC is controlled to inject compensating currents (ica,icb,icc) at PCC through 

 

Fig 7.1: System diagram of three phase grid connected solar PV and EV charging system 
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interfacing inductor (La,Lb,Lc) so as to make supply currents (isa,isb,isc) sinusoidal whereas the load 

currents are nonlinear (iLa,iLb,iLc). The battery bank with bidirectional buck-boost converter is 

connected at DC link side of the VSC so as to enable charging and discharging control. The control 

techniques used are Rodrigues Jacobi Polynomial (RJP), Least Mean Square (LMS) and Second 

Order Generalised Integrator (SOGI) for solar PV array, P & O based MPPT techniques is used. 

The complete control techniques is discussed in the following subsections. The parameters are 

shown in Appendix D. 

7.2 Calculation of Unit Templates 

The unit templates (ua, ub, uc) are necessary for proper synchronization of VSC operation. each 

phase is calculated by using PCC terminal voltage (Vt) as  

t

sa
a

V

v
u = ;

t

sb
b

V

v
u = ;

t

sc
c

V

v
u =  

where, the PCC voltage is 

222

3

2
scsbsat vvvV ++=  (7.1) 

7.3 Estimation of Reference Current and Gating Signals 

The product of active weight component obtained using RJP, LMS and SOGI algorithms and unit template 

of each phase gives three reference currents as  

aTsa uii ** =  ; bTsb uii ** = ; cTsc uii ** =  (7.2) 

The reference currents and source currents are compared using Hysteresis Current Controller 

(HCC) block so as to generate six gating pulses to control three phase voltage source converters. 

7.4 Control strategy of EV Charger 

The control method of charging/discharging battery of the EV is as shown in Fig 7.2. The 

difference of reference battery current (Ibref) and actual battery current (Ibat) is generated and this 

error (Ibate) is further processed in PI controller. The output of PI block is fed to PWM block which 

provides pulses of two gating switch. One pulse is Sbuck pulse used to charge the battery and another 

is Sboost pulse used to perform the discharge operation of the battery. 

7.5 Control strategy of Solar PV Array  

The solar PV is interconnected at DC link of VSC via boost converter to inject power to the grid. 

The control strategy incorporating MPPT is depicted in Fig 7.2. The PV voltage Vpv, current Ipv is 

passed through the Perturb and Observe MPPT block and then Pulse Width Modulation (PWM) 

technique is used to generate pulse (Spv).  The pulse Spv is connected to the IGBT switch of the 

boost converter. The output of boost converter is connected at the DC link. 
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7.6 Control Structure of Three Phase Grid Interfaced EV Charging Systems using SOGI 

algorithm 

In this section, the control strategy of three phase VSC developed using Second Order Generalized 

Integrator (SOGI) algorithm and calculation of fundamental currents magnitude is discussed in 

detail.  

7.6.1 Control of Three Phase VSC  

The VSC is controlled by the combination of Unit templates (ua, ub, uc), the fundamental current 

component (ifa, ifb, ifc), active loss component (iloss), reference currents (isa
*, isb

*, isc
*) and hysteresis 

controller which are shown through Fig 7.2. The fundamental currents (ifa, ifb, ifc) is extracted by 

injecting each phase load current in SOGI controller. The average current (iavg) is one third of the 

sum of fundamental currents.  A PI controller is realized over the total DC-link voltage to regulate 

it to 400V reference so as to estimate the current loss component. The summation of both average 

fundamental current (iavg) and loss component (iloss) is effective total current i
T
 which is multiplied 

with unit templates (ua, ub, uc) to generate reference currents (isa
*, isb

*, isc
*). The reference currents 

(isa
*, isb

*, isc
*) are perfectly sinusoidal and the actual supply currents (isa, isb, isc) is passed through 

hysteresis current controller (HCC) to generate six gating pulses for IGBT switching operation to 

control three phase VSC. This ensures the grid currents is perfectly sinusoidal and the entire 

reactive power demand of the load is met by the compensator. The detailed mathematic analysis 

is shown below. 

 
Fig 7.2: Control diagram using SOGI algorithm 
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7.6.2 Calculation of Fundamental Component of Load Current 

The fundamental weight components for each phase ifa, ifb and ifc is extracted by SOGI controller 

and given by Eq. (7.3 – 7.5) 

22 )()( aafa iii  +=                                                             (7.3) 

22 )()( bbfb iii  +=                                                             (7.4) 

22 )()( ccfc iii  +=                                                             (7.5) 

Now, the average weight is calculated as  

)(
3

1
fcfbfaavg iiii ++=       (7.6) 

7.6.3 Simulation Results using SOGI Algorithm 

Fig 7.3-7.6 depicts the results of three phase system including battery system. Results are discussed 

with / without PV integration under both charging and discharging modes of the battery in detail. 

The three phase grid supply feeds power to the battery i.e G2V operation to charge the battery. 

Fig. 7.3 shows the waveforms of the system in which PV is not connected. The waveforms of three 

phase voltages (vsa, vsb, vsc) of 230V RMS value (L-N), three phase source currents (isa, isb, isc) of 

15A peak, load currents (iLa, iLb, iLc) for three phase load of 5A peak, a DC link (Vdc) having 

reference value of 400V, battery voltage (Vbat) is maintained constant at 100V,  Ipv = 0A and Ibat 

is constant at -20A where negative sign represents charging behavior of battery. In addition, SoC 

is seen to be increasing from 80%. Furthermore, a load change at 0.7s is applied to study the 

dynamic behavior of the system. The system performs satisfactorily under dynamic state. The 

supply current is observed to be sinusoidal due to good performance of SOGI filter.  

 
Fig 7.3 Three phase waveform of V

s(abc), 
I

s(abc), 
I

L(abc),
V

dc
,V

bat
, I

bat
, I

pv
 and %SoC at charging mode (without PV) 

using SOGI. 
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Fig.7.4 shows the waveform related to the system integrated with PV under charging mode of 

operation of battery. The waveforms of three phase voltages (vsa, vsb, vsc) of 230V RMS value (L-

N), three phase source currents (isa, isb, isc) of 7A peak, load currents (iLa, iLb, iLc) for three phase 

loads of 5A peak, a DC link (Vdc) having value close to 400V reference, Vbat is maintained constant 

at 100V and Ibat is constant at -20A where negative sign represents charging behavior of battery.  

In addition, SoC is seen to be increasing in nature for the charging phenomenon. The PV is 

connected to the system to support load, battery and its current is Ipv=15A. Furthermore, a load 

 
Fig 7.4 Three phase waveform of vs(abc), is(abc), iL(abc),Vdc,Vbat, Ibat, Ipv and %SoC at charging mode (with 

PV) using SOGI. 

 
Fig 7.5 Waveform of grid power Pg, load power PL, compensator power Pc, PV power Ppv, battery power Pbat, grid 

reactive power Qg, load reactive power QL, compensator reactive power Qc under charging mode using SOGI. 
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change at 0.7s is carried out to observe the effect under dynamic changes. Satisfactory dynamic 

performance of the system is observed from the results shown in Fig.7.4.  

Power balance for the system in charging mode is shown in Fig 7.5, where, 4 kW power is provided 

by the grid with PV connected. A constant load power (PL) of 2.2 kW and 300VAR is seen, 

compensating power of -1.6 kw is observed and the PV power i.e Ppv=2kW. Furthermore, Battery 

power (Pbat) of -4.4 kW is maintained constant in this mode. The reactive power is also observed 

to be balanced. The Qg is maintained constant at 0 VAR which shows zero reactive power is 

supplied from the grid. At 0.7sec load changes, the powers again rebalance to Pgrid=4.5kW, 

PL=2.9kW, QL=600VAR and Qc= 500VAR. 

The analysis of the THD profiles during the electric vehicle's charging mode reveals that the source voltage 

(vsa) exhibits excellent harmonic performance with a negligible THD of 0.04%, indicating a clean waveform 

dominated by the 50 Hz fundamental component (187.7V) as shown in Fig 7.6. The source current (isa) 

shows a slightly higher THD of 1.44% with a fundamental magnitude of 13.01A, reflecting good harmonic 

quality. In contrast, the load current (iLa) displays significant distortion with a THD of 25.60% and a 

fundamental magnitude of 4.907A, likely due to non-linear charging effects. Graphical data in the file 

include time-domain waveforms and frequency-domain spectra that illustrate these harmonic characteristics 

across the system. 

 
Fig 7.6 Simulation results : Harmonic analysis of a). vsa , THD = 0.04% b). isa , THD = 1.44%  c).  iL , THD = 

25.60% during steady state condition at charging mode using SOGI. 
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Fig.7.7 shows the discharging behavior of the system without PV integration. The results obtained 

are similar to Fig. 7.3 except for polarity of the battery current. The waveforms of three phase 

voltages (vsa, vsb, vsc) of 230V RMS value (L-N), three phase source currents (isa, isb, isc) of 3A  

peak, load currents (iLa, iLb, iLc) for three phase loads of 5A peak, a DC link (Vdc) having reference 

value of 400V, battery voltage (Vbat) is maintained constant at 100V, Ipv = 0A and Ibat is constant 

at +20A where positive sign represents discharging behavior of battery. In addition, SoC is seen 

to be decreasing from 80%. Furthermore, a load change at 0.7s is applied to study the dynamic 

Fig.7.7 Three phase waveform of v
s(abc), 

i
s(abc), 

i
L(abc),

V
dc

,V
bat

, I
bat

, I
pv

 and %SoC at discharging mode (without PV) 

using SOGI. 

 
Fig 7.8 Three phase waveform of v

s(abc), 
i
s(abc), 

i
L(abc),

V
dc

,V
bat

, I
bat

, I
pv

 and %SoC at discharging mode (with PV) using 

SOGI. 
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behavior of the system. The system performs satisfactorily under dynamic state. The supply current 

is observed to be sinusoidal due to good performance of SOGI filter.  

Fig. 7.8 shows the discharging behavior with PV connected. Similar characteristics as that of Fig 

7.4 are observed except for the polarity of 20A battery current. The PV is connected to the system 

to support grid, load, battery and its current is Ipv=15A. Furthermore, a load change at 0.7s is 

carried out to observe the effect under dynamic changes. Satisfactory dynamic performance of the 

system is observed as observed from the results shown in Fig.7.8.  

Fig.7.9 Results of grid power Pg, load power PL, compensator power Pc, PV power Ppv, battery power Pbat, grid 

reactive power Qg, load reactive power QL, compensator reactive power Qc under discharging mode using SOGI. 

 
Fig 7.10 Simulation results : Harmonic analysis of a). vsa , THD = 0.04% b). isa , THD = 7.50%  c).  iLa , THD = 

25.61% during steady state condition at discharging mode using SOGI.  
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Fig. 7.9 shows the results of grid power (Ps, Qs), load power (PL, QL), compensator power (Pc, Qc), 

PV power (Ppv) and battery power (Pbat) during discharging condition. The load demands 2.2kW 

and 300VAR. The battery power 3.5kW and PV power 2kW use to form compensator power 

5.7kW and 300 VAR. Now, the load is change at t=0.7s, the power becomes Pg= 4kW, Qg = 

0VAR, PL= 3.2kW, QL= 500VAR.   

During the discharging mode of the electric vehicle battery, the source voltage (vsa) typically 

maintains a low THD (i.e 0.04%), reflecting a stable supply with minimal harmonic distortion. 

The THD of source current (isa) is 7.5% during V2G operation as shown in Fig 7.10. However, the 

load current (iLa), often subject to non-linearities introduced by the discharging circuitry, exhibits 

a significantly higher THD which is 25.61%. This distortion arises from switching devices used 

during discharging, which can inject harmonics into the current waveform. These observations 

highlight the interplay of harmonic performance across system components in discharging mode. 

7.7 Control Structure of Three Phase Grid Interfaced EV Charging Systems using LMS 

algorithm 

In this section, the control strategy of three phase VSC developed using Least Mean Square (LMS) 

algorithm and calculation of fundamental currents is discussed in detail.  

7.7.1 Control of Three Phase VSC 

Fig 7.11 shows the control diagram using LMS algorithm to control three phase VSC. The load 

currents of each phase are fed with separate LMS algorithm to generate fundamental currents (ifa, 

 
Fig 7.11: Control diagram using LMS algorithm 
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ifb, ifc) of each phase. The mean of these fundamental currents is average current (iavg). A PI 

controller is fed with the total DC-link voltage to regulate it to 400V reference so as to estimate 

the current loss component (iloss). The summation of both average fundamental current (iavg) and 

loss component (iloss) is effective total current i
T
 which is multiplied with unit templates (ua, ub, uc) 

to generate reference currents (isa
*, isb

*, isc
*). It is observed that the reference currents (isa

*, isb
*, isc

*) 

are perfectly sinusoidal and the actual supply currents (isa, isb, isc) is fed through hysteresis current 

controller (HCC) to generate six gating pulses for IGBT switching operation to control three phase 

VSC. These VSC injecting compensating current to fulfill reactive power demand of the load and 

ensures the grid currents is perfectly sinusoidal.  

7.7.2 Calculation of Fundamental Component of Load Current 

The fundamental weight components for each phase ifa, ifb and ifc is extracted by LMS algorithm 

given by Eq. (7.7 – 7.9). The details of LMS techniques is discussed in Section 6.6.2. 

faaaa iunenwnw =+=+ )()()1(                                                                    (7.7) 

fbbbb iunenwnw =+=+ )()()1(                                                                    (7.8) 

fcccc iunenwnw =+=+ )()()1(                                                                    (7.9) 

Now, the average weight is calculated as  

)(
3

1
fcfbfaavg iiii ++=          (7.10) 

7.7.3 Simulation Results using LMS algorithm 

The real time simulation results of with / without PV integration in three phase EV charging 

systems are discussed in detail which are shown in Fig 7.12-7.15.  

The G2V and V2G operation is applied to charge and discharge of the battery via bidirectional 

DC-DC converter. Fig 7.12 shows the without PV integrated waveforms of three phase voltages 

(vsa, vsb, vsc), three phase source currents (isa, isb, isc), load currents (iLa, iLb, iLc), a DC link (Vdc) 

having reference value of 400V, battery voltage (Vbat), without PV integrated current of Ipv = 0A 

and battery current (Ibat) under dynamic load condition. The Ibat is constant at -20A i.e negative 

sign represents charging behavior of battery. In addition, SoC is seen to be increasing from 80%. 

Furthermore, a load change at 0.7s is applied to study the dynamic behavior of the system. The 

system performs satisfactorily and it is observed that the supply current is to be sinusoidal.  

The waveform of PV integrated three phase EV charging system are shown in Fig 7.13. The 

waveforms of three phase voltages (vsa, vsb, vsc), three phase source currents (isa, isb, isc), load 
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currents (iLa, iLb, iLc) for three phase loads of 5A peak, a DC link (Vdc), Vbat and Ibat are shown in 

Fig 7.13.  

Also, the SoC is seen to be increasing in nature for the charging phenomenon. The PV is connected 

to the system to support load and battery via buck converter. Furthermore, the performance of the 

waveforms is found satisfactory and observed that the waveforms of source current maintained 

sinusoidal during load change at 0.7s.  

The Power of the system in G2V is shown in Fig 7.14, where, 3.8 kW power is provided by the 

grid with PV connected. A load power demands (PL) of 1.5 kW and compensating power of -1.6 

kw is observed and the PV power i.e Ppv=2kw. Furthermore, Battery power (Pbat) of -4.4 kw is 

Fig.7.12 Three phase waveform of v
s(abc), 

i
s(abc), 

i
L(abc),

V
dc

,V
bat

, I
bat

, I
pv

 and %SoC at charging mode (without PV) 

using LMS. 

Fig.7.13 Three phase waveform of V
s(abc), 

I
s(abc), 

I
L(abc),

V
dc

,V
bat

, I
bat

, I
pv

 and %SoC at charging mode (with PV) using 

LMS. 
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maintained constant in this mode. The reactive power is also observed to be balanced. The Qg is 

maintained constant at 0 VAR which shows zero reactive power is supplied from the grid. At 

0.7sec load changes, the powers again rebalances to Pgrid=4.5kW, PL=2.9kW, QL=600VAR and 

Qc= 500VAR. 

The Fig. 7.15 shows that the THD of vsa, isa and iLa during charging of the EV battery is 0.0412%, 

4.41% and 25.23% respectively. 

 

Fig 7.14 Waveform of grid power Pg, load power PL, compensator power Pc, PV power Ppv, battery power Pbat, grid 

reactive power Qg, load reactive power QL, compensator reactive power Qc under charging mode using LMS. 

 
Fig 7.15 Simulation results : Harmonic analysis of a). vsa , THD = 0.0412% b). isa , THD = 4.41%  c).  iL , THD = 

25.23% during steady state condition at charging mode using LMS. 



191 

The without PV integrated in three phase grid connected EV charging system during discharging 

condition are shown in Fig 7.16. The waveforms obtained are similar to Fig 7.12 except for polarity 

of the battery current. During discharging conditions in three phase grid connected EV and without 

PV shows the waveforms of three phase voltages (vsa, vsb, vsc) of 230V RMS value (L-N), three 

phase source currents (isa, isb, isc) of 3A peak, load currents (iLa, iLb, iLc) of 5A peak, a DC link 

voltage (Vdc), battery voltage (Vbat), without PV integrated current of Ipv = 0A and Ibat is constant 

Fig.7.16 Three phase waveform of vs(abc), is(abc), iL(abc),Vdc,Vbat, Ibat, Ipv and %SoC at discharging mode 

(without PV) using LMS. 

Fig.7.17 Three phase waveform of vs(abc), is(abc), iL(abc),Vdc,Vbat, Ibat, Ipv and %SoC at discharging mode 

(with PV) using LMS. 
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at +20A. The continuous decrease in SoC at 80% is another proof of discharging condition. The 

dynamic response is analysed and observed that the battery supports the load and the grid during 

V2G mode.  

The real time simulation results of PV and EV integrated with three phase grid connected system 

are shown in Fig 7.17. Similar characteristics as that of Fig 7.13 are observed except for the polarity 

 
Fig 7.19 Simulation results : Harmonic analysis of a). vsa , THD = 0.04% b). isa , THD = 7.63%  c).  iL , THD = 

25.615% during steady state condition using LMS. (discharging mode) 

 
Fig.7.18 Results of grid power Pg, load power PL, compensator power Pc, PV power Ppv, battery power Pbat, grid 

reactive power Qg, load reactive power QL, compensator reactive power Qc under discharging mode using LMS. 
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of 20A battery current. The PV and EV is connected to the three phase system to support grid and 

load during V2G condition. Furthermore, the dynamic response of the system is observed 

satisfactory.  

Fig.7.18 presents the result of grid power Pg=4.5kW, load power PL=1.5kW, compensator power 

Pc=6kW, PV power Ppv=2kW, battery power Pbat=4kW, grid reactive power Qg=0VAR, load 

reactive power QL=250VAR and compensator reactive power Qc = 250VAR are observed during 

discharging mode using LMS algorithm. 

The Fig. 7.19 shows that the THD of vsa, isa and iLa during discharging of the EV battery is 0.04%, 

7.63% and 25.615% respectively. 

7.8 Control Structure of Three Phase Grid Interfaced EV Charging Systems  using RJP  

algorithm  

The control diagram of Rodrigues Jacobi Polynomials (RJP) algorithm based three phase grid 

connected EV with/ without PV based charging operation are shown in Fig. 7.20. The details of 

the control of three phase VSC and calculation of fundamental currents is discussed.  

7.8.1 Control of Three Phase VSC   

The proposed RJP algorithm is utilized to control three phase VSC. The six gating pulses (S1, S2, 

S3, S4, S5 and S6) extracted by combination of Unit templates, the fundamental current component, 

active loss component, reference currents and hysteresis controller which are shown in Fig 7.20. 

Fig 7.20: Control diagram of RJP algorithm                                
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The fundamental currents (ifa, ifb, ifc) is extracted by injecting phase load current in RJP controller. 

The one third of the sum of all fundamental currents is average current (iavg).  A DC-link voltage 

and its reference voltage is compared and fed with PI controller to estimate the current loss 

component (iloss). The effective total current i
T
 is the addition of both average fundamental current 

(iavg) and loss component (iloss). Further, it is multiplied with unit templates (ua, ub, uc) to generate 

reference currents (isa
*, isb

*, isc
*). The actual supply currents (isa, isb, isc) aa well as reference currents 

(isa
*, isb

*, isc
*) are now passed in HCC to provide gating pulses of three phase VSC. The VSC with 

interfacing inductor injects compensating current to improve the grid currents waveform.   

7.8.2 Calculation of Fundamental Component of Load Current  

The load currents (iLa, iLb, iLc) is fed with RJP algorithm to extract fundamental weight currents 

(ifa, ifb and ifc) as given by Eq. (7.11 – 7.13) 

 )}]1)(2()1(2{
2

1
1[ −+++++= Lafa ii                                                               (7.11) 

)}]1)(2()1(2{
2

1
1[ −+++++= Lbfb ii                                                               (7.12) 

)}]1)(2()1(2{
2

1
1[ −+++++= Lcfc ii                                                               (7.13) 

   Now, the calculation of average weight current is  

)(
3

1
fcfbfaavg iiii ++=      (7.14) 

7.8.3 Simulation Results of RJP algorithm      

The real time simulation results of three phase grid connected EV with / without PV integration at 

DC link of VSC are discussed as shown in Fig 7.21-7.25. The charging operation is done via DC-

DC buck converter and analysed that the smooth waveforms are obtained as shown in Fig 7.21-

7.23. The waveforms of three phase voltages (vsa, vsb, vsc), three phase source currents (isa, isb, isc), 

load currents (iLa, iLb, iLc), a DC link (Vdc) having reference value of 400V, battery voltage (Vbat), 

without PV integrated current of Ipv = 0A and battery current (Ibat) under dynamic load condition 

is shown in Fig 7.21. The Ibat is constant at -20A i.e negative sign represents charging behavior of 

battery. Further, the continuous increasing waveform from 80% is SoC.  The dynamic behavior of 

the system is also analyzed and satisfactory waveforms are found.  

The PV are integrated with three phase EV charging systems waveform are shown in Fig 22. The 

waveforms of three phase voltages (vsa, vsb, vsc), three phase source currents (isa, isb, isc), load 

currents (iLa, iLb, iLc) for three phase loads of 5A peak, a DC link voltage (Vdc) of 400V, Vbat, Ibat, 
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PV current (Ipv) are shown in Fig 7.22. The charging operation is observed by increasing nature 

of SoC. The grid and PV are responsible to charge the battery bank and also support to the 

nonlinear load. Furthermore, it is found that the quick response in the waveforms during dynamic 

condition and also maintains sinusoidal waveforms of source current. 

The power system in charging mode effectively demonstrates dynamic balance across its 

components. Initially, a grid power supply Pgrid of 4 kW is combined with photovoltaic (PV) power 

Ppv of 2 kW to meet a constant load demand PL of 1.4 kW. Simultaneously, the compensator  

 

Fig.7.21 Three phase waveform of V
s(abc), 

I
s(abc), 

I
L(abc),

V
dc

,V
bat

, I
bat

, I
pv

 and %SoC at charging mode (without PV) 

using RJP. 

 
Fig. 7.22 Three phase waveform of V

s(abc), 
I

s(abc), 
I

L(abc),
V

dc
,V

bat
, I

bat
, I

pv
 and %SoC at charging mode (with PV) using 

RJP. 
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provides a power of -2.6 kW to manage system discrepancies, and the battery absorbs energy at a 

steady rate of -4.4 kW, ensuring efficient charging. Notably, the system maintains zero reactive 

power Qg supplied by the grid, indicating reactive power neutrality. At 0.7 seconds, a load change 

occurs, increasing the load power PL from 1.4 kW to 2.2 kW. The system rebalances by adjusting 

Pgrid to 4.5 kW while reactive power QL is balanced at 450 VAR for both load and compensator. 

These transitions highlight the system’s capability to dynamically adapt while maintaining 

stability.In addition, when the load changes at 0.7 seconds, significant shifts occur in the system's 

 
Fig 7.24 Simulation results : Harmonic analysis of a). vsa , THD = 0.0412% b). isa , THD = 1.395%  c).  iL , THD 

= 25.55% during steady state condition at charging mode using RJP.  

Fig 7.23 Waveform of grid power Pg, load power PL, compensator power Pc, PV power Ppv, battery power Pbat, grid 

reactive power Qg, load reactive power QL, compensator reactive power Qc under charging mode using RJP. 
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power distribution. The power injected into the grid decreases from -4.6 kW to -4 kW, reflecting 

a reduced reliance on grid support for system balance. The load power PL increases from 1.4 kW 

to 2.2 kW, while the compensator power Pc remains constant at 6 kW, ensuring consistent 

stabilization. The battery power adjusts slightly to 4.3 kW, complementing the system's needs for 

stability. Photovoltaic power Ppv remains constant at 2 kW throughout the operation, contributing 

to sustainable energy integration. Reactive power remains consistently balanced across the load, 

source, and compensator. Fig. 7.23 illustrates the robustness of the system in dynamically 

managing power flow while maintaining a seamless balance under varying operational conditions. 

Fig.7.25 Three phase waveform of vs(abc), is(abc), iL(abc),Vdc,Vbat, Ibat, Ipv and %SoC at discharging mode 

(without PV) using RJP. 

Fig.7.26 Three phase waveform of V
s(abc), 

I
s(abc), 

I
L(abc),

V
dc

,V
bat

, I
bat

, I
pv

 and %SoC at discharging mode (with PV) using 

RJP. 
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Charging of the EV battery can be clearly depicted from the waveforms such that in-phase 

operation of the source voltage and source current. Furthermore, the THDs of the voltage source, 

source current and load current are 0.0412%, 1.395% and 25.55% respectively as shown in Fig. 

7.24. Also, the THD of the source current is within the IEEE standards (i.e <5%). 

Similarly, the without PV connected waveforms are observed like Fig. 7.16. The difference is that 

the battery bank with DC-DC boost converter is responsible to supply power to load and surplus 

power injected to the grid during discharging operation as shown in Fig. 7.25.  The dynamic 

response is analysed and observed that the battery supports the load and the grid during V2G mode.  

Here, the similar waveforms like Fig. 7.17 are shown. The discharging nature waveforms of grid 

connected EV and PV are presented in Fig. 7.26.  The positive polarity of 20A battery current 

represents a system operate in V2G mode. The PV is always injecting power in proposed system 

which are connected at DC link of VSC.  

The system's dynamic behavior underscores the need for robust control strategies to manage the 

fluctuations in power generation and absorption during discharging operation. A more responsive 

and intelligent compensator at the Point of Common Coupling (PCC) could significantly enhance 

system performance. In addition, approx. 6kW power of compensator is distributed to load 

(≈1.4kW) and grid (≈4.5kW) as shown in Fig. 7.27. By integrating predictive algorithms, the 

compensator could preemptively manage power imbalances, ensuring a seamless energy transfer 

between the grid, the load, and storage systems. Additionally, real-time monitoring of load 

 
Fig.7.27 Waveform of grid power Pg, load power PL, compensator power Pc, PV power Ppv, battery power Pbat, grid 

reactive power Qg, load reactive power QL, compensator reactive power Qc under discharging mode using RJP. 
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demands and grid conditions could allow for adaptive power redistribution, further minimizing 

transient fluctuations and maintaining grid stability under varying operating conditions. 

The discharging mode of operation of the EV battery results in the out-phase with the source 

current and source voltage. The Fig. 7.28 shows that the THD of vsa, isa and iLa during discharging 

of the EV battery is 0.04%, 6.98% and 25.66% respectively.  

7.9 Comparative Analysis of SOGI, RJP and LMS Control Algorithms   

The comparative analysis of the proposed controller with SOGI and RJP algorithms is shown in 

Fig 7.29. When the load current is increased and decreased at 0.8s and 1s respectively it is observed 

  
Fig 7.28 Simulation results : Harmonic analysis of a). vsa , THD = 0.04% b). isa , THD = 6.98%  c).  iL , THD = 

25.66% during steady state condition at discharging mode using RJP. 

 

Fig. 7.29 Comparative waveforms of load current (iL), with fundamental current (ifa) at different algorithms  
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that the fundamental currents extracted by SOGI and LMS algorithms are oscillating in nature. But 

Rodrigues Jacobi Polynomial (RJP) algorithm extracts oscillation free ifa and satisfactory results 

are obtained. The % THD analysis of SOGI, LMS and RJP algorithm are shown in Table 7.1 and 

Table 7.2 respectively during charging and discharging condition. It is observed that the THD of 

RJP algorithm is less in comparison to SOGI and LMS algorithm.  

7.10 Conclusion 

This chapter discusses three phase grid connected PV-EV system. A MATLAB model is 

developed and the system is analyzed using three algorithms namely Rodrigues Jacobi Polynomial 

(RJP), Least Mean Square (LMS) and Second Order Generalized Integrator (SOGI). The G2V and 

V2G mode of operation are also demonstrated. From the comparative section it can be inferred 

that the RJP controller is more robust and effective as compared to LMS and SOGI controller. The 

results using Simulink supports this conclusion.  

 

 

 

 

Table 7.2: % THD analysis of SOGI, LMS and RJP algorithm during discharging condition 

Algorithms %T.H.D (vs) %T.H.D (is) %T.H.D (iL) 

SOGI 0.04 7.50 25.61 

LMS 0.04 7.63 25.615 

RJP 0.04 6.98 25.66 

 

Table 7.1: % THD analysis of SOGI, LMS and RJP algorithm during charging condition 

Algorithms %T.H.D (vs) %T.H.D (is) %T.H.D (iL) 

SOGI 0.04 1.44 25.60 

LMS 0.0412 4.41 25.23 

RJP 0.0412 1.395 25.55 
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Chapter 8 

Single Phase Grid Connected Reduced Switch Five Level Inverter 

(RSFLI) with Solar PV and EV Charging System 

In this chapter, implementation of single phase grid connected Reduced Switch Multilevel Inverter 

(RSFLI) with PV and EV charging system is presented. The integration of PV and EV to the grid 

in single-phase system with simulation waveforms is also summarized in this chapter. The results 

are validated using OPAL-RT and captured using MSO. 

8.1 Introduction 

Fig. 8.1 shows the complete system block having a combination of RSFLI inverter, bidirectional 

DC-DC converter, non-linear load, utility grid and renewable source like PV array. The grid is 

modeled as a sinusoidal voltage source (vs) having grid impedance (Ls), which feeds non-linear 

load having load resistance (RL) and inductance (XL) at the full output of wave bridge rectifier DC 

side. The proposed RSFLI is interfaced to the grid via interfacing inductor (Li) at PCC.  
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Fig. 8.1 System Configuration of proposed RSFLI 
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The novel RSFLI inverter is controlled to inject compensating current (ic) at PCC to improve the 

power quality of source current (is). The proposed converter configuration shows five switches 

(Sr1, Sr2, Sr3, Sr4 and Sr5) and two DC link capacitors (Cdc1, Cdc2). The switch Sr1 is a bidirectional 

switch and remaining four switches are Insulated Gate Bipolar Transistor (IGBT) switches. The 

bidirectional DC-DC converter section comprises EV battery voltage (Vbat), with filter inductor 

(Lb), capacitor (Cb) and two IGBT switches (Sr6, Sr7). This section is responsible for charging and 

discharging of the EV battery. Additionally, the solar photovoltaic array supplies voltage (Vpv) and 

current (Ipv) through boost converter and the switch (Sr8) is controlled by Perturb and Observe 

MPPT technique. The PV array with a boost converter is also connected at DC link of RSFLI to 

deliver power either to the load, grid or to the battery bank for charging as per the desired need 

and available conditions. The parameters are shown in Appendix E. 

8.2 Modelling of Reduced Switch Five Level Inverter (RSFLI) 

In this section, modeling of RSFLI is shown and calculation related to transfer function, modes 

of operation of RSFLI are discussed in detail.  

8.2.1 Configuration and Mathematical Modelling of Proposed RSFLI 

The small signal analysis is used to derive a linear model of RSFLI and also the transfer function 

of the proposed inverter configuration. It is assumed that the system is in steady state condition 

to develop the linear model of RSFLI. The RSFLI is as shown in Fig 8.2. The transfer function 

for proposed inverter configuration is defined as the ratio of DC link output (Vdc) to the input 

current (ic) of RSFLI inverter. The average rate of the power exchange is calculated in between 

input (AC side) to the output (DC link side) of the RSFLI. 

According to Fig 8.2, by equating the average rate of change of energy in RSFLI across 

interfacing inductor (PLc), capacitor (PCdc) and DC link capacitor gives [285] 

RcLcRCFLICdc PPPP −−=  
     (8.1) 

where, PCdc is the total rate of change of energy absorbed in capacitor, PRSFLI denotes the Reduced 

Switch Five Level Inverter power input, PLc is the rate of energy absorbed in interfacing inductor 

and PRc is the power loss across resistance. 

Total power across DC link capacitance is 

][ 21 CdcCdcCdc PPP +=  (8.2) 

]
2

1
[ 2

111 dcdcCdc VC
dt

d
P =  

(8.3) 
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]
2

1
[ 2

222 dcdcCdc VC
dt

d
P =  

(8.4) 

dcdcdc V
dt

d
VC

2

1
= CdcP  

(8.5) 

 

Fig. 8.2: Configuration of the reduced switch five level converter.  

where, the DC link capacitance is assumed to be same [ dcdcdc CCC == 21 ] and the DC link voltage 

across each capacitance is half of the voltage DC link [Vdc1 =Vdc2 =Vdc/2]. 

The RSFLI power input is, 

csRCFLI ivP =      (8.6) 

The power loss across resistance is,  

ccRc RiP 2=       (8.7) 

The power absorbed across interfacing inductor is 

]
2

1
[ 2

ccLc iL
dt

d
P =  

    (8.8) 

Putting these values from Eq. 8.6-8.8 in Eq. 8.1 gives 

]i
dt

d
iLRii[vV

dt

d
VC

2

1
cccc

2

ccsdcdcdc −−=  
     (8.9) 

A small disturbance is applied to the input converter current (∆ic) to linearize the power equation. 

Assume the DC link voltage is also disturbed by a small voltage ∆Vdc. 

Replacing ccoc iii +=  and dcdcodc VVV += and neglecting higher order terms in Eq. (8.9). 

]i
dt

d
iL2Riivi[vV

dt

d
VC

2

1
ccocc

2

cocscosdcdcodc −−−+= ccco Rii  
    (8.10) 

where, ico and Vdco denote the operating point under steady state condition. 

Under steady state condition, the Eq. 8.10 is written as  

ic
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]i
dt

d
iL2i[v2V

dt

d
VC ccoccsdcdcodc −−= ccco Rii  

    (8.11) 

Taking Laplace Transform of Eq. 8.11 results in 

]iiL2i[v2VVC ccoccsdcdcodc −−= sRiis ccco      (8.12) 

The transfer function of RSFLI (GTF) is 

]V[C

]iL2[v2

dcodc

cocs

s

sRi

i

V
G cco

c

dc
TF

−−
=




=  

    (8.13) 

On putting the values of Rc,Lc, Cdc, vs in Eq 8.13 is   

]
0.05-454

[
s

s

i

V
G

c

dc
TF =




=  

    (8.14) 

8.2.2 Switching operation of RSFLI 

In the RSFLI, five number of switches (Sr1, Sr2, Sr3, Sr4 and Sr5) are used, which is less in 

comparison to the eight switches used in the cascaded H-bridge inverter. The RSFLI topology uses 

a single bidirectional switch Sr1 and four IGBT switches (Sr2, Sr3, Sr4 and Sr5). The switching 

operation of RSFLI is shown in Table 8.1. 

The five steps of operation of RSFLI are discussed with layout diagram shown in Fig. 8.3. 

Step1: To obtain maximum voltage output (+2Vdc) as per Fig 8.3 (a), the switches Sr2 and Sr5 are 

turned ON and remaining switches Sr1, Sr3, Sr4 are turned OFF.  

Step2: To obtain voltage output of +Vdc as discussed in Fig 8.3(b), the switches Sr1, Sr5 are turned 

ON and remaining switches Sr2, Sr3, Sr4 are turned OFF.  

Step3: To obtain voltage output of 0Vdc as per discuss in Fig 8.3(c), the switches Sr3, Sr5 are turned 

ON and remaining switches Sr1, Sr2, Sr4 turned OFF.  

Table 8.1: Switching operation of RSFLI 

Steps 

Conducting Switches 

1 = ON ; 0 = OFF 

Output Voltage 

Vdc1= Vdc2= Vdc 

Sr1 Sr2  Sr3 Sr4  Sr5  

1 0 1 0 0 1 +2Vdc(step 1) 

2 1 0 0 0 1 +1Vdc(step 2) 

3 0 0 1 0 1 0Vdc(step 3) 

4 1 0 0 1 0 -1Vdc(step 4) 

5 0 0 1 1 0 -2Vdc(step 5) 
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Step4: To obtain voltage output of -Vdc as per discuss in Fig 8.3(d), the switches Sr1, Sr4 are turned 

ON and remaining switches Sr2, Sr3, Sr5 are turned OFF.  

Step5: To obtain voltage output of -2Vdc as per discuss in Fig 8.3(e), the switches Sr3, Sr4 are turned 

ON and remaining switches Sr1, Sr2, Sr5 are turned OFF.  

8.3 Control Structure of Single Phase Grid Interfaced RSFLI With Solar PV and EV 

Charging Systems 

Fig. 8.4 (a-c) shows the control structure of the complete system. In this section, the control of 

RSFLI inverter, control of bidirectional DC-DC converter and control of Solar PV array are 

discussed in detail. Also, the calculation of unit template, fundamental current magnitude, loss 

current magnitude, generation of reference current and gating signals are discussed in detail. 
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Fig. 8.3: Different modes of operation of RSFLI  
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8.3.1 Control of RSFLI:  

The control strategy of proposed RSFLI converter is shown in Fig. 8.4(c). The fundamental current 

is estimated with the help of TOSSI algorithm and loss current magnitude is calculated by 

comparing the sum of two DC link voltages (Vdc1,Vdc2) with reference voltage of 400 V. The sum 

of these components (if and iloss) is multiplied with unit template to obtain reference current (iref). 

Now, the difference of reference current (iref) and source current (is) is compared with triangular 

carrier waveform by a level shifted pulse width modulation control scheme so as to generate five 

gating pulses to control RSFLI.  Below is the description of estimation of fundamental current, 

loss current, unit template, reference current and generation of gating signals in detail. 

8.3.1.1 Estimation of Fundamental Current using TOSSI Algorithm 

The circuit diagram of TOSSI algorithm to extract fundamental current (if) as shown in Fig. 8.5. 

The load current (iL) is passed through the Third Order Generalised Integrator (TOSSI) block to 

extract two orthogonal components. One component is in-phase current (iα) and another one is 

quadrature current (iβ) [286]. 

Two tuning parameters are required for this filter which are selected to be g1=1.2, g2=2.5 with 

damping factor ξ=0.707.  The relation between the input load current (iL), in-phase current (iα) and 

quadrature current (iβ) in terms of transfer function are shown in Eq 8.15-8.16. 
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Fig. 8.4 Control of RSFLI with PV and EV systems 
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The amplitude of fundamental current (if) is calculated as Eq. 8.17. 

22

 iii f +=                                                                                                                                (8.17) 

8.3.1.2 Generation of Loss Current 

The sum of both DC link voltage 21; dcdc VV ).( 21 dcdcdc VVVei += is passed through a low pass filter 

to compute 𝑉𝑑𝑐as shown in Fig. 8.4 (c). 

The comparison of both DC-link voltage dcV and DC-link reference voltage 
refdcV _

 generates 

error dceV as per Eq. (8.18). The error dceV is now fed into the Proportional Integral (PI) controller, 

which calculates the loss component lossi using Eq. (8.19). 

dcrefdcdce VVV −= _
 (8.18) 

)}]1({)}()1({[)( ++−++= nVknVnVknii dceidcedcePLloss  (8.19) 

8.3.1.3 Calculation of Unit Templates 

The source voltage (vs) and its quadrature phase shifted component as shown in Fig 8.6 are passed 

through peak estimation block to calculation peak voltage 𝑣𝑚 as per Eq. 8.20-8.22.   

𝑣𝑠 = 𝑣𝑚𝑠𝑖𝑛𝜔𝑡   (8.20) 

𝑣р = 𝑣𝑚(𝑠𝑖𝑛𝜔𝑡 +
𝜋

2
)   (8.21) 

 Now, the peak voltage is, 

∴ 𝑉𝑚 = √𝑣р
2 + 𝑣𝑠

2 = 𝑉𝑡 
  (8.22) 

These two components are fed with peak voltage to generate unit template u(n) as shown in Eq. 

8.23. Now, the unit template is computed as, 

𝑢(𝑛) =
𝑣𝑠

𝑉𝑚
= 𝑠𝑖𝑛𝜔𝑡 

 

         (8.23) 
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Fig. 8.5: Extraction of Fundamental Current Component using TOSSI Algorithm 
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8.3.1.4 Estimation of Reference Current and Pulse Generation                   

The TOSSI algorithm's extracted fundamental current component is now added with fundamental 

DC current loss component. In order to observe effective current component (iT) which is needed 

to generate reference current.  

Reference Signal

RSCFLI Output Voltage

Triangular Waves

(a). LS-PWM control techniques

(b). Pulses of RSCFLI and Inverter Voltage Output
 

Fig. 8.7: waveform of (a). LS-PWM control technique and (b). Pulses of RSFLI with output five level inverter voltage  

 
 Fig. 8.6 Generation of unit template. 
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lossfT iii +=           (8.24) 

𝑖𝑟𝑒𝑓 = 𝑖𝑇 ∗ 𝑢(𝑛)          (8.25) 

The reference current iref is obtained by multiplying the effective current component iT by the unit 

template u(n). In order to regulate the RSFLI, five switching pulses are generated by comparing 

the reference current (iref) with a triangle signal fed by level shift PWM techniques. The waveform 

of the level-shifted PWM control techniques and gating pulses of RSFLI with five level output 

inverter voltage are shown in Fig. 8.7(a–b). 

8.3.2 Control of Bidirectional DC-DC Converter 

The EV's battery charging and discharging control mechanism is depicted in Fig. 8.4 (a) The PI 

controller processes the error (Ibate) that results from the calculation of the difference between the 

reference battery current (Ibref) and the actual battery current (Ibat) as shown in Eq.26.Two gating 

pulses are produced by the PWM generator block, which receives the input from the PI controller. 

The battery is charged by one pulse, known as the Sr6 pulse, and discharged by another pulse, 

known as the Sr7 pulse. Bidirectional Buck Boost Converter is used to connect the PV array and 

batteries to the DC link. The two modes of operation for the bidirectional converter are boost mode 

and buck mode, which are for charging and discharging, respectively. 

8.3.3 Control of Solar PV Array 

Fig. 8.4(b) displays the MPPT control diagram with solar PV array. The 700 W PV array is 

connected to the VSC's DC link via a boost converter. To get the most power out of the PV array, 

the Perturb and Observe (P&O) MPPT algorithm regulates the duty cycle of the DC-DC boost 

converter. 

8.4 Simulation Results of Single Phase Grid Interfaced RSFLI with Solar PV and EV 

Charging Systems 

The simulation results of dynamic state waveforms and %THD are discuss in detail. 

a). Charging Operation/G2V mode 

Fig 8.8 depicts the behaviour of the system during charging conditions using the Third Order 

Sinusoidal Integrator (TOSSI) controller based controller. It shows the waveforms of the source 

voltage (vs) with source current (is), nonlinear load current (iL), compensating current via active 

filter (ic), DC link voltage (Vdc), fundamental current (if), reference current (iref), PV current (Ipv), 

batbrefbate III −=           (8.26) 
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battery current (Ibat) and battery voltage (Vbat) during G2V mode. The effect of load disturbance 

on controller  

performance is also investigated during charging operation. The load is raised from 5A to 8A at 

t=0.5s time. The source current (is), fundamental current (if) and reference current (iref) also 

increases but source voltage (vs) remains same. The small transient dip is observed in the DC-link 

 
Fig.8.8 Simulation results of  vs ,

is,iL,ic,
Vdc, if,iref , Ipv , Ibat and Vbat at charging mode. 

 

 Fig 

8.9 Simulation results : Harmonic analysis of a). vs , THD = 0.044% b). is , THD = 2.00%  c).  iL , THD = 22.63% during 

steady state condition at charging mode. 
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voltage (Vdc) due to load variations but the PI controller stabilises it back to the reference value of 

400V.  

Furthermore, during charging mode, the source current stays sinusoidal nature and same phase 

with the source voltage, showing the efficiency of TOSSI control mechanism under dynamic load 

conditions. Also, the battery voltage slowly charges at 96V and the battery current (Ibat) remains 

same to -12A. The PV also support to load, battery, grid and the current of PV (Ipv) is 7A.  

The analysis of the THD profiles is shown in Fig. 8.9 across the source voltage (vs) exhibits 

harmonic performance with a negligible THD of 0.44%. The source current (is) shows a THD of 

2.00% which reflecting good harmonic quality. In contrast, the load current displays significant 

distortion with a THD of 22.63%. 

b). Discharging Operation/ V2G mode 

Fig 8.10 depicts the dynamic behaviour of the system during discharging conditions using the 

proposed controller. It shows the waveforms of the source voltage (vs) with source current (is), 

nonlinear load current (iL), compensating current via active filter (ic), DC link voltage (Vdc), 

fundamental current (if), reference current (iref), PV current (Ipv), battery current (Ibat) and battery 

voltage (Vbat) during discharging mode. 

Similar to charging operation, the requirement of load current is changed from 5A to 8A, which is 

fulfilled by EV (battery) and additional current is injected back into the grid. It is noted that, the 

supply current and supply voltage are not in phase during discharging operation. The tunned PI 

 
Fig.8.10 Simulation results of  vs ,

is,iL,ic,
Vdc, if,iref , Ipv , Ibat and Vbat at discharging mode. 
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controller is utilised to maintain the DC- link capacitance voltage constant at 400V. The setup of 

EV battery is supplying power to the grid side during the discharging operation. The battery 

voltage slowly decreases from 96V in the discharging mode. The battery current is constant to 

desired value of 12A during discharging condition. 

Fig 8.11 demonstrate the Simulink harmonics content in the source voltage (vs), source current (is), 

and load current (iL) during discharging condition. After injecting compensating current, the source 

current's total harmonic distortion (THD) is reduced to 4.01%, compared to 26.63% for iL. 

Furthermore, the THD of the supply voltage is 0.46% when discharging. The harmonics created 

by the nonlinear load are successfully cancelled by injecting AC-DC converter compensating 

current, resulting in a sinusoidal and out of phase source current. The observed waveforms clearly 

reveal that the source current's follow the opposite waveform of source voltage i.e discharging 

operation. 

8.5 Opal-RT Results of Single Phase Grid Interfaced RSFLI with Solar PV and EV Charging 

Systems 

In the laboratory, an OPAL-RT set-up is developed as shown in Fig 8.12. This setup contains 

OPAL-RT, Control desk and DSO. The matlab/simulink model is dump in control desk and 

interface with ADC channel of OPAL-RT. The DAC channel of OPAL-RT is connected DSO to 

 

Fig 8.11 Simulation results : Harmonic analysis of a). vs , THD = 0.46% b). is , THD = 4.01%  c).  iL , THD = 

26.63% during steady state condition at discharging mode. 

 



213 

capture waveforms of G2V and V2G mode. operation is discussed in details below. In this section, 

the charging and discharging operation are discussed in details. 

a). Charging Operation/G2V mode 

In G2V mode of operation the battery gets charged via buck mode of bidirectional DC-DC 

converter. Figs (8.13-8.14) show the results for G2V mode for various dynamic conditions.  

Fig. 8.12 Opal-RT Setup 

 

 
Fig. 8.13 Opal-RT Results during charging operation 
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Fig. 8.13 shows the waveform of source voltage (vs), source current (is), load current (iL), 

compensating current (ic), DC link voltage (Vdc) and battery current (Ibat) for G2V mode. In this 

mode of operation, the load current magnitude is changed due to change in load which also follow 

the change in source current at same instant. The source voltage (vs) and DC link voltage (Vdc) 

remain unchanged and well regulated during all disturbances. The DC link voltage remains stable 

at 400V due to PI controller action. Here, the vs and is are in phase. During charging operation, it 

is observed that the battery charging current has not changed when distribution is introduced in 

the system. The battery is charged with Ibat = -12A.  

Fig. 8.14 shows the waveform of is, iL, if, iref, Vbat and Ibat for G2V mode. When the load is changed, 

the source current, fundamental current and reference current are also changed accordingly. At the 

same time, the battery voltage and battery current remain unchanged. The supply current is 

observed to be sinusoidal and in phase with the load current.  

b). Discharging Operation/ V2G mode 

 
Fig. 8.14 Opal-RT Results during charging operation 
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In V2G mode of operation the battery gets discharged via boost mode of bidirectional DC-DC 

converter to feed the load/grid. Here, the vs and is are in out of phase, hence V2G operation is 

taking place to discharge the battery with Ibat = 12A. Figures (8.15-8.16) show the results for V2G 

mode for various dynamic conditions. Fig. 8.15 shows the waveform of source voltage (vs), source 

current (is), load current (iL), compensating current (ic), DC link voltage (Vdc), and battery current 

(Ibat). From Fig. 8.15, it is observed that the source current magnitude is decreased/increased. It is 

due to higher/lower demand from the load respectively during load change. Since the battery 

output is constant and if the extra power which was feeding to the load is now diverted to the grid 

side. The source voltage, DC link voltage and battery current remains same. This has a 

repercussion on the source current as shown in Fig 8.15 in the form of a decrease in the magnitude 

of source current. All other waveforms are observed to be unchanged. When the load is changed, 

the supply current also changes. Since in this condition source current and source voltage has 

opposite polarity. The supply current remains sinusoidal and in phase opposition to the grid voltage 

 
 Fig. 8.15 Opal-RT Results during Discharging operation 

 



216 

during all time indicating that PV and EV supply more power to the grid side as compared to the 

demand of the load current. 

Fig. 8.16 shows the waveform of is, iL, if, iref, Vbat and Ibat for a change in load. All the AC side 

currents (is, iref, iL) get changed when the load is changed. So, an increase in load is reflected by a 

corresponding reduction in the value of source current since both is and iL are in phase opposition. 

The battery voltage and battery current remain same. 

8.6 Comparative analysis of Single Phase Grid Interfaced RSFLI with Solar PV and EV 

Charging Systems 

In this section, the proposed RSFLI is compared with DC-MLI, FC- MLI and CHB multilevel 

inverter. The Table 8.2 shows the comparison between different configurations of MLI. The 

RSFLI, five number (one is bidirectional switch and remaining four is IGBT switches) of switches 

are required but in all other MLIs eight switches are used. There are only two capacitors required 

 
 Fig. 8.16 Opal-RT Results during Discharging operation (V2G mode) 
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in RSFLI which is less in comparison to DC-MLI (required four capacitors) and FC-MLI (required 

ten capacitors). It is also observed that, RSFLI have simple structure and design, easy to operate, 

less complex as compared to other five level multilevel inverter. The overall cost of RSFLI is also 

less. So, this design of RSFLI can easily be implemented for various power system operations. It 

is also observed that the %THD of source current is minimum as shown in Table 8.3. 

 

 

 

 

 

 

 

8.7 Conclusions 

A novel Reduced Switch Five Level Inverter topology is presented in this chapter. The RSFLI is 

used to improve the current waveform on the source side where as the load is taken as nonlinear. 

Table.8.2 Comparison table of RSFLI with another MLI 

Parameters 
DC-MLI 

[287] 
FC-MLI [288] 

CHB-MLI 

[289] 

 

RSFLI 

(Proposed) 

 

No. of levels 5 5 5 5 

No. of switches 
8 8 8 

5 (1-bidirectional 

switch) 

No. of DC 

voltage source 
1 1 2 2 

No. of DC link 

capacitors 
4 10 2 2 

No. of diodes 12 - - - 

Modulation 

strategies 
Level Shifted Level Shifted 

Level 

Shifted 
Level Shifted 

Complexity higher higher moderate less 

Structure Complex Complex Simple Very simple 
 

Table.8.3 %THD of RSFLI using TOSSI algorithm during charging and discharging condition 

TOSSI 

Algorithms 
%T.H.D (vs) %T.H.D (is) %T.H.D (iL) 

Charging 0.44 2.00 22.63 

Discharging 0.46 4.01 26.63 
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The PV array along with EV is connected at the DC-link of RSFLI. Both G2V and V2G mode of 

operation were tested on MATLAB simulation as well as on a system based on OPAL-RT which 

was developed in the laboratory. The RSFLI, DC-DC boost converter, Bidirectional DC-DC 

converter was controlled independently to study various grid/load condition. A thorough OPAL-

RT results analysis is performed in this chapter. A comparative study of the proposed RSFLI with 

other MLIs is also presented. The proposed model of RSFLI has got several advantages over other 

MLIs in terms of a simple structure, improved performance available at a lower cost. Overall, it 

can be concluded that RSFLI provides a very good alternative to other costly and complex MLIs.  
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Chapter 9 

Conclusion and Future Scope  

 

In this chapter conclusion from each chapter is summarized and also works of the future scope is 

discussed. 

Chapter 1: This chapter discusses the importance of power quality (PQ) improvement, PQ 

standards and, introduction to single, three phase and multilevel inverters. 

Chapter 2: This chapter presents a through literature survey on the grid connected DSTATCOM 

and different configurations such as (single phase VSC, three phase VSC, and Multilevel inverter), 

single phase grid connected EV charging system, three phase grid connected solar PV and EV 

charging systems. This chapter also discusses literature survey regarding different control 

algorithms under various grid (single phase and three phase conditions). A brief review on single 

phase grid connected multilevel inverter based EV charger is also discussed in this.  

Chapter 3: This chapter includes the design aspects of different converter configurations. The 

design of DC link voltage, DC link capacitance, interfacing inductor, design of voltage and current 

sensors, design of gating circuit, Design of DC-DC bidirectional converter etc. are presented in 

this chapter. 

Chapter 4: In this chapter discusses the analysis of the single phase and three-phase grid-

connected DSTATCOM system. The designed system is modeled in MATLAB/Simulink. The 

steady state and dynamic waveforms for different control algorithms are presented analysed. 

The prototype experimental setup of both single phase and three phase is discussed in this chapter. 

The experimental setup is developed using Power Analyser, DSO, dSPACE 1104, microlab box 

1202, multimeter etc. The performance of the different control algorithms is compared and 

conclusion are made. 

Chapter 5: This chapter includes the analysis of multilevel inverter based DSTATCOM system. 

The configuration and switching operation of five level multilevel inverter are discussed. The 

mathematical modeling of different control algorithms with control diagram and their comparison 

of fundamental current is also presented in the thesis.  

Chapter 6: This chapter presents the analysis of single phase grid connected EV charging system 
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to perform G2V and V2G operations. The harmonic content analysis of this system is also shown 

during charging and discharging mode. The various control algorithms and their mathematical 

calculations with comparative analysis are discussed in the chapter. The simulation and 

experimental results are also presented and analysed. 

Chapter 7: This chapter discusses the performance analysis of three phase grid interfaced Solar 

PV - EV charging system. The Simulation results of three phase grid interfaced EV with PV and 

without PV are presented and compared. 

Chapter 8: In this chapter implementation of single phase grid connected reduced switch 

multilevel inverter with PV and EV charging system is presented. The integration of PV and EV 

to the grid in single-phase system using reduced switch MC1 is performed using multiple control 

technique. 

Scope of Future Work 

The present study discusses thorough analysis on different converter configurations which are 

presented in detailed in the thesis. Still the work can be extended to the following future scope of 

work 

1. In all simulation works and system configuration a stiff grid was considered. In place of stiff 

grid weak/distorted grid can be examined to better understand the impact of distributed generation 

in near future. A weak/distorted grid has high THD content in the supply voltage. To tackle this 

there is need to developed advanced PLL which can extract proper phase and frequency from the 

supply voltage signal which is needed to mitigate PQ issues in the grid side and also to integrate 

PV and EV to the conventional grid. 

2. Modern control algorithms incorporating new and robust Reduced Switch Configuration of the 

MLI DSTATCOM could be explored more into depth. A reduced switch configuration of the 

DSTTACOM provides similar results as compared to convention DSTATCOM but at a lower cost, 

so if we use multiple such reduced switch DSTATCOM in our power system then definitely the 

overall cost will lower down. 

3. The multilevel inverter configuration incorporating G2V and V2G could be explored for AI 

based control techniques. The EV is emerging as a futuristic solution for current fossile fuel issue, 

and to utilize EV in near future to act not only as load but also as source could enable us to create 

virtual system inertia. Due to this our power system will be more stable and it has less disturbances 

due to increased renewable energy sources penetration.  
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4. Impact of large penetration of V2G could be explored. Since it is expected that the large scale 

PV or wind integration could have adverse effects on the system performance as well as grid 

stability. So, it becomes quite necessary to study the impact of large scale integration of V2G mode 

also.  

5. Impact of fast charging station on the PQ of the grid could be explored. Since the future mobility 

may be more depended on the EV and the automobile market is already seeing a huge demand of 

fast charging stations. So, if fast charging stations are increased in near future then since it will act 

as DC load so there could be huge PQ disturbances. So, this could be a main future scope of study.  
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                                                                        Appendix A   

Performance Analysis of Single Phase and Three Phase Grid Connected DSTATCOM 

                              Single phase system DSTATCOM 

Simulation parameters 

Supply voltage (vs)= 110 V, load resistance and inductance (nonlinear) R=30Ω and L=100mH, 

DC link voltage capacitance (Cdc) = 1500 µF, Kp=0.1, Ki =5, Vdc-ref = 200 V, interfacing inductor 

(Lc)= 3.5mH, switching frequency (fsw)= 20 kHz, sampling time= 50 µs.  

Experimental parameters 

Supply voltage (vs)= 110 V, resistive and inductive R=120Ω and L=80mH (nonlinear load), DC 

link capacitance voltage (Cdc) = 1500 µF, Kp=0.15, Ki =5, Vdc-ref = 200 V, interfacing inductor 

(Lc)= 3.5mH, switching frequency (fsw)= 10 kHz, sampling time= 50 µs.  

 

                                 Three phase system DSTATCOM 

Simulation parameters 

Supply voltage (vs)= 110 V, load resistance and inductance (nonlinear) R=30Ω and L=100mH, 

DC link voltage capacitance (Cdc) = 3300 µF, Kp=0.5, Ki =2, Vdc-ref = 200 V, interfacing inductor 

(Lc)= 4.8mH, switching frequency (fsw)= 20 kHz, sampling time= 50 µs.  

Experimental parameters  

Supply voltage (vs)= 110 V, resistive and inductive R=120Ω and L=80mH (nonlinear load), DC 

link capacitance voltage (Cdc) = 4700 µF, Kp=0.08, Ki =0.1, Vdc-ref = 200 V, interfacing inductor 

(Lc)= 5mH, switching frequency (fsw)= 10 kHz, sampling time= 50 µs.  

 

Appendix B 

Performance Analysis of Grid integrated Multilevel Inverter to Improve Power Quality               

Simulation parameters 

Supply voltage (vs)= 110 V, load resistance and inductance (nonlinear) R=30Ω and L=100mH, 

DC link voltage capacitance (Cdc) = 2400 µF, Kp=0.1, Ki =5, Vdc-ref = 200 V, interfacing inductor 

(Lc)= 5mH, switching frequency (fsw)= 20 kHz, sampling time= 50 µs.  

Experimental parameters  

Supply voltage (vs)= 110 V, resistive and inductive R=120Ω and L=80mH (nonlinear load), DC 

link capacitance voltage (Cdc) = 2500 µF, Kp=0.05, Ki =2, Vdc-ref = 200 V, interfacing inductor 

(Lc)= 5mH, switching frequency (fsw)= 5 kHz, sampling time= 50 µs.  
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Appendix C 

Performance Analysis of Single Phase Grid Interfaced EV Charging System                          

Simulation parameters 

Supply voltage (vs)= 110 V, load resistance and inductance (nonlinear) R=30Ω and L=100mH, 

DC link voltage capacitance (Cdc) = 1500 µF, Vdc-ref = 200 V, Vbat=96V, interfacing inductor (Lc)= 

5mH, sampling time= 50 µs, D=0.6, Kp=0.5, Ki =10, switching frequency (fsw)= 20 kHz (for AC- 

DC Converter), Kp=0.5, Ki =5, switching frequency (fsw)= 5 kHz (for DC- DC Converter) 

Experimental parameters  

Supply voltage (vs)= 40 V, resistive and inductive R=120Ω and L=80mH (nonlinear load), DC 

link capacitance voltage (Cdc) = 1500 µF, Vdc-ref = 80 V, Vbat=48V, interfacing inductor (Lc)= 5mH,  

sampling time= 50 µs, D=0.6, Kp=0.08, Ki =0.15, switching frequency (fsw)= 10 kHz (for AC- DC 

Converter), Kp=0.1, Ki =5, switching frequency (fsw)= 5 kHz (for DC- DC Converter) 

Appendix D 

Performance Analysis of Three Phase Grid interfaced Solar PV and EV Charging System                           

Simulation parameters 

Supply voltage (vsa)= 230 V, load resistance and inductance (nonlinear) R=50Ω and L=100mH, 

DC link voltage capacitance (Cdc) = 1640 µF, Vdc-ref = 400 V, interfacing inductor (Lca)= 3.4mH, 

switching frequency (fsw)= 10 kHz, sampling time= 50 µs, Ppv=2kW, Kp=0.1, Ki =10, switching 

frequency (fsw)= 20 kHz (for AC- DC Converter), Kp=0.1, Ki =5, switching frequency (fsw)= 20 

kHz (for DC- DC Converter), Vbat = 100V , Ibat = ±20A 

Appendix E 

Single Phase Grid Connected Reduced Switch Five Level Inverter (RSFLI) with Solar PV 

and EV Charging System 

Simulation parameters  

Supply voltage (vs)= 230 V, resistive and inductive R=125Ω and L=80mH (nonlinear load), DC 

link capacitance voltage (Cdc) = 2400 µF, Kp=0.05, Ki =0.5, Vdc-ref = 400 V, interfacing inductor 

(Lc)= 5mH, switching frequency (fsw)= 10 kHz, sampling time= 50 µs, Kp=0.29, Ki =1.5, switching 

frequency (fsw)= 20 kHz (for AC- DC Converter), Kp=0.4, Ki =5, switching frequency (fsw)= 10 

kHz (for DC- DC Converter),Vbat = 100V , Ibat = ±12A 

 

 


