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Abstract 

This thesis presents an intelligent control strategy for an isolated hybrid PV–Wind–

Self-Excited Induction Generator (SEIG) microgrid aimed at enhancing power quality, 

frequency stability, and dynamic performance under nonlinear loading conditions. The 

proposed system integrates a Solar Photovoltaic (PV) array, Wind Energy Conversion 

System (WECS), Battery Energy Storage System (BESS), and DSTATCOM to ensure 

reliable and continuous power supply in remote standalone applications. Due to the 

intermittent nature of renewable energy sources and the nonlinear characteristics of 

SEIG, isolated microgrids experience severe voltage fluctuations, frequency 

deviations, reactive power imbalance, and harmonic distortion. To overcome these 

challenges, a Dual Third-Order Generalized Integrator Phase-Locked Loop (DTOGI-

PLL) based synchronisation technique is employed for accurate extraction of the 

fundamental positive-sequence component under distorted operating conditions. In 

addition, an Adaptive Neuro-Fuzzy Inference System (ANFIS) based intelligent 

controller is implemented for adaptive frequency regulation and improved transient 

response. The coordinated control of DSTATCOM and BESS provides effective 

reactive power compensation, harmonic mitigation, DC-link voltage regulation, and 

power balancing. The complete system is modelled and simulated in 

MATLAB/Simulink under steady-state and dynamic operating conditions. Simulation 

results demonstrate improved voltage stability, enhanced frequency regulation, 

reduced total harmonic distortion within IEEE-1547 limits, and superior overall power 

quality performance of the proposed hybrid microgrid system. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Introduction to Renewable Energy and Hybrid Microgrid Systems 

The world is in a stage of transition from traditional energy facility generation to 

decentralised renewable energy systems (RES) due to two key considerations: energy 

security and environmental sustainability. By combining several energy sources like 

solar photovoltaics (PV) and wind energy, Hybrid Renewable Energy Systems 

(HRES) provide a strong alternative to solving the intermittency of single renewable 

energy sources. Isolated hybrid microgrids provide the main supply of electricity to 

locations where the costs of connecting to the electricity grid are too high. These 

microgrids are small power units that can work independently of the main power grid, 

which makes them difficult to manage so that they can balance the generation of 

power and demand for it. In these standalone systems, the key problem is that there is 

no necessarily stiff grid to give inertia to the system, and they are therefore sensitive 

to changes in environmental conditions and to load disturbances. 

1.2 Solar PV, Wind Energy Conversion System, and Self-Excited Induction 

Generator (SEIG) 

The proposed isolated micro-grid is a combination of a solar PV system and a Wind 

Energy Conversion System (WECS) as the main energy sources. The solar PV system 

is based on the principle of photoelectric effect and directly converts the solar 

irradiance into DC power using the PV system and then the DC power is conditioned 

by boost converter. To complement this, the WECS converts the wind kinetic energy 

into electricity via a wind turbine that is mechanically connected to a Self-Excited 

Induction Generator (SEIG). The SEIG is particularly designed for stand-alone 

applications because of its inherent advantages, which include no separate DC 

excitation source, strong squirrel cage structure, and low maintenance. The SEIG, 

however, is a highly non-linear machine whose terminals are strictly controlled by the 

excitation capacitance, rotor speed and the load connected to it. The SEIG must rely 

on a shunt capacitor bank to start the self-excitation process by means of the residual 

magnetism of the rotor iron, unlike synchronous generators. 

1.3 Power Quality Problems in Isolated Hybrid Microgrids 



Within isolated microgrids, Power quality becomes damaged because of two primary 

elements including the random behavior of renewable energy generating sources and 

the usage of non-linear loads. Severe voltage sags, swells, and frequency changes are 

created by inconsistent solar light and changing wind velocities, which might cause 

sensitive electronic hardware components to fail. Experts claim that the increasing 

amount of non-linear loads, such as bridge rectifiers and variable speed drives, brings 

harmonic distortions and reactive power load pressures at the point of common 

coupling (PCC). It has been observed that uncompensated isolated systems show source 

current THD amounts reaching 25.5% in various research reports, so active reduction 

methodologies are required to follow IEEE 1547 and IEEE 519 standards. Voltage 

instability grows worse when the reactive power needs of the SEIG and the linked 

inductive loads increase, which can cause a total voltage system failure when heavy 

loading or motor starting activities happen. 

1.4 Role of DSTATCOM and Battery Energy Storage System (BESS) 

To overcome the above PQ problems a Distribution Static Synchronous Compensator 

(DSTATCOM) is integrated at the PCC. The DSTATCOM, functioning as a shunt 

active power filter, provides real time reactive power compensation, load balancing and 

harmonic mitigation. It is composed of a three phase Voltage Source Converter (VSC) 

that injects compensating currents into the network to cancel the harmonic components 

consumed by non-linear loads. A Battery Energy Storage System (BESS) is connected 

to the VSC dc-link to enhance the dynamic stability of the microgrid. The BESS serves 

as an energy buffer to absorb excess power in times of high generation and to inject 

active power in the case of generation shortfalls. This coordination guarantees the 

control of the DC-link voltage, which is critical for the proper functioning of the 

DSTATCOM and the overall frequency stability of the isolated system. 

 

1.5 DTOGI-PLL Synchronization 

Accurate synchronism is required to effectively control grid-connected or stand-alone 

VSCs. The conventional Synchronous Reference Frame Phase-Locked Loops (SRF-

PLL) are usually not effective in isolated microgrids because of high harmonic 

pollution and unbalanced voltages. To overcome these limitations, the Dual Third-

Order Generalized Integrator (DTOGI) based PLL is used in this work. The DTOGI-

PLL employs a dynamic pre-filtering stage to extract the fundamental positive sequence 

component of the PCC voltage even in case of severe distortion. The DTOGI-PLL 



improves the rejection of DC offsets and harmonic noise, ensuring the DSTATCOM is 

properly synchronized with the microgrid frequency; this prevents phase-offset errors 

and degradation of the control system performance during transient load changes. 

 

1.6 ANFIS-Based Intelligent Control Techniques 

The robustness of conventional Proportional-Integral (PI) controllers is limited due to 

high non-linearity and parameter uncertainties in SEIG based microgrids. Proposed 

work implements intelligent alternative for frequency control using Adaptive Neuro-

Fuzzy Inference System (ANFIS). ANFIS combines the transparent reasoning of Fuzzy 

Logic Systems with the learning and adaptation capabilities of Artificial Neural 

Networks. The ANFIS controller can adaptively tune its membership functions and rule 

base using frequency error and its derivative as inputs, thus achieving a faster and more 

stable response than controllers with fixed gains. The ANFIS reduces the settling time 

and the overshoot in DC-link regulation significantly while providing high precision 

for BESS to compensate power imbalances. 

 

1.7 Motivation, Research Gap, and Need for Proposed Work 

The pressing necessity to supply remote standalone settlements with dependable, high-

quality power is the driving force for this study. Although isolated microgrids have 

been studied in the literature, current approaches still have a number of drawbacks. 

Because of the SEIG's non-linear magnetizing properties, many systems rely on 

conventional PI controllers. Furthermore, weak grids with high harmonic content and 

low inertia frequently show instability when using typical synchronization approaches. 

The creation of a unified control system that simultaneously solves robust 

synchronization and adaptive frequency regulation in hybrid PV-Wind-SEIG designs 

is a major research gap. To guarantee compliance with IEEE 1547 standards under 

dynamic loading situations, an integrated method that combines the robust filtering of 

DTOGI-PLL with the learning capabilities of ANFIS is desperately needed. 

 

1.8 Research Objectives and Scope of the Work 

Hybrid PV-wind-SEIG microgrids provide a productive method for producing 

electricity in distant locations, yet these hybrid PV-wind-SEIG microgrids possess 

various technical difficulties regarding reactive power unevenness, frequency shifts, 

harmonic distortion, and voltage unsteadiness. Because the Self-Excited Induction 



Generator contains nonlinear traits and renewable energy sources have an unstable 

character, the hybrid PV-wind-SEIG microgrids become very sensitive when working 

situations or load interferences change. Experts claim that nonlinear loads elevate the 

harmonic distortion of the hybrid PV-wind-SEIG microgrids by a large margin, which 

reduces the effectiveness of the arrangement and creates low power excellence. 

Traditional synchronization and management strategies fail to provide adequate active 

results when the hybrid PV-wind-SEIG microgrids experience distorted or uneven 

functional environments. The maintenance of steady frequency control and the 

following of IEEE-1547 harmonic requirements for the hybrid PV-wind-SEIG 

microgrids in separated networks are regarded as a hard task by many people. An 

enhanced intelligent control framework that can concurrently improve harmonic 

correction, synchronization precision, and system stability is therefore required. 

 

The following are the main objective of this study: 

• to create a MATLAB/Simulink hybrid PV-wind-SEIG isolated microgrid 

model. 

• to use BESS interfaced with DSTATCOM for harmonic mitigation and 

reactive power support. 

• to use DTOGI-PLL for precise synchronization in distorted environments. 

• to create an intelligent frequency controller based on ANFIS for improved 

dynamic responsiveness. 

• to achieve THD performance that complies with IEEE-1547 under 

nonlinear loading circumstances. 

• to evaluate system performance in imbalanced and dynamic operating 

environments. 

 

1.9 Organisation of the Thesis 

Chapter 1- Introduction 

This chapter presents the background of hybrid renewable energy systems and power 

quality issues in isolated microgrids. It also discusses the research objectives, 

motivations, proposed methodology and scope of the work. 

Chapter 2- Literature Review 



This chapter provides a review of previous studies related to SEIG, DSTATCOM, 

BESS, synchronisation techniques, and intelligent control methods. It also identifies the 

research gaps and the need for the proposed study. 

Chapter 3- System configuration 

This chapter describes the configuration of the proposed hybrid PV-Wind-SEIG 

microgrid and its associated subsystems. It also explains the DTOGI-PLL 

synchronisation, ANFIS controller, and overall control strategy. 

Chapter 4- Result and Discussion  

This chapter presents the MATLAB/Simulink implementation and performance 

evaluation of the proposed system. The obtained results are analysed under steady-state 

and dynamic operating conditions. 

Chapter 5- Conclusion and Future Scope 

This chapter summarises the important findings and contributions of the proposed 

research work. It also provides limitations of the present study and recommendations 

for future research direction. 

 

   

 

 

 

 

 

 

  



CHAPTER 2 

LITERATURE REVIEW  

2.1 Introduction 

An isolated hybrid PV-Wind-SEIG microgrid's intelligent control framework design 

necessitates a thorough synthesis of earlier research from a number of related technical 

fields. Various technical areas like SEIG modeling and regulation, DSTATCOM-based 

active power quality conditioning, BESS integration strategies, PLL synchronization 

techniques, DTOGI algorithm, ANFIS frequency control, and IEEE Standard 1547 

compliance are found in this scholarly territory. Experts claim that the chapter provides 

a critical review of typical contributions in each specialized sector because the chapter 

is structured from generation fundamentals through power quality challenges to 

sophisticated control solutions. A combined finding of research gaps which directly 

drive the proposed academic effort is presented when the chapter reaches the end. 

2.2 Self-Excited Induction Generator-Based Microgrids 

Basic ideas of self-excitation were created through systematic nodal admittance 

analysis of the SEIG circuit [1]. Specialized professionals claim that stable terminal 

voltage build-up needs the capacitive reactive supply to be larger than machine 

magnetizing demand because this must happen at all operating frequencies [1]. A 

comprehensive survey of SEIG modelling methods including equivalent circuit 

analysis, d-q axis formulation, and iterative computational approaches subsequently 

identified dynamic reactive power compensation as the essential remediation for poor 

voltage regulation under variable loads, directly motivating the DSTATCOM 

architecture employed in the present work [2]. The practical design of low-cost SEIG 

systems for remote electrification was investigated to confirm cost and maintenance 

advantages over synchronous generators, subject to the availability of active 

compensation [3]. A VSC-based scheme for combined voltage and frequency control 

of a standalone wind-driven SEIG was presented and validated under balanced linear 

loads; however, harmonic distortion and unbalanced loading were not evaluated [4]. 

STATCOM-based voltage regulation for SEIGs under varying loads was demonstrated 

through simulation and experiment, though the study was restricted to balanced 

resistive-inductive conditions without consideration of nonlinear loading or power 

quality compliance [5]. 



2.3 DSTATCOM Applications and Power Quality Enhancement 

The Synchronous Reference Frame (SRF) theory was systematized as the principal 

analytical framework for active power conditioner reference current generation, 

demonstrating that dq-frame decomposition of load current into its fundamental active 

component and the residual reactive-harmonic remainder enables precise DSTATCOM 

compensation reference computation [6]. The instantaneous p-q theory was developed 

as a complementary approach operating directly in the αβ stationary frame; however, 

its sensitivity to PCC voltage distortion a critical limitation in isolated SEIG microgrids 

where the source voltage is itself distorted —was identified as a fundamental constraint 

[7]. A comparative evaluation of VSC current control strategies established that 

hysteresis current control offers the optimal combination of simplicity, inherent current 

limiting, and dynamic response for DSTATCOM applications, making it the strategy of 

choice in the present work [8]. Power quality improvement using DSTATCOM 

supported by BESS was demonstrated under nonlinear loads, but the conventional PI-

SRF control employed exhibited performance degradation under the distorted and 

unbalanced voltage conditions characteristic of isolated SEIG operation [9]. A model 

predictive control approach for a grid-integrated hybrid microgrid achieved tight DC-

link voltage regulation and low THD, but was limited to grid-connected operation and 

did not address islanded SEIG conditions [10]. 

2.4 Battery Energy Storage System Integration 

A three-level hierarchical control architecture for droop-controlled AC/DC microgrids 

with integrated energy storage established that primary droop control achieves 

autonomous power sharing, whilst secondary and tertiary layers provide frequency 

restoration and economic optimization the conceptual framework within which the PI-

regulated bidirectional DC-DC converter (BDC) of the present work is situated [11]. A 

closely related prior work presented DTOGI-CDSC-FLL-based synchronization and 

control of a WEC-PV-BESS distributed generation system, demonstrating superior 

power quality under distorted grid conditions [12]. However, that study addressed grid-

connected DG rather than islanded SEIG operation and employed an FLL rather than 

ANFIS for frequency control, leaving the specific challenges of isolated SEIG 

microgrid regulation unresolved. The shared DC-link architecture adopted in the 

present work wherein the BESS interfaces the DSTATCOM VSC DC bus through the 



BDC achieves real power balancing and reactive-harmonic compensation within a 

single conversion stage, maximizing energy conversion efficiency [9], [11]. 

2.5 Phase-Locked Loop Synchronisation Techniques 

A comprehensive review of the SRF-PLL documented its well-known degradation 

under unbalanced conditions, wherein negative-sequence voltage components produce 

double-frequency oscillations in the dq-frame that contaminate phase angle estimates 

and DSTATCOM reference currents [7]. A PLL structure based on the second-order 

generalized integrator (SOGI-PLL) was proposed, in which an adaptive bandpass filter 

at the fundamental frequency pre-processes the measured voltage prior to locking, 

substantially improving harmonic rejection; however, the second-order roll-off limits 

attenuation of low-order harmonics and DC offset [8]. Many people believe that 

standard PLL structures are weak when supply conditions vary and have distortion [9]. 

A necessary requirement for strong pre-filtering was shown for synchronization in 

distributed generation working applications because strong pre-filtering provides 

reliability [9]. MFLL showed very good performance outcomes when distortion is bad 

because MFLL uses many resonant filters for harmonic orders [10]. Computational 

complexity and parameter sensitivity increase when MFLL is used, even though MFLL 

works well under distortion [10]. Researchers have observed that DTOGI-PLL is better 

than all SOGI-based options for harmonic rejection and DC offset immunity [11]. 

DTOGI-PLL uses a third-order integrator structure while the implementation 

complexity stays in the middle [11]. Because DTOGI-PLL has these features, DTOGI-

PLL is the best selection for the distorted and unbalanced isolated SEIG environment 

of this study [11]. Table 2.1 presents the comparative performance benchmarking of 

these methods. Table 2.1 Comparative Analysis of PLL and Synchronisation 

Techniques 

Synchronisation 

Method 

Harmonic 

Rejection 

DC Offset 

Immunity 

Unbalance 

Handling 

Complexity 

SRF-PLL Poor Poor Poor Low 

SOGI-PLL Moderate Moderate Moderate Medium 

DSOGI -FLL Good Good Good Medium 

MFLL Very Good Good Good High 

DTOGI-PLL Excellent Excellent Excellent Medium High 

 

2.6 ANFIS-Based Intelligent Control for Power Systems 



A five-layer feed-forward network architecture integrating Takagi-Sugeno fuzzy 

inference with a hybrid gradient-descent and least-squares neural network learning 

algorithm was introduced for complex nonlinear system modelling and control, 

demonstrating faster convergence and better generalisation than pure backpropagation 

the ANFIS framework subsequently adopted in the present frequency controller [13]. 

The suitability of ANFIS for power electronic control was identified on the basis of its 

ability to model complex nonlinear input-output mappings with compact network 

structures while maintaining interpretability through the underlying fuzzy rule structure 

[14]. The critical advantage of ANFIS over fixed-parameter PI controllers in isolated 

microgrid frequency regulation arises from its nonlinear, operating-point-dependent 

control law: under large disturbances it delivers strong corrective action to arrest 

frequency deviation rapidly, whilst under small perturbations it avoids the overshoot 

and oscillation characteristic of high-gain PI controllers [13]. In the proposed system, 

frequency error e(k) = f* − f(k) and its rate of change Δ e(k) = e(k) − e(k−1) serve as 

the two ANFIS inputs, producing a correction signal that adjusts the BDC battery 

current reference to converge frequency within ±0.15 Hz of the 50 Hz nominal and 

below 0.01 Hz steady-state error representing a 57% reduction in post-disturbance 

ROCOF relative to conventional SRF-PLL-based control [12], [13]. 

2.7 Harmonic Mitigation and IEEE Standard 1547 Compliance 

Harmonic mitigation strategies in distribution networks span passive filters, active 

power filters, and hybrid configurations; passive approaches are constrained by fixed 

tuning and impedance sensitivity, whilst active power filters overcome these limitations 

through dynamic harmonic extraction and injection, with effectiveness determined by 

synchronization accuracy [6]. The p-q theory-based active filter performs comparably 

to SRF-based approaches under balanced conditions but deteriorates under distorted 

source voltages [7]. IEEE Standard 1547-2018 mandates a maximum source current 

THD of 5% at the PCC for all distributed generation interconnections, with individual 

harmonic limits for orders 3 through 49 [8]. In the proposed system, the uncompensated 

nonlinear diode bridge rectifier load produces source current THD of 21.4%, with the 

5th harmonic at 18.72% and 7th harmonic at 12.38% of fundamental — far exceeding 

compliance limits. The DTOGI-PLL–ANFIS controlled DSTATCOM reduces source 

current THD to 2.43%, an 89% reduction achieved with substantial margin below the 



IEEE 1547 threshold, surpassing outcomes reported in comparable SRF-PLL-based 

schemes [9], [12]. 

2.8 Critical Analysis and Research Gap Identification 

A critical synthesis of the reviewed literature exposes four principal deficiencies that 

collectively define the research problem of this dissertation. First, no prior work has 

integrated DTOGI-based synchronization with ANFIS frequency control within a 

unified intelligent control framework for an isolated hybrid PV–Wind–SEIG microgrid; 

whilst DTOGI-CDSC-FLL control has been demonstrated for grid-connected DG [12] 

and ANFIS has been applied in simpler configurations [13], their combination for 

islanded SEIG operation remains entirely unexplored. Second, the SRF-PLL is 

demonstrably inadequate for DSTATCOM control in isolated SEIG microgrids under 

nonlinear and unbalanced loads, as documented in [7] and [11], yet its replacement with 

a DTOGI-based synchronization structure in this specific application context has not 

been addressed. Third, existing studies treat voltage regulation, frequency control, and 

harmonic mitigation as isolated objectives; simultaneous achievement of all 

performance targets voltage regulation, frequency stability, THD ≤ 5%, near-unity 

power factor, and stable DC-link in a single islanded SEIG system under nonlinear 

loading is absent from the literature [5], [9]. Fourth, quantitative comparative 

evaluation of DTOGI-ANFIS against SRF-PLL under dynamic load disturbances in an 

isolated SEIG microgrid, with metrics such as ROCOF, frequency deviation bounds, 

and transient THD, has not been reported. 

2.9 Summary 

This chapter has presented a critically evaluated synthesis of literature across all 

domains pertinent to the present dissertation SEIG modelling, DSTATCOM control, 

BESS integration, PLL synchronization DTOGI signal processing, ANFIS intelligent 

control, and IEEE 1547 harmonic compliance. The review has established that, whilst 

significant individual advances exist in each domain, no prior work has unified DTOGI-

PLL synchronization with ANFIS frequency control for the comprehensive power 

quality regulation of an isolated hybrid PV–Wind–SEIG microgrid under nonlinear and 

unbalanced loading. The four identified research gaps absence of a unified DTOGI-

ANFIS architecture for islanded SEIG systems, SRF-PLL inadequacy under distorted 

SEIG conditions, lack of simultaneous multi-objective regulation, and missing 



quantitative comparative benchmarking collectively define the research problem that 

the proposed intelligent control framework, detailed in Chapter 3, is designed to 

resolve.  



CHAPTER 3 

SYSTEM CONFIGURATION AND CONTROL METHODOLOGY 

 

3.1 Introduction: 

The advanced control of isolated hybrid renewable energy systems is essential to ensure 

reliable operation. It is a control framework that can maintain voltage stability, 

frequency regulation, and control of harmonics. Under varying load conditions, 

mitigation, reactive power compensation and dynamic power balancing. operating 

conditions. With stand-alone microgrids using renewable sources of energy, absence of 

a stiff utility grid significantly increases the sensitivity of the system towards Nonlinear 

loading, source intermittencies and transient disturbances. These challenges in SEIG-

based systems become more severe due to the presence of the following: The voltage 

and frequency output are highly sensitive to the value of the excitation capacitance, The 

rotor speed, and load characteristics. With the proposed hybrid PV–Wind–SEIG micro-

grid configuration, the electrical power produced by the PV and wind energy systems 

are stored in the SEIG. Supplied to a combination of linear and nonlinear loads from a 

common AC bus. Since the PV system and SEIG with wind-driven system are subjected 

to the variation of the environment. Under conditions, the power produced is very 

intermittent. Consequently, significant Voltage fluctuations, frequency deviations, 

Reactive power imbalance and harmonic distortions are seen at the Point of Common 

Coupling (PCC). To overcome these limitations, an intelligent coordinated control 

strategy is designed with the DSTATCOM interfaced Battery Energy Storage System 

(BESS). Control Systems (PLL) are other key components of the current design. Other 

key components of the current design include the Energy Storage System (BESS), 

DTOGI-PLL synchronisation algorithm and ANFIS-based Control Systems (PLL). 

frequency controller has been implemented. 

The proposed control methodology performs the following major functions: 

• Synchronisation of the isolated microgrid under distorted conditions. 

• Harmonic extraction and compensation 

• Voltage regulation at PCC. 

• Frequency stabilisation under dynamic loading. 

• Active and reactive power balancing. 



• DC-link voltage regulation. 

• Reference current generation for DSTATCOM. 

• Battery charging/discharging coordination. 

• Extraction of maximum solar power using MPPT. 

• Maintenance of IEEE-1547 harmonic compliance. 

The overall control system is designed in MATLAB/Simulink with a discrete with 

a sampling time of 5 ×10−6 s. The proposed intelligent controller combines the 

performance of Dual Third-Order Generalized Integrator Phase-Locked Loop. With 

adaptive learning capabilities of the Adaptive Neuro-Fuzzy Inference (DTOGI-

PLL). The paper presents the use of Artificial Neural Network (ANFIS) to enhance 

the dynamic response and power quality under severe periodic load changes. 

operating disturbances. 

3.2 Overall System Configuration 

 

Fig.3.1 Configuration of distributed wind–PV microgrid system 

TABLE 3.1 
Machine Rating & Parameters of The Proposed Wind-PV Microgrid Configuration 

S.No. Quantity Parameters 

1. 

SEIG and 
interfacing 
inductors 

3-ϕ, 4-Pole, 3.73 kW, 415 V, 

50 Hz, Y connected.Rs =
1.405 Ω, Rr = 1.39 Ω, Ls =
 Lr =  7.8 mH, Inertia = 

0.138 J(Kg.m2), Friction 

factor = 0 F (N .m .s), Pole 

pairs = 2 



2. SPV array VPV = 210V, IPV = 12A 

3. BESS 400 V, 7.5 Ah 
4. Non-linear 

Load 
R = 18 Ω, L = 0.12 H 

5. Controller 
parameters 

PI controller – in Vt  control 
loop, kp = 0.5 and ki =  6 

6. Temperature 35o  - 20o C 
7. Wind Speed  19 m/s 
8. Irradiance 1000 W/m2 – 750 W/m2 

 

The proposed isolated hybrid renewable energy system consists of the following 

subsystems: 

• Wind turbine-driven SEIG  

• Solar photovoltaic (SPV) array 

•  Battery Energy Storage System (BESS) 

•  DSTATCOM-based Voltage Source Converter (VSC) 

•  Bidirectional DC–DC converter 

•  Nonlinear load  

• DTOGI-PLL synchronisation controller 

•  ANFIS frequency controller 

•  Hysteresis Current Controller (HCC) 

The Table 3.1 signifies the system parameters and specifications of the model, which is 

prescribed in the Fig. 3.1. The overall system architecture is based on a three-phase 

three-wire isolated microgrid arrangement. The main generation unit is the SEIG driven 

by a variable speed wind turbine. The extra active power is injected by SPV system 

through Boost Converter controlled by INC MPPT technique. 

The Battery Energy Storage System is connected to the common DC-link through a 

bidirectional DC–DC converter. The BESS is to keep the power balance in case of 

fluctuations of renewable power and load transients. The DSTATCOM injects 

compensating currents in the PCC for suppression of harmonics and reactive power 

support. 

The nonlinear load is modelled as three phase uncontrolled diode bridge rectifier 

feeding RL load which add significant harmonic distortion to the system. 

The proposed controller continuously monitors: 

• Source voltage 



•  Source current 

•  Load current  

• Converter current 

•  DC-link voltage  

•  Battery current 

•  Frequency 

Based on these measured signals, the controller generates switching pulses for the VSC. 

3.3 Introduction of Proposed Control Methodology 

The proposed control methodology integrates:  

• DTOGI-PLL synchronisation technique  

•  ANFIS-based intelligent frequency controller  

• DSTATCOM current compensation  

• BESS coordinated control  

• INC-MPPT-based PV power extraction 

The control algorithm is composed of harmonic filtering and positive sequence 

extraction under distorted operation conditions. 

Stage 1: Signal Acquisition 

The following signals are continuously sensed: 

• Source voltages  

• Source currents  

• Converter currents  

• Load currents  

• DC-link voltage  

• Battery current 

These measured quantities form the input to the controller. 

Stage 2: Clarke Transformation 

The three-phase signals are converted into components of stationary reference frame. 

The Clarke transformation equations are: 
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Stage 3: DTOGI Filtering 

The DTOGI filter extracts: 

• Fundamental component 

• Positive sequence component 

• Quadrature signals 

The DTOGI filter effectively rejects: 

• Harmonics 

• DC-offset 

• Noise 

• Unbalance 

Stage 4: PLL Synchronisation 

The PLL estimates: 

• Frequency 

• Phase angle 

• Grid synchronisation variables 

Stage 5: ANFIS Frequency Control 

The ANFIS controller processes: 

• Frequency error  

• Change in frequency error 

It generates adaptive frequency correction signals. 

Unlike conventional controllers, ANFIS continuously updates control behaviour based 

on operating conditions. 

Stage 6: Unit Vector Generation 

In-phase and quadrature unit templates are generated for: 

• Active current extraction  

• Reactive current extraction 

• Reference current generation 

Stage 7: Reference Current Calculation 

Reference compensating currents are calculated for: 

• Harmonic elimination 

• Reactive power compensation 

• Current balancing 



Stage 8: Hysteresis Current Control 

The HCC compares: 

• Actual source current  

• Reference source current 

 

Advantages of Proposed Control Methodology 

The proposed control offers: 

• Fast synchronisation 

•  Low steady-state error  

• Excellent harmonic suppression 

• Frequency stability  

• Better disturbance rejection  

• Adaptive control performance  

• Robust operation under nonlinear loading 

3.4 DSTATCOM and DC-Link Capacitor 

The Distributed Static Compensator (DSTATCOM) is a shunt connected custom power 

device widely used in modern power systems for enhancing power quality and 

maintaining system stability under different operating conditions. Standalone 

renewable energy based microgrid with nonlinear loads and intermittent generation 

creates serious challenges like voltage fluctuation, reactive power imbalance, harmonic 

distortion and low power factor. These problems are more pronounced in Self-Excited 

Induction Generator (SEIG) based systems as the generated voltage and frequency are 

highly dependent on load characteristics and excitation conditions. Therefore, a 

DSTATCOM is used in the proposed hybrid PV–Wind–SEIG microgrid for the 

instantaneous compensation of reactive power demand and mitigation of power quality 

disturbances at the Point of Common Coupling (PCC). 

The DC-link capacitor is the energy storage element on the DC side of the Voltage 

Source Converter (VSC) and is critical to the stable operation of the converter. It is an 

intermediate energy reservoir between the AC and DC parts of the system. The 

capacitor stores energy when there is an excess of power generation and releases energy 



when additional power is needed for compensation. The energy exchange between the 

converter and the AC system is continuous and consequently the DC-link voltage will 

naturally fluctuate. Therefore, the current compensation and proper operation of the 

converter require a constant DC-link voltage. 

The DC-link capacitor also supplies the active power needed to compensate for the 

switching losses in the converter, and to meet the transient power demands during 

abrupt changes in load conditions or renewable generation. If the DC-link voltage is 

too far from its reference value, the converter may fail to create the required 

compensating voltages and currents, thus resulting in poor harmonic cancellation and 

degradation in dynamic performance. As a result, a control loop is used to continuously 

measure and control the DC-link voltage around its reference. 

The proposed control architecture is based on a Battery Energy Storage System (BESS) 

connected to the common DC-link through a bidirectional DC-DC converter. The BESS 

and DC-link capacitor are coordinated to work together to improve the system stability 

by balancing the power during the fluctuating wind and solar generation. In the excess 

renewable power period, the battery stores the excess power and charges the DC-link, 

and in the power deficit period, the battery discharges and provides the required active 

power. The coordinated control greatly improves the transient response, reduces the 

frequency deviations, enhances the voltage regulation ability, and allows the isolated 

microgrid to operate stably under dynamic loading conditions. 

Hence, the proposed power conditioning scheme is based on the combined operation of 

the DSTATCOM and DC-link capacitor, which ensures effective reactive power 

support, harmonic compensation, voltage stabilisation and improved power quality 

performance in the isolated hybrid PV–Wind–SEIG microgrid. 

3.5 DTOGI-PLL Synchronization Technique 

 



Fig.3.2 DTOGI-PLL Control Algorithm 

The fig.3.2 showcases the implemented control algorithm required for the model, which 

is illustrated in fig.3.1. The synchronisation unit is an important part in both grid 

connected and isolated distributed generation systems in order to determine the correct 

value of frequency, phase angle, and amplitude of fundamental component of the 

system under different operating conditions. When measuring the voltage and current 

waveforms in a hybrid renewable energy system (such as a standalone microgrid with 

nonlinear loads and variable renewable generation), harmonics, unbalance, switching 

noise, and DC offset are common sources of distortion. The conventional 

synchronisation methods like the Synchronous Reference Frame Phase-Locked Loop 

(SRF-PLL) do not perform well in the presence of these conditions due to the presence 

of oscillations and inaccuracy in frequency estimation. Thus, an advanced 

synchronisation technique using Dual Third-Order Generalized Integrator Phase-

Locked Loop (DTOGI-PLL) is used to synchronise the proposed microgrid system. 

The main function of the DTOGI-PLL is to isolate the basic positive sequence 

component of the distorted current signal and to generate accurate values of frequency 

and phase needed for the reference current generation in the control system of the 

DSTATCOM. Compared to the conventional PLL structures, DTOGI-PLL has 

enhanced harmonic filtering ability, DC-offset rejection characteristics and enhanced 

dynamic response under transient operating condition. This method automatically 

adjusts itself to frequency changes and generates good synchronization under severe 

nonlinear loading conditions  

The general idea behind DTOGI-PLL is that three phase measured signals are converted 

to stationary reference frame quantities, filtered through Third-Order Generalized 

Integrator (TOGI) filters, and then sent to the PLL. The DTOGI filter produces in-phase 

and quadrature signals and these are then processed to obtain the positive sequence 

components. 

First the measured three phases are transformed to stationary reference frame αβ 

according to Clarke transformation: 
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Where: 

𝑖𝑎, 𝑖𝑏 and 𝑖𝑐 are three phase currents.  



𝑖𝛼, 𝑖𝛽 are stationary current components. 

The DTOGI filter is then applied on the filtered signals. The transfer function of Third-

Order Generalized Integrator can be expressed as: 

H(S) =
N(S)

S3+a2S2+a1S+ao
        (3.3) 

where N(s) = Kwos
2 

• K = gain constant  

• 𝜔0= fundamental angular frequency  

• 𝑎1, 𝑎2= filter parameters determining bandwidth 

The TOGI filters are used to obtain the filtered iα and iβ currents (  iα
1  and iβ

1) as well as 

their quadrature values (qiα
1  and qiβ

1). The transfer function is written as for the filter. 

The transfer function for the in-phase component of DTOGI is given by: 

D(s) =
iα,β
1

iα,β
=

a1w
2s

s3+a2ws2+(a1+1)w2s+a2w3     (3.4) 

Similarly, the quadrature signal transfer function becomes: 

Q(s) =
qiα,β
1

iα,β
=

w

s
D(s) =

a1w
2s

s3+a2ws2+(a1+1)w2s+a2w3
    (3.5) 

The DTOGI filter generates: 

• Filtered in-phase signals: iα
1  and iβ

1  

• Filtered quadrature signals: qiα
1  and qiβ

1  

The filtered signals are then processed with the Positive Sequence Evaluator (PSE) to 

get the components of the fundamental frequency positive sequence (FFPS). The 

positive sequence extraction equations are: 

iα
+ =  0.5(iα

′  - qiβ
′ )       (3.6) 

iβ
+ =  0.5(iβ

′  + qiα′ )       (3.7) 

The extracted positive sequence components will only have fundamental balanced 

quantities and will not contain the harmonic or the negative sequence components. 

The extracted signals are then converted to the rotating dq synchronous reference frame 

as follows: 

[
𝑖𝑑
𝑖𝑞
]  =  [

cos 𝜃 sin 𝜃
−sin 𝜃 cos 𝜃

] [
iα
+

iβ
+]       (3.8) 



Where : 

• 𝑖𝑑 = direct-axis component 

• 𝑖𝑞 = quadrature-axis component 

• 𝜃 = estimated phase angle 

The direct-axis component represents the active power component, whereas the 

quadrature-axis component represents the reactive power component. 

The PLL performs frequency estimation in the system using the quadrature axis 

component in a control loop estimation.  

The phase angle is calculated by numerical integration of the estimated angular 

frequency: 

𝜃 =  ∫𝑤𝑑𝑡          (3.9) 

The angular frequency is related to system frequency as: 

𝑤 =  2𝜋𝑓          (3.10) 

The coordinate transformation process is continuously estimated by the phase angle, so 

that a closed-loop synchronisation mechanism is formed. 

The complete DTOGI-PLL operation can be summarised in the following sequence: 

Step 1: Measure three-phase voltages and currents at PCC. 

Step 1: Measure three-phase voltages and currents at PCC. 

Step 2: Apply Clarke transformation to obtain αβ components. 

Step 3: Pass αβ components through DTOGI filter. 

Step 4: Generate in-phase and quadrature filtered signals. 

Step 5: Extract positive sequence fundamental components. 

Step 6: Transform positive sequence components into dq frame. 

Step 7: Estimate phase angle and frequency. 

Step 8: Generate synchronisation signals for reference current computation. 

The major advantages of DTOGI-PLL over conventional SRF-PLL include: 

• Better harmonic rejection capability 

• Effective DC-offset elimination 

• Reduced steady-state oscillation 

• Fast dynamic response 

• Improved frequency estimation accuracy 

• Robust performance under unbalanced loading 



• Enhanced synchronisation under distorted operating conditions 

Thus, the DTOGI-PLL synchronisation technique significantly enhances the 

performance of the DSTATCOM control system, and guarantees stable operation of the 

isolated hybrid PV–Wind–SEIG microgrid under various operating conditions. 

3.6 Adaptive Neuro Fuzzy Inference System (ANFIS) 

Adaptive Neuro-Fuzzy Inference System (ANFIS) is an intelligent control technique, 

which combines the learning capability of Artificial Neural Networks (ANN) and fuzzy 

logic reasoning capability of Fuzzy Logic Systems (FLS). Combining the two 

methodologies allows the controller to handle the nonlinear and uncertain system 

which, in particular cases, may be hard to obtain the exact mathematical representation. 

The operating conditions of Self-Excited Induction Generator (SEIG), the wind speed, 

and solar irradiance, as well as the nonlinear load demand, continuously change in 

renewable energy based isolated microgrids. Therefore, the control performance of 

conventional controllers such as Proportional-Integral (PI) controllers can be 

insufficient in some cases, because the gains of the controllers are fixed irrespective of 

operating conditions. 

The ANFIS controller overcomes these limitations by adjusting the parameters of the 

controller based on the changing conditions of the system. It is constantly learning from 

system behaviour and adjusting the control output to reduce the error. As the frequency 

deviation is very sensitive to the renewable power fluctuations and load disturbances, 

ANFIS is used for frequency regulation in the proposed hybrid PV–Wind–SEIG 

microgrid. 

The ANFIS controller receives two input variables: 

➢ Frequency error 

➢ Change in frequency error 

The frequency error is defined as: e(k) =  f ∗ −  f(k)   (3.11) 

Where: 

f ∗= reference frequency (50 Hz) 

f(k)= measured system frequency 

The change in frequency error is expressed as: 



∆e(k) =  e(k) −  e(k − 1)       (3.12) 

Where: 

e(k − 1) = previous frequency error 

The output of ANFIS generates a control signal for frequency correction. 

The ANFIS architecture generally consists of five layers: 

Layer 1: Fuzzification layer 

Input variables are converted into fuzzy quantities. 

Layer 2: Rule layer 

Firing strengths of fuzzy rules are computed. 

Layer 3: Normalisation layer 

Rule strengths are normalised. 

Layer 4: Defuzzification layer 

Individual rule outputs are generated. 

Layer 5: Output layer 

Overall output is computed. 

The ANFIS output is used to regulate the microgrid frequency under dynamic operating 

conditions. 

3.6.1 Membership Function 

The membership function is one of the key components of the Adaptive Neuro-Fuzzy 

Inference System (ANFIS) which is used to transform numerical inputs into fuzzy 

linguistic variables for decision making. The ANFIS controller uses the frequency error 

and frequency error change as the input variables for the proposed hybrid PV–Wind–



SEIG microgrid. If these signals are directly processed, the continuous change of these 

inputs caused by the variations of the renewable generation and load conditions may 

not lead to accurate control action. 

In the proposed ANFIS controller, Gaussian membership functions are used because 

they provide: 

➢ Smooth nonlinear transition 

➢ Better learning capability 

➢ Continuous differentiability 

➢ Fast convergence 

➢ Improved stability 

Membership function shows the degree of the input variable belonging to the fuzzy set. 

In classical logic a value is either a member of a set or it is not in the set but in fuzzy 

logic partial membership is possible in the range. 

0 ≤ 𝜇(𝑥) ≤ 1         (3.13) 

Where: 

• 𝜇(𝑥)  = degree of membership 

• 𝑥 = input variable 

If: 

• 𝜇(𝑥)  = 0, the variable does not belong to the fuzzy set. 

• 𝜇(𝑥)  = 1, the variable completely belongs to the fuzzy set. 

• 0 < 𝜇(𝑥) < 1, the variable partially belongs to the fuzzy set.  

For example, if the microgrid frequency error is very small, the controller can identify 

it as “Zero” or “Positive Small” with different degrees of membership. Therefore, the 

ANFIS controller provides a smooth and continuous control behavior, rather than 

abrupt changes in control action. 

The performance of the controller depends largely on the choice of an appropriate 

membership function since it decides the sensitivity and learning ability of the system. 

An incorrect choice of a membership function may lead to an increase of the steady 

state error, oscillations and a decrease of the system stability. Therefore, membership 



functions need to be appropriately chosen according to the nature of the application and 

system dynamics. 

3.6.2 Rule Base Design 

The design of the rule base is regarded as the decision-making part of the Adaptive 

Neuro-Fuzzy Inference System (ANFIS). It employs a set of fuzzy IF-THEN rules to 

define a logical relationship between the input variables and the corresponding output 

control action. The main purpose of the rule base is to understand the operating 

condition of the system and then provide an appropriate control response. The 

frequency error and change in frequency error are given to the ANFIS rule base for 

producing a corrective signal to control the frequency for the proposed hybrid PV – 

Wind – SEIG microgrid. 

The performance of the ANFIS controller is very sensitive to the optimal design of the 

rule base determining the controller response under different operating conditions. The 

rule base is the knowledge of the system, expressed in the form of linguistic description, 

and simulates the reasoning behaviour of human decision makers in uncertain and 

nonlinear environments. The hybrid microgrid is subjected to time-varying conditions 

due to the fluctuation of wind speed, solar irradiance, and load demand. Hence, the rule 

base offers an adaptive control action without an accurate mathematical model. 

The ANFIS proposed is based on the sugeno-type fuzzy inference due to its simple 

structure, low computation, and suitability for adaptive learning applications. In this 

method, each fuzzy rule is composed of an antecedent part and a consequent part. The 

antecedent part describes the input conditions, while the consequent part specifies the 

corresponding output action. 

3.6.3 ANFIS Training Process 

The training process of Adaptive Neuro-Fuzzy Inference System (ANFIS) is used to 

build the learning capability of the controller by adjusting automatically the internal 

parameters of the controller according to the operating behaviour of the system. The 

main objective of the training procedure is to obtain an optimum nonlinear relationship 

between the input variables and the output control action which will allow the controller 



to respond to various operating conditions. The proposed hybrid system comprised of 

PV–Wind–SEIG microgrid is implemented, which is trained by the ANFIS controller 

for the regulation of the system frequency under different renewable generations and 

loads. The controllers of a fixed parameter type are not able to ensure satisfactory 

performance for all operating conditions because the operation of renewable energy 

systems is nonlinear and uncertain. Thus, ANFIS has an adaptive learning mechanism 

that fine-tunes its parameters on the basis of the observed system behaviour. 

To train the ANFIS model, a massive dataset of the input-output values is gathered from 

microgrid dynamic operations under different loads, wind speed variations, solar 

irradiance changes, and transient disturbances. Frequency error and change in 

frequency error are considered as the input variables for the proposed controller and the 

output variable is the control signal for frequency correction required. In training, the 

ANFIS controller examines the relationship between the above variables and decides 

upon the most appropriate fuzzy inference structure to describe the system behavior. 

The learning process of ANFIS is a combination of the properties of artificial neural 

network and fuzzy logic system. Neural networks can learn patterns from data, and 

fuzzy systems can have decision-making capability based on linguistic rules. In the 

learning algorithm, both the parameters of the premise of the membership functions and 

the parameters of the consequent of the fuzzy rules are adjusted. Hence, the controller 

continues to get better at predicting the outputs and reduces the difference between the 

actual output and the desired output. 

3.7 Voltage Amplitude Evaluation and Unit Template Generation 

Because they provide the necessary synchronization signals for reference current 

production and coordinated control of the DSTATCOM, voltage amplitude evaluation 

and unit template creation are crucial components of the suggested control approach. 

This procedure's goal is to produce normalized sinusoidal unit vectors that, under 

various operating circumstances, stay in sync with the system voltage. In order to 

calculate reference source current, these unit vectors are also used in the extraction of 

active and reactive current components. 



The observed three-phase voltages at the Point of Common Coupling (PCC) in the 

proposed hybrid PV–Wind–SEIG microgrid may be affected by nonlinear loads, 

variations in renewable power, and brief disruptions. Therefore, the controller has to 

ascertain the true size of the basic voltage component before creating unit templates. 

Precise estimate of voltage amplitude guarantees appropriate reference current 

generation and enhances the efficiency of voltage control and harmonic correction. 

Initially, the three-phase instantaneous voltages at PCC are represented as: 

va  = voltage of phase a 

vb  = voltage of phase b 

vc  =  voltage of phase c 

The instantaneous voltage amplitude of the three-phase system is evaluated as: 

Vt = √0.666(vsa2 + vsb
2 + vsc2 )      (3.14) 

Where:  

Vt = instantaneous terminal voltage magnitude 

By computing the root mean square equivalent value of the three-phase voltages, the 

aforementioned equation establishes the magnitude of the basic voltage component. 

The controller continually updates the computed voltage amplitude to enable precise 

tracking of fluctuations brought on by shifting operating circumstances. 

The observed phase voltages are normalized to produce in-phase unit vectors once the 

voltage magnitude has been assessed. Sinusoidal signals with unit magnitude and the 

same phase as the system voltages are represented by these unit vectors. 

The instantaneous voltages are divided by the voltage amplitude (Vt ) to get the unit 

vectors: 

Upa = 
vsa

Vt

Upb = 
vsb

Vt

Upc = 
vsc

Vt }
 
 

 
 

         (3.15) 



Upa, Upb, Upc are in-phase unit vectors. 

In-phase vectors are used to compute the quadrature unit's voltage templates, which 

are then assessed as follows: 

Uqa = (− Upb + Upc) √3⁄

Uqb = (3Upa + Upb − Upc) ∕ 2√3

Uqc  =  (− 3Upa + Upb − Upc) ∕ 2√3

}     (3.16) 

Uqa, Uqb, Uqc are quadrature unit vectors 

The reactive component of current is represented by the quadrature unit vectors, which 

are orthogonal to the in-phase unit vectors. The phase shift needed for reactive power 

compensation is provided by these vectors. 

In the coordinated control process, the created unit templates are crucial. The respective 

current magnitudes are multiplied by these unit vectors to generate the active and 

reactive components of reference source currents. 

The active reference current component is obtained as: 

 

𝑖𝑝
∗  =  𝐼𝑝 Upa         (3.17) 

Similarly, the reactive reference current component becomes: 

𝑖𝑞
∗  =  𝐼𝑞 Uqa         (3.18) 

The total reference source current is therefore expressed as: 

𝑖𝑠
∗ = 𝑖𝑝

∗  +  𝑖𝑞
∗          (3.19) 

  The Hysteresis Current Controller is then used to create switching pulses for the 

Voltage Source Converter using the generated reference currents. 

 

The use of voltage amplitude estimation and unit template generation offers several 

advantages in the proposed microgrid: 

• Accurate synchronisation under distorted conditions 

• Improved harmonic compensation 

• Better reactive power control  

• Stable voltage regulation  

• Reduced current distortion 

• Enhanced converter current tracking capability  

• Improved dynamic response 

 



3.8 Gate Pulse Generation 

 

Fig.3.3 Pulse Generation  

The fig.3.3 showcases the gate pulse generation required for the model, which is 

illustrated in fig.3.1Because it regulates the switching function of the Voltage Source 

Converter (VSC)-based DSTATCOM and assesses the efficacy of current 

compensation in the hybrid PV–Wind–SEIG isolated microgrid, the gate pulse 

generating process is an important component of the suggested control approach. In 

order for the DSTATCOM to inject the proper compensatory currents into the Point of 

Common Coupling (PCC) for harmonic reduction, reactive power compensation, 

voltage regulation, and frequency stabilization, the produced switching pulses control 

the functioning of converter switches. 

Before producing the final switching signals, the recorded electrical variables are 

processed through many steps by the gate pulse generation mechanism used in the 

suggested system, which employs a coordinated control technique. The adaptive hybrid 

filtering step receives the distorted source and load current signals first, reducing noise 

disturbances and harmonic components. Before creating reference currents, the 

fundamental component must be extracted since nonlinear loading circumstances cause 

the measured currents to have both fundamental and harmonic components. 

The controller uses Sample-and-Hold (S/H) circuits and Zero Crossing Detectors 

(ZCDs) to accurately extract the basic current component after the filtering step. The 

Zero Crossing Detector continually scans the input waveform to identify the moment 

the signal crosses the zero-reference axis and changes polarity. Because they show the 

start and finish of one & half cycle of the signal waveform, these zero-crossing instants 



are significant. The control signals produced by the identified crossing locations 

synchronize the Sample-and-Hold circuits' operations. 

During each running cycle, the peak value of the filtered current signal is recorded and 

stored by the Sample-and-Hold circuit. The Sample-and-Hold block records the 

associated signal value and keeps it constant until the next sampling moment happens 

after the Zero Crossing Detector determines the proper sampling instant. This method 

lessens the impact of harmonics and high-frequency disturbances while accurately 

extracting the basic active and reactive current components. As a result, the controller 

receives steady, smooth current indications that may be processed further. 

The synchronization signals from the DTOGI-PLL unit are then mixed with the 

extracted current components. Synchronized in-phase and quadrature unit vectors that 

stay in line with the basic system voltage are provided by the DTOGI-PLL. These unit 

vectors help separate the components of active and reactive current while maintaining 

phase information. While the reactive current component is linked to voltage 

management and reactive power compensation, the active current component is linked 

to actual power transfer and frequency regulation. 

The ANFIS controller receives the frequency error that results from the system's 

continual comparison of the frequency data with the reference frequency. After 

processing this mistake, the ANFIS controller produces an adaptive correction signal 

based on the operating circumstances of the system. In contrast to traditional fixed-gain 

controllers, the ANFIS controller enhances dynamic responsiveness by adjusting its 

output in reaction to changes in system behavior. 

The instantaneous reference source currents are obtained by multiplying the active and 

reactive current components produced by the control mechanism by their corresponding 

in-phase and quadrature unit templates. The optimal source current waveforms that 

should pass through the system under compensated operating circumstances are 

represented by these reference currents. 

The Hysteresis Current Controller (HCC) receives the produced reference currents and 

compares them to the source currents. In order to keep the inaccuracy within the upper 

and lower hysteresis limits, the HCC continually measures the difference between the 

real and reference currents. Switching instructions are instantly produced for the 

converter switches once the current error surpasses these limits. 

As a result, the pulse generating mechanism continually modifies the switching states 

of the Voltage Source Converter's six IGBT devices. To ensure that the converter output 



current precisely matches the reference current trajectory, the controller turns 

individual switches ON or OFF based on the immediate magnitude of current error. The 

DSTATCOM can dynamically inject the necessary compensatory current into the PCC 

thanks to this procedure. 

Accurate gate pulse generation under various operating situations is ensured by the 

coordinated functioning of the adaptive filter, Zero Crossing Detector, Sample-and-

Hold circuit, DTOGI–PLL synchronization unit, ANFIS controller, and Hysteresis 

Current Controller. The suggested hybrid PV-Wind-SEIG isolated microgrid's overall 

power quality performance is much improved by this coordinated control structure, 

which also reduces harmonic distortion, increases dynamic responsiveness, and 

improves current tracking capabilities. 

 

3.9 MPPT Control Method for SPV Generation 

One of the main renewable energy sources used in the proposed hybrid PV–Wind–

SEIG microgrid to provide active power to the load and enhance overall system 

dependability is the Solar Photovoltaic (SPV) system. However, environmental factors 

like sun irradiation and cell temperature have a significant impact on a photovoltaic 

array's output characteristics. The voltage and current produced by the PV array are 

constantly changed by variations in these parameters, resulting in variations in output 

power. As a result, the energy utilization efficiency is decreased since the photovoltaic 

system does not always run at its maximum power point. 

The suggested approach uses a Maximum Power Point Tracking (MPPT) technique to 

get around this restriction. Regardless of shifting meteorological circumstances, the 

MPPT controller's main goal is to constantly harvest the most power possible from the 

solar array. By regulating the duty cycle of the DC–DC boost converter linked between 

the PV system and the common DC-link, the MPPT algorithm continually modifies the 

PV array's operational point. 

A photovoltaic array's power-voltage characteristic is nonlinear and has a special 

operating point called the Maximum Power Point (MPP), where the output power 

produced reaches its maximum. Power production is reduced when this operational 

point is deviated from. As a result, the MPPT controller moves the operating point in 

the direction of the maximum power area while continually monitoring the PV voltage 

and current. 



The Incremental Conductance (INC) MPPT approach is used in the proposed hybrid 

microgrid system because to its enhanced tracking capabilities and increased 

performance under situations of rapidly changing irradiance. The Incremental 

Conductance approach reduces oscillations around the operating point and offers 

quicker convergence towards the maximum power point. 

The slope of the PV power-voltage characteristic curve serves as the foundation for the 

Incremental Conductance algorithm's fundamental working concept. The power curve's 

slope drops to zero at the highest power point. Consequently, the link between 

incremental conductance and instantaneous conductance may be used to estimate the 

PV system's working state. 

The PV array, which is intended to provide 3.6 kW of electricity, consists of six series 

and two parallel modules. When solar irradiance fluctuates, the BDC converter is 

controlled by an INC-based MPPT algorithm while the VSC maintains the DC link 

voltage (vdc) at 400 V. The following relation is used to determine the buck boost 

converter's duty cycle (DC): 

DC = 1 − 
Vdc

Vpv
⁄         (3.20) 

Here, the output voltage of the maximum power point tracking(MPPT) controller based 

on the incremental conductance(INC) technique is denoted by Vpv. The incremental 

conductance (INC) technique generates the duty cycle for the bidirectional DC-DC 

converter(BDC). The maximum power point (MPPT) can be determined using the 

following relationship; 

dP′

dV′
 =  

d(V′ ∗ I′)

dV′
 =  I′ + V′ 

dI′

dV′
       (3.21) 

The value of  MPP when 
dP′

dV′
 and 

dI′

dV′
 = −

I′

V′
 : 

dP′

dV′
> 0 then 𝑉𝑝

′  <  𝑉𝑚𝑝𝑝
′  

dP′

dV′
  =0 then 𝑉𝑝

′  =  𝑉𝑚𝑝𝑝
′  

dP′

dV′
 < 0 then 𝑉𝑝

′  >  𝑉𝑚𝑝𝑝
′  

 

3.10 BDC control Strategy 



Under varying operating conditions of the proposed hybrid PV–Wind–SEIG microgrid, 

the generated power from renewable sources continuously changes because of 

fluctuations in wind speed and solar irradiance. Since renewable generation is 

inherently intermittent, the generated power may not always match the load demand. 

During excess power generation conditions, surplus energy becomes available within 

the system, whereas during insufficient generation conditions, power deficiency occurs. 

These variations may produce voltage fluctuations, frequency deviations, and 

instability in the DC-link voltage. Therefore, a Battery Energy Storage System (BESS) 

integrated through a bidirectional DC–DC converter (BDC) is employed to maintain 

power balance and ensure stable operation of the microgrid. 

The Battery Energy Storage System acts as an energy balancing unit by storing excess 

energy during low demand conditions and supplying stored energy during high demand 

periods. The bidirectional DC–DC converter provides controlled power exchange 

between the battery and the common DC-link. The converter operates in two different 

modes depending upon system requirements: 

• Battery charging mode 

• Battery discharging mode 

During excess renewable generation conditions, when generated power exceeds load 

demand, the DC-link voltage tends to increase because additional energy accumulates 

on the DC side. Under this condition, the bidirectional converter operates in charging 

mode and transfers excess energy from the DC-link to the battery. Consequently, battery 

charging takes place and the DC-link voltage is restored to its reference value. 

Conversely, during insufficient renewable generation conditions or sudden load 

increase, the DC-link voltage begins to decrease due to increased power demand. Under 

such operating conditions, the bidirectional converter changes its mode of operation 

and allows the battery to discharge its stored energy into the DC-link. This process 

supports system power requirements and stabilises the DC-link voltage. 

Therefore, the bidirectional converter acts as an intelligent interface between the battery 

and DC-link by regulating the direction and magnitude of power flow according to 

system operating conditions. 



The control strategy of the Battery Energy Storage System is primarily based on 

maintaining a constant DC-link voltage because stable DC-link operation is essential 

for proper functioning of the Voltage Source Converter (VSC). Any significant 

deviation in DC-link voltage affects converter output voltage generation and 

consequently deteriorates current compensation performance. 

The actual DC-link voltage is continuously measured and compared with the reference 

DC-link voltage to determine the voltage deviation present within the system. This 

deviation indicates the amount of additional power required to maintain system 

stability. 

The DC-link voltage error is obtained as: 

V′dce(s) =  V′dcref(s − 1)  − V′dc(s)      (3.22) 

Where: 

• V′dcref = reference DC-link voltage  

• V′dc = measured DC-link voltage  

• V′dce = DC-link voltage error 

The generated error signal is subsequently processed through a Proportional–Integral 

(PI) controller. The PI controller continuously monitors both the present value of 

voltage error and accumulated past error in order to minimise deviations effectively. 

The control equations for the BDC are presented below: 

i′bref(s) = i′bref(s − 1) + kp(V
′′dce(s) − V′dce(s − 1)) + kiV′dce(s) (3.23) 

Where, kp and ki are the gain of PI controller. 

The proportional term improves transient response by reacting immediately to changes 

in DC-link voltage, whereas the integral term eliminates steady-state error by 

considering accumulated error over time. The generated reference current determines 

the amount of charging or discharging current required from the battery. The actual 

battery current is continuously monitored and compared with the generated reference 

current. The difference between these currents produces battery current error: 

𝑖𝑏𝑒𝑟  =  𝑖𝑏𝑟𝑒𝑓  − 𝑖𝑏        (3.24) 

Where: 



• 𝑖𝑏𝑒𝑟 =  battery current error 

• 𝑖𝑏 = actual battery current 

• 𝑖𝑏𝑟𝑒𝑓 = battery reference current 

The proportional term improves transient response by reacting immediately to changes 

in DC-link voltage, whereas the integral term eliminates steady-state error by 

considering accumulated error over time. 

The duty cycle controls the switching operation of the bidirectional converter and 

determines the magnitude as well as direction of power flow. 

When: 𝑖𝑏𝑟𝑒𝑓 > 0, the converter operates in charging mode and power flows from the 

DC-link to the battery. 

When: 𝑖𝑏𝑟𝑒𝑓 < 0, the converter operates in discharging mode and power flows from the 

battery to the DC-link. 

Thus, the Battery Energy Storage System continuously regulates the DC-link voltage 

and compensates for power mismatch between renewable generation and load demand. 

The coordinated operation of the BESS with the DSTATCOM improves: 

• DC-link voltage stability 

• Frequency regulation capability 

• Dynamic response 

• Renewable power utilisation 

• Power balancing 

• Transient stability 

• Overall microgrid reliability  

Hence, the bidirectional DC–DC converter and Battery Energy Storage System play a 

crucial role in maintaining stable operation of the isolated hybrid PV–Wind–SEIG 

microgrid under dynamic operating conditions. 

  



CHAPTER 4 

 

RESULT AND DISCUSSION 
 

4.1 Introduction 

This chapter presents the detailed simulation results and performance analysis of the 

proposed hybrid PV–Wind–SEIG isolated microgrid integrated with a DSTATCOM-

assisted Battery Energy Storage System (BESS), DTOGI-PLL synchronisation 

technique, and ANFIS-based control strategy. The complete system was modelled and 

simulated in the MATLAB/Simulink environment to evaluate its dynamic behaviour 

and control effectiveness under various operating conditions. The simulation analysis 

was performed considering both steady-state and transient operating scenarios with 

nonlinear load variations in order to validate the robustness and adaptability of the 

proposed control methodology. 

The principal objective of the proposed control system is to maintain stable operation 

of the isolated microgrid by regulating voltage and frequency, compensating reactive 

power demand, reducing harmonic distortion, and ensuring proper power sharing 

among the renewable energy sources and storage units. Since isolated microgrids 

experience continuous variations in generation and load demand, maintaining power 

quality and system stability becomes a significant challenge. The presence of nonlinear 

loads further increases complexity because such loads introduce harmonic currents, 

voltage fluctuations and frequency deviations into the system. 

The proposed ANFIS controller continuously monitors system operating conditions and 

adaptively generates control signals for the DSTATCOM and BESS interface. The 

DTOGI-PLL provides accurate synchronisation by extracting the fundamental 

component under distorted operating conditions. The coordinated operation of these 

components enables rapid compensation of disturbances and improves the overall 

dynamic performance of the microgrid. 

The simulation results obtained from the developed model demonstrate the system 

response under nonlinear load disturbances introduced during the simulation interval. 

The performance characteristics are analysed using source voltage, source current, load 

current, converter current, DC-link voltage, frequency response, and PV–MPPT 

variables. The uploaded simulation waveforms indicate that the source voltage remains 



balanced with minimal fluctuation, the source current retains sinusoidal characteristics 

despite load disturbances, and the DC-link voltage is maintained near its reference value 

of approximately 400–405 V with very small ripple magnitude. Similarly, frequency 

deviations remain close to the nominal 50 Hz value, indicating effective active power 

balancing capability of the proposed controller. Furthermore, the MPPT results 

demonstrate successful tracking of the operating point under changing environmental 

conditions. 

Additionally, harmonic performance analysis and comparative evaluation between 

conventional PI and ANFIS controllers are carried out to demonstrate the effectiveness 

of the proposed intelligent control strategy. The simulation results confirm that the 

proposed ANFIS-based approach provides improved transient response, reduced total 

harmonic distortion, enhanced voltage and frequency regulation, and superior power 

quality performance under nonlinear loading conditions. 

4.2 MATLAB/Simulink Model Description 

The proposed hybrid PV–Wind–SEIG isolated microgrid system was developed and 

implemented in the MATLAB/Simulink environment to investigate the dynamic 

performance and control effectiveness of the system under steady-state and transient 

operating conditions. The developed model integrates renewable energy sources, 

energy storage units, power electronic converters, synchronisation blocks and 

intelligent control techniques for maintaining stable operation under varying load 

conditions. The complete model consists of a Self-Excited Induction Generator (SEIG), 

photovoltaic (PV) generation system, wind energy conversion system, Battery Energy 

Storage System (BESS), DSTATCOM, bidirectional DC–DC converter, DTOGI-PLL 

synchronisation unit, ANFIS controller and nonlinear load components. 

The PV system converts solar energy into electrical energy and is connected through a 

DC–DC boost converter incorporating Maximum Power Point Tracking (MPPT) 

control for extracting maximum available power under varying irradiance and 

temperature conditions. The MPPT controller continuously adjusts the converter duty 

ratio to maintain operation at the optimum power point. From the simulation results, 

the MPPT algorithm successfully tracks variations in irradiance and environmental 

conditions by dynamically adjusting the operating voltage and current of the PV array. 



The wind energy conversion system is integrated as an additional renewable energy 

source to enhance system reliability and improve power generation capability. The wind 

subsystem converts available wind energy into electrical energy and contributes active 

power to the isolated microgrid. The simulation waveforms indicate that the wind speed 

rapidly reaches a steady operating value with only small transient variations, thereby 

ensuring stable energy contribution to the system. 

The Self-Excited Induction Generator (SEIG) operates as the main generating unit of 

the isolated system. Since the SEIG requires reactive power support for excitation, 

capacitor banks are employed to establish self-excitation conditions and maintain 

generator terminal voltage. However, under changing load conditions, the reactive 

power demand varies continuously, causing voltage and frequency fluctuations. 

Therefore, additional compensation through DSTATCOM and BESS is incorporated. 

The DSTATCOM is connected at the Point of Common Coupling (PCC) and acts as a 

power quality improvement device by providing reactive power compensation, 

harmonic current mitigation and voltage regulation. The DSTATCOM employs a 

Voltage Source Converter (VSC) connected with a DC-link capacitor and controlled 

through the proposed ANFIS strategy. During nonlinear load disturbances, the 

DSTATCOM injects compensating currents to maintain source current quality and 

reduce harmonic effects. 

The Battery Energy Storage System (BESS) is connected through a bidirectional DC–

DC converter to regulate energy flow between the storage system and the DC-link. The 

BESS performs charging and discharging operations depending upon the active power 

imbalance between generation and load demand. During transient conditions, the 

battery supplies or absorbs power to maintain system stability and support frequency 

regulation. 

The synchronisation process of the system is performed using the Dual Second Order 

Generalised Integrator Phase-Locked Loop (DTOGI-PLL). The DTOGI-PLL extracts 

accurate phase information even under distorted operating conditions and ensures 

proper synchronisation between system variables. The synchronisation unit improves 

dynamic performance and enables accurate reference signal generation for controller 

operation. 



The ANFIS controller represents the central control component of the developed model. 

The controller combines the adaptive learning capability of artificial neural networks 

with the reasoning capability of fuzzy inference systems to produce optimal control 

signals under varying operating conditions. Unlike conventional PI controllers, the 

ANFIS controller adaptively adjusts system parameters according to dynamic changes 

in load demand and operating conditions. Consequently, faster settling response, 

improved voltage regulation and reduced harmonic distortion are achieved. 

Nonlinear loads are incorporated into the system model to evaluate the performance of 

the proposed controller under practical operating conditions. The nonlinear load 

introduces harmonic currents and sudden changes in current demand, thereby creating 

disturbances in source variables. According to the obtained simulation waveforms, 

nonlinear load variation was introduced approximately between 2.1 s and 2.3 s, 

producing transient disturbances that were effectively compensated by the proposed 

control approach. 

Overall, the MATLAB/Simulink model provides a comprehensive platform for 

analysing the performance of the proposed hybrid renewable energy system under 

dynamic operating conditions. The coordinated operation of SEIG, DSTATCOM, 

BESS, DTOGI-PLL and ANFIS control effectively improves voltage regulation, 

frequency stability and power quality performance. 

4.3 ANFIS Architecture Description 
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Fig.4.1 Structure of ANFIS 



The figure 4.1 illustrates the architecture of the Adaptive Neuro-Fuzzy Inference 

System (ANFIS), which combines the learning capability of Artificial Neural Networks 

(ANN) with the reasoning capability of Fuzzy Logic Systems (FLS). ANFIS is designed 

to establish an intelligent relationship between input variables and output responses by 

integrating fuzzy decision-making with adaptive learning mechanisms. In the proposed 

hybrid PV–Wind–SEIG microgrid, ANFIS is employed for frequency regulation and 

control of dynamic system behaviour under varying operating conditions. 

The ANFIS structure shown in the figure consists of five layers, namely the input layer, 

input membership function layer, rule layer, output membership function layer, and 

output layer. These layers operate sequentially to process input information and 

generate an appropriate control signal. 

The first layer represents the input layer, where the system input variables are 

introduced into the ANFIS network. In the proposed controller, these inputs generally 

correspond to frequency error and change in frequency error. These signals contain 

information regarding the operating condition of the microgrid and are used for 

generating corrective control action. 

The second layer corresponds to the input membership function layer, where the 

numerical input values are transformed into fuzzy linguistic variables. This process is 

known as fuzzification. The membership function layer determines the degree to which 

each input belongs to different fuzzy sets such as negative large, negative small, zero, 

positive small, and positive large. Instead of assigning a fixed state to an input signal, 

fuzzy membership enables gradual transitions between operating regions and improves 

the controller's ability to handle nonlinear behaviour. 

The third layer represents the rule layer, which forms the decision-making section of 

the ANFIS structure. Each node in this layer corresponds to an individual fuzzy rule. 

The rule layer establishes relationships between input conditions and output responses 

through IF–THEN rules. Based on the combination of input membership values, the 

controller determines the contribution of each rule to the overall decision process. This 

layer essentially mimics human reasoning by selecting suitable control actions 

according to system operating conditions. 



The fourth layer is the output membership function layer, where the contributions from 

all activated rules are processed and combined. This layer determines the relative 

importance of each rule in producing the final output response. The adaptive learning 

capability of ANFIS modifies the parameters of this layer continuously during training 

to improve system performance and minimise error. 

The final layer represents the output layer, where the individual rule outputs are 

aggregated to generate a single control signal. This output signal acts as the corrective 

control action required for maintaining system stability. In the proposed microgrid, the 

generated output is used to regulate system frequency and improve dynamic response. 

The complete ANFIS structure provides intelligent adaptive behaviour because it 

continuously learns from system operating data and updates its internal parameters 

automatically. Unlike conventional controllers that require fixed parameter tuning, 

ANFIS modifies its behaviour according to changing operating conditions. This 

capability enables improved control accuracy and enhanced robustness under uncertain 

environments. 

The ANFIS architecture offers several advantages in renewable energy-based 

microgrid applications, including: 

• Improved nonlinear mapping capability  

• Better learning and adaptation characteristics  

• Faster dynamic response 

• Reduced steady-state error  

• Enhanced disturbance rejection capability 

• Improved frequency regulation performance 

• Better stability under varying operating conditions  

Thus, the ANFIS architecture shown in the figure provides an effective intelligent 

control framework for maintaining stable operation and improving the overall 

performance of the proposed hybrid PV–Wind–SEIG microgrid system. 

4.4 Discussion of Results in Steady-State Performance and Dynamic Performance 

under Load Variation under Nonlinear Loading 



The performance of the proposed hybrid PV–Wind–SEIG microgrid employing 

DSTATCOM-assisted BESS with DTOGI-PLL and ANFIS controller was investigated 

under steady-state and dynamic operating conditions. To analyse the robustness and 

adaptability of the proposed control technique, nonlinear load variation was introduced 

during the simulation period. From the obtained waveforms, the disturbance occurs 

approximately between 2.1 s and 2.3 s. During this interval, a sudden change in current 

demand produces transient disturbances within the microgrid. Such disturbances create 

variations in active power demand, reactive power requirement, and harmonic 

components that affect overall system performance. 

Before the load variation (t < 2.1 s), the system operates under steady-state conditions 

where all electrical parameters remain nearly constant and balanced. During this period, 

source voltage, source current, load current and converter current maintain stable 

characteristics with negligible oscillations. 

When nonlinear loading is applied during 2.1–2.3 s, disturbances appear in the system 

due to rapid power demand variation. The DSTATCOM together with BESS and ANFIS 

controller immediately responds by generating compensating current components to 

minimise oscillations and maintain stable operation. After transient conditions 

disappear, the system reaches a new steady-state operating condition. 

The obtained simulation results confirm that the proposed control methodology 

effectively suppresses disturbances, regulates voltage and frequency, improves current 

quality and enhances power quality performance under nonlinear loading conditions. 

4.4.1 Steady-State Performance and Dynamic Behaviour under Load Variation 
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Fig.4.2 Steady-state performance of the proposed DTOGI-PLL–ANFIS control 

scheme under nonlinear loading. (a)Source Voltage. (b) Source Current. (c)Load 

Current. (d)Converter Current. 

Figure 4.2 illustrates the steady-state and dynamic performance of the proposed 

ANFIS-based DSTATCOM-controlled hybrid PV–Wind–SEIG microgrid under load 

variation conditions. The figure presents the waveforms of source voltage, source 

current, load current, and converter current. The coordinated operation of the DTOGI-

PLL synchronisation technique, ANFIS controller, Battery Energy Storage System 

(BESS), and DSTATCOM can be clearly observed through these waveforms. The 

analysis demonstrates the capability of the proposed control strategy to maintain 

voltage stability, current balancing, and dynamic compensation during changes in 

loading conditions. 

Figure 4.1(a) Source Voltage (𝑽𝒔𝒂𝒃𝒄) 



Figure 4.1(a) shows the three-phase source voltage waveform of the proposed hybrid 

microgrid system. It can be observed that the source voltages remain balanced and 

maintain nearly sinusoidal characteristics throughout the operating period. The phase 

voltages are displaced by approximately 120∘, indicating balanced three-phase 

operation. 

The voltage magnitude remains almost constant without noticeable distortion or severe 

oscillations. Even during system disturbances and load variations, no significant 

voltage sag or swell is observed. This behaviour demonstrates the effectiveness of the 

coordinated control scheme in maintaining voltage regulation within acceptable 

operating limits. 

The stable voltage profile is achieved due to several coordinated mechanisms within 

the system: 

• The DSTATCOM continuously provides reactive power support at PCC.  

• The Battery Energy Storage System maintains energy balance across the DC-

link.  

• The DTOGI-PLL accurately tracks system synchronisation signals.  

• The ANFIS controller minimises frequency deviations.  

The smooth sinusoidal behaviour of the source voltage confirms that the proposed 

control strategy successfully suppresses disturbances caused by nonlinear loading and 

renewable power fluctuations. Stable voltage regulation is important because voltage 

variations directly affect power quality and overall system performance. 

Furthermore, the absence of severe transient oscillations indicates effective damping 

characteristics of the controller and proper coordination among different control 

components. 

Figure 4.2(b) Source Current (𝒊𝒔𝒂𝒃𝒄) 

Figure 4.2(b) presents the three-phase source current waveform under dynamic 

operating conditions. It can be observed that the source currents remain balanced and 

exhibit nearly sinusoidal characteristics. 



 

The waveform demonstrates several important characteristics: 

• Equal current magnitude among all phases  

• Symmetrical current distribution  

• Smooth sinusoidal profile  

• Reduced current distortion  

Although the system experiences variations in load conditions, the source currents 

continue to maintain stable operation without excessive fluctuations. The proposed 

controller ensures that the source supplies only the fundamental active power 

component while harmonic and reactive components are compensated by the 

DSTATCOM. 

This characteristic confirms successful operation of the harmonic compensation 

strategy. The sinusoidal nature of source current indicates that: 

• Harmonic components have been effectively removed. 

• Reactive current demand is compensated. 

• Power factor is improved. 

• Current balancing is achieved.  

The source current waveform also demonstrates that the proposed ANFIS controller 

effectively regulates active power flow and maintains system stability during varying 

operating conditions. 

Figure 4.2(c) Load Current (𝒊𝑳𝒂𝒃𝒄)  

Figure 4.2(c) illustrates the three-phase load current waveform. A significant variation 

in current magnitude can be observed due to changing load conditions. Initially, the 

load current exhibits balanced sinusoidal behaviour; however, during the load transition 

period, a noticeable change in waveform characteristics occurs. 

The load current variation represents dynamic changes in load demand connected to the 

isolated microgrid. During this operating interval: 



• Current magnitude changes considerably  

• Phase current characteristics become altered  

• Load demand varies rapidly  

This behaviour indicates that the connected load imposes varying power requirements 

on the microgrid system. 

The reduction and subsequent increase in load current amplitude indicate that the 

system undergoes changes in active and reactive power demand. Such variations create 

disturbances in conventional isolated systems and generally result in voltage 

fluctuations and frequency instability. 

However, despite the significant variation in load current, the source current and source 

voltage remain regulated. This confirms that the proposed control system effectively 

isolates the source from load disturbances. 

The waveform further demonstrates that the controller successfully manages: 

• Sudden load changes  

• Active power imbalance  

• Reactive power variations  

• Dynamic system disturbances  

Hence, the proposed control approach exhibits strong adaptability under varying load 

conditions. 

Figure 4.2(d) Converter Current (𝒊𝒄𝒂𝒃𝒄) 

Figure 4.2(d) presents the converter current waveform injected by the DSTATCOM. 

The converter current exhibits highly dynamic behaviour compared with source current 

and load current because it continuously adjusts itself according to compensation 

requirements. 

It can be observed that the converter current magnitude changes significantly during 

the load variation interval. This behaviour indicates that the DSTATCOM injects 

additional compensating current whenever disturbances arise in the system. 



The converter current performs several important functions: 

• Harmonic current compensation  

• Reactive power compensation  

• Current balancing  

• Voltage support  

• Dynamic load compensation  

When the load demand changes, the DSTATCOM immediately responds by altering its 

injected current magnitude and waveform characteristics. During increased 

compensation requirements, the converter current amplitude increases to supply the 

required compensating current. 

The observed fluctuations in converter current are expected because the DSTATCOM 

dynamically tracks the required compensation current according to system operating 

conditions. 

The waveform confirms that: 

• Converter response is rapid. 

• Current tracking accuracy is high. 

• Harmonic compensation is effective. 

• Dynamic compensation capability is satisfactory.  

The rapid variation of converter current demonstrates the effectiveness of the Hysteresis 

Current Controller and coordinated pulse generation mechanism. 

4.4.2 Steady-State Performance of DC-Link Voltage and Frequency Response 



(a)
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Fig.4.3 Steady-state performance (a)DC Voltage (b)Frequency regulation 

Figure 4.3 presents the steady-state and dynamic behaviour of the proposed ANFIS-

based hybrid PV–Wind–SEIG microgrid in terms of DC-link voltage and system 

frequency response. These parameters are highly important because they indicate the 

effectiveness of the coordinated control strategy in maintaining system stability and 

ensuring proper operation of the DSTATCOM-interfaced Battery Energy Storage 

System (BESS). The DC-link voltage reflects the energy balance between the AC and 

DC sides of the converter, while system frequency indicates the active power balance 

between generation and load demand. Stable operation of both quantities confirms 

proper coordination among the ANFIS controller, DTOGI-PLL synchronisation unit, 

DSTATCOM, and BESS. 

Figure 4.3(a) DC-Link Voltage (𝑽𝒅𝒄) 

Figure 4.3(a) shows the DC-link voltage response of the proposed control system. It 

can be observed that the DC-link voltage remains approximately around its reference 

value throughout the operating interval with only very small oscillatory variations. 

The waveform indicates a highly regulated and stable DC-link behaviour with 

negligible fluctuations. Initially, the DC-link voltage reaches its desired operating value 

and thereafter maintains a nearly constant profile. Minor ripple components can be 

observed during load transition periods; however, these variations are very small and 

quickly suppressed by the control system. 



The observed behaviour demonstrates the effective operation of the DSTATCOM–

BESS coordination strategy because the DC-link voltage is directly associated with 

energy exchange between the AC side and DC side of the converter. Under varying 

operating conditions, sudden changes in load demand or renewable generation can 

create an imbalance between generated and consumed power. Such power mismatch 

generally causes charging or discharging of the DC-link capacitor and leads to voltage 

fluctuations. 

The stable DC-link voltage response obtained in Figure 4.2(a) indicates that the 

proposed controller effectively maintains power equilibrium within the system. 

Several important observations can be made from the waveform: 

• The DC-link voltage remains close to the desired reference value.  

• Voltage fluctuations are very small.  

• Ripple magnitude is significantly limited.  

• No sudden overshoot or undershoot is observed.  

• Fast recovery characteristics are achieved.  

The small oscillations observed in the waveform are mainly due to: 

• Converter switching action  

• Dynamic current compensation  

• Charging and discharging operation of the battery  

• Power fluctuations associated with renewable generation  

These oscillations are expected in practical converter systems because the 

DSTATCOM continuously exchanges energy with the AC network. However, due to 

the presence of the DC-link capacitor and BESS control mechanism, these disturbances 

are rapidly attenuated. 

The stable DC-link voltage confirms several important characteristics of the proposed 

system: 

I. Effective power balancing: 

The generated renewable power and load demand remain balanced through 

coordinated battery operation. 



II. Proper converter operation: 

A stable DC-link voltage ensures that the Voltage Source Converter can 

generate appropriate compensating voltages and currents. 

III. Improved transient response: 

The system quickly restores voltage to its reference value following 

disturbances. 

IV. Enhanced compensation capability: 

Maintaining constant DC voltage improves harmonic and reactive power 

compensation. 

Therefore, the obtained waveform confirms that the proposed coordinated control 

strategy successfully regulates the DC-link voltage and maintains converter stability. 

Figure 4.3(b) System Frequency Response (𝑭) 

Figure 4.3(b) illustrates the system frequency response of the proposed hybrid 

microgrid under varying operating conditions. The frequency waveform remains very 

close to the nominal operating value and exhibits only minor deviations around the 

reference frequency. 

It can be observed that the frequency initially experiences a slight increase and 

subsequently decreases smoothly before settling near the nominal operating value. The 

frequency variation remains extremely small throughout the operating interval and does 

not exhibit oscillatory instability. 

This behaviour demonstrates the effectiveness of the ANFIS controller in maintaining 

frequency stability under dynamic operating conditions. 

In isolated microgrids, frequency is highly sensitive to active power imbalance because 

no utility grid exists to provide support. Whenever generated power becomes greater 

than load demand, the system frequency tends to increase. Conversely, when load 

demand exceeds generated power, frequency decreases. 

The very small frequency variation observed in the figure indicates that the proposed 

control system effectively compensates for power imbalance and maintains stable 

system operation. 



The frequency regulation performance can be attributed to several coordinated actions 

within the proposed control strategy: 

I. ANFIS-based adaptive control: 

The ANFIS controller continuously processes frequency deviation and 

generates suitable corrective action according to system operating conditions. 

II. Battery Energy Storage System support: 

The battery absorbs or supplies active power whenever renewable generation 

fluctuates. 

III. DTOGI-PLL synchronisation: 

Accurate estimation of phase angle and frequency improves overall control 

precision. 

IV. DSTATCOM operation: 

The converter assists in maintaining system stability through coordinated 

current compensation. 

Several important observations can be drawn from the frequency response: 

• Frequency remains very close to nominal value.  

• Oscillations are extremely small.  

• Dynamic response is smooth.  

• No abrupt variations are present.  

• Fast recovery capability is achieved.  

The absence of severe frequency oscillations indicates that the proposed controller 

successfully suppresses disturbances associated with renewable power variations and 

load changes. 



 

Fig.4.4 PV–MPPT simulation results. (a)Wind Speed. (b)Temperature. (c)Irradiance 

Current (d)PV voltage (e)Duty Cycle (f)PV Current 

Figure 4.4 illustrates the dynamic performance of the Solar Photovoltaic (SPV) 

generation system under changing environmental conditions. The figure presents the 

variations in wind speed input, temperature, solar irradiance, PV voltage, duty cycle, 

and PV current response. The obtained waveforms demonstrate the effectiveness of the 

Maximum Power Point Tracking (MPPT) control strategy in maintaining stable 

photovoltaic operation under varying atmospheric conditions. Since the output 

characteristics of a photovoltaic system are highly nonlinear and strongly dependent 



upon environmental parameters, evaluation of these characteristics becomes essential 

for analysing the dynamic behaviour of the overall hybrid PV–Wind–SEIG microgrid. 

The results show that the proposed MPPT controller continuously adjusts the operating 

point of the photovoltaic system according to changes in environmental conditions and 

ensures efficient power extraction. 

Figure 4.3(a) Wind Speed Input Characteristics 

Figure 4.3(a) illustrates the variation of wind speed considered during system operation. 

Initially, the wind speed increases rapidly and reaches a nearly constant operating value 

after a transient period. A small overshoot can be observed during the initial stage 

before settling to a stable value. 

The waveform demonstrates smooth behaviour without severe oscillations or abrupt 

disturbances. The gradual rise and stabilisation of wind speed indicate that the hybrid 

renewable system operates under realistic environmental conditions where wind energy 

availability changes continuously. 

Several observations can be made from the waveform: 

• Wind speed reaches stable operating conditions rapidly.  

• Overshoot magnitude remains very small.  

• No continuous oscillatory behaviour is observed.  

• Stable environmental input conditions are maintained.  

The stable wind profile contributes to maintaining a consistent power contribution 

from the wind generation system and supports overall system reliability. 

Figure 4.3(b) Temperature Characteristics 

Figure 4.3(b) shows the variation in photovoltaic cell temperature under dynamic 

operating conditions. Initially, the temperature increases rapidly and reaches a higher 

operating level before later decreasing and settling to another steady operating 

condition. 



The observed temperature behaviour demonstrates changing atmospheric conditions 

experienced by the PV system during operation. Since photovoltaic output 

characteristics are strongly influenced by temperature, variations in temperature 

directly affect the electrical parameters of the PV array. 

The temperature variation influences the photovoltaic system in the following ways: 

• Increase in temperature reduces photovoltaic voltage.  

• Increase in temperature affects power generation efficiency.  

• Temperature variations shift the operating point of the PV array.  

• Changes in cell temperature alter maximum power output.  

The waveform indicates smooth transition characteristics without sudden fluctuations, 

confirming stable environmental variations. 

Important observations include: 

• Temperature changes occur gradually.  

• System response remains stable.  

• No large oscillatory behaviour is observed.  

• Environmental variations are effectively accommodated.  

Figure 4.3(c) Solar Irradiance Characteristics  

Figure 4.3(c) presents the variation in solar irradiance supplied to the photovoltaic 

array. Initially, irradiance increases rapidly and reaches a high operating value. 

Subsequently, a reduction in irradiance can be observed, representing changes in 

sunlight intensity. 

Solar irradiance directly determines the amount of energy incident on the photovoltaic 

panel surface and therefore strongly influences power generation capability. 

The waveform demonstrates several characteristics: 

• High irradiance produces increased photovoltaic output power.  

• Reduction in irradiance decreases generated current magnitude.  

• Environmental changes alter photovoltaic operating conditions.  



• Smooth transition between operating regions is achieved.  

The observed reduction in irradiance may represent practical environmental situations 

such as: 

• Cloud movement  

• Weather changes  

• Partial shading effects  

• Variations in solar intensity  

The absence of abrupt fluctuations confirms stable system operation under changing 

environmental conditions. 

Figure 4.3(d) Mean PV Voltage Characteristics 

Figure 4.3(d) illustrates the mean output voltage of the photovoltaic array. The 

waveform initially increases rapidly and subsequently reaches a stable operating value. 

A slight increase in voltage magnitude can be observed during operating condition 

changes, after which the voltage remains nearly constant. 

The voltage behaviour indicates that the MPPT controller continuously adjusts the 

operating point of the photovoltaic array according to environmental variations. 

The observed waveform demonstrates: 

• Rapid voltage rise during initial operation.  

• Small overshoot during transition.  

• Stable operating behaviour after settling.  

• Smooth voltage regulation characteristics.  

The stable voltage response confirms effective operation of the MPPT control 

mechanism because the controller continuously modifies converter operation to 

maintain the photovoltaic system near its maximum power operating point. 

Furthermore, the voltage remains free from severe oscillations, indicating proper 

dynamic response and improved tracking performance. 

Figure 4.3(e) Duty Cycle Characteristics  



Figure 4.3(e) shows the duty cycle response of the DC–DC converter associated with 

the MPPT control strategy. The duty cycle continuously changes according to 

variations in photovoltaic operating conditions. 

Initially, the duty ratio remains higher and gradually decreases as the controller adjusts 

the operating point of the photovoltaic system. 

The variation of duty cycle demonstrates the adaptive operation of the MPPT controller 

because: 

• Changes in irradiance modify converter operation.  

• Variations in PV voltage require duty cycle adjustment.  

• The controller shifts the operating point towards the maximum power region.  

The gradual change in duty cycle indicates: 

• Smooth converter operation  

• Stable MPPT tracking  

• Reduced oscillation around operating point  

• Improved dynamic response  

The absence of rapid fluctuations confirms that the controller does not produce 

unstable switching behaviour. 

Figure 4.3(f) PV Current Characteristics 

Figure 4.3(f) presents the output current generated by the photovoltaic array. The 

waveform initially increases rapidly and then reaches a nearly constant value. Later, a 

reduction in current magnitude is observed corresponding to changes in irradiance 

conditions. 

The photovoltaic current is directly related to incident solar irradiance; therefore, any 

variation in irradiance immediately affects the generated current. 

The waveform demonstrates the following characteristics: 

• Increase in irradiance increases PV current.  

• Reduction in irradiance decreases output current.  



• Stable operation is achieved under changing conditions.  

• Dynamic response remains smooth.  

The reduction in current magnitude following irradiance variation confirms the 

expected behaviour of photovoltaic systems and validates the effectiveness of the 

MPPT control strategy. 

4.4.3 Harmonic Analysis of Source Current Using FFT 

 

Fig.4.5 THD of Source Current 

Figure 4.5 presents the Fast Fourier Transform (FFT) analysis of the source current 

waveform obtained from the proposed ANFIS-controlled hybrid PV–Wind–SEIG 

microgrid system. FFT analysis is performed to evaluate the harmonic content present 

in the current waveform and to assess the effectiveness of the proposed control strategy 

in reducing harmonic distortion. The harmonic analysis serves as an important 

performance indicator because it determines the quality of electrical power delivered 

by the system and verifies compliance with power quality standards. 

The upper portion of the figure illustrates the selected source current waveform used 

for harmonic analysis. The waveform exhibits a smooth and nearly sinusoidal profile 

with uniform positive and negative half cycles. The observed current characteristics 

indicate balanced system operation and effective compensation of undesirable current 

components. The absence of significant waveform distortion demonstrates that the 



proposed DSTATCOM-interfaced control strategy successfully suppresses harmonics 

introduced by nonlinear loads. 

The lower portion of the figure shows the harmonic spectrum of the source current 

obtained through FFT analysis. The harmonic spectrum represents the contribution of 

individual harmonic components relative to the fundamental component of the current 

signal. The magnitude of each harmonic component is expressed as a percentage of the 

fundamental current. 

The FFT results indicate that the fundamental component possesses the highest 

magnitude while the amplitudes of higher-order harmonics are significantly reduced. 

Lower-order harmonic components such as the third, fifth, and seventh harmonics 

generally contribute significantly to current distortion in nonlinear systems. However, 

in the obtained results, these harmonic components are considerably attenuated due to 

the operation of the proposed control strategy. 

Several important observations can be drawn from the harmonic spectrum: 

• The fundamental current component dominates the overall current waveform. 

• Higher-order harmonic magnitudes remain extremely small.  

• Harmonic amplitudes decrease rapidly with increasing harmonic order. 

• No dominant harmonic component is observed.  

• Current waveform remains close to an ideal sinusoidal signal.  

The Total Harmonic Distortion (THD) value obtained from the FFT analysis is 

approximately 2.43%, which indicates a very low level of current distortion within the 

system. The obtained THD level confirms that the proposed coordinated control 

strategy effectively suppresses harmonic components and maintains good power 

quality performance. 

The reduced THD value can be attributed to the coordinated action of several control 

components: 

I. DTOGI-PLL synchronisation technique: 

The DTOGI-PLL accurately extracts the fundamental positive sequence 

component from distorted current signals and rejects harmonic disturbances. 



II. ANFIS controller: 

The ANFIS controller adaptively regulates system variables and improves 

current tracking performance under changing operating conditions. 

III. DSTATCOM operation: 

The DSTATCOM injects compensating currents to eliminate harmonic and 

reactive current components from the source side. 

IV. Hysteresis Current Controller: 

The hysteresis controller generates accurate switching pulses and enables 

rapid current tracking capability. 

V. Battery Energy Storage System support: 

The BESS assists in maintaining DC-link voltage stability and improves 

dynamic compensation capability. 

According to power quality standards, particularly IEEE harmonic recommendations, 

the current harmonic distortion should remain within acceptable limits to ensure reliable 

system operation and prevent undesirable effects such as excessive heating, increased 

power losses, equipment malfunction, and reduced efficiency. The obtained THD value 

satisfies the permissible harmonic limits and demonstrates that the proposed microgrid 

system operates within acceptable power quality requirements. 

The reduced harmonic distortion also provides several operational advantages, 

including: 

• Improved power factor  

• Reduced converter and transmission losses 

• Lower heating effects in electrical equipment  

• Enhanced system efficiency 

• Improved reliability of connected loads  

• Better dynamic performance  

Therefore, the FFT analysis presented in Figure 4.4 confirms the effectiveness of the 

proposed ANFIS-based DSTATCOM control strategy in suppressing harmonic 

components and maintaining high-quality power within the isolated hybrid PV–Wind–

SEIG microgrid system. The obtained results validate the capability of the proposed 



system to achieve improved power quality and satisfy harmonic performance 

requirements under varying operating conditions. 

4.4.5 Comparative Dynamic Performance Analysis of Proposed DTOGI–ANFIS 

and Conventional SRF–PLL Control Technique 

 

Fig.4.6 Performance Comparison of the Proposed DTOGI-PLL and Conventional 

SRF-PLL Controllers Under Load Variation Conditions. 

Figure 4.6 presents the comparative performance analysis between the proposed 

DTOGI–ANFIS control technique and the conventional SRF–PLL-based control 

method under dynamic load variation conditions. The figure illustrates the source 

current response of both control approaches during a load removal disturbance 

condition. The comparative analysis is performed to evaluate the dynamic behaviour, 

transient response, oscillation characteristics, and disturbance rejection capability of the 

proposed controller. 

The source current response serves as an important indicator for evaluating controller 

performance because any disturbance in the system directly influences current 

behaviour. In isolated renewable energy systems, sudden changes in load demand create 

active power imbalance, which may lead to transient oscillations, current distortion, 

and instability. Therefore, a controller with faster dynamic response and superior 

disturbance rejection capability is required to maintain stable system operation. 

From Figure 4.5, two distinct current responses can be observed: 



• Orange waveform: Conventional SRF–PLL-based control technique  

• Blue waveform: Proposed DTOGI–ANFIS control technique  

The results indicate a significant difference in the dynamic behaviour of the two 

approaches. 

I. Performance of Conventional SRF–PLL Control Technique 

The source current waveform corresponding to the SRF–PLL control method exhibits 

noticeable oscillatory behaviour throughout the operating region. Before the occurrence 

of the disturbance condition, the current waveform contains continuous oscillations 

around the operating point. 

The conventional SRF–PLL method shows the following characteristics: 

• Presence of continuous dynamic oscillations  

• Larger current fluctuations  

• Slow transient response  

• Higher settling behaviour  

• Increased sensitivity to disturbances  

During the load removal condition, a significant variation in source current magnitude 

is observed. The current response undergoes large fluctuations and exhibits repeated 

oscillatory behaviour before approaching its steady operating condition. 

The larger oscillations can be attributed to the inherent limitations of SRF–PLL under 

distorted operating conditions. Since SRF–PLL directly relies on synchronous 

reference frame transformation, it becomes sensitive to: 

• Harmonic distortion  

• System nonlinearities  

• Frequency variations  

• Transient disturbances  

Consequently, the controller produces delayed compensation action and exhibits poor 

disturbance rejection capability. 



Furthermore, the repeated oscillatory behaviour indicates that the controller requires a 

longer duration to restore stable operating conditions after a disturbance occurs. 

II. Performance of Proposed DTOGI–ANFIS Control Technique 

The blue waveform in Figure 4.5 represents the source current response of the proposed 

DTOGI–ANFIS control strategy. Compared with the conventional method, the 

proposed controller demonstrates significantly improved dynamic behaviour. 

Initially, the current remains nearly constant with very small oscillatory variations 

around the operating point. The waveform exhibits a smoother profile and stable 

operating characteristics. 

During load removal, a transient deviation in current magnitude can be observed; 

however, the controller rapidly compensates for the disturbance and restores the current 

to its desired operating condition. 

Several important characteristics can be observed from the proposed controller 

response: 

• Faster disturbance rejection capability  

• Reduced current oscillations  

• Smooth transient response  

• Improved stability characteristics  

• Lower steady-state fluctuation  

• Rapid current recovery  

The improved performance is primarily due to the combined operation of DTOGI 

synchronisation and ANFIS-based adaptive control. 

The DTOGI synchronisation algorithm provides: 

• Accurate extraction of fundamental positive sequence components  

• Better harmonic suppression capability  

• Effective elimination of DC-offset components  

• Improved phase estimation accuracy  



Simultaneously, the ANFIS controller provides adaptive learning capability by 

continuously adjusting control parameters according to system operating conditions. 

Because of this adaptive mechanism: 

• The controller quickly detects system disturbances. 

• Corrective action is generated rapidly.  

• Current deviation is minimised.  

• Stable operation is restored efficiently.  

III. Dynamic Behaviour during Load Removal Condition 

The highlighted region in Figure 4.5 represents the system response during load 

removal conditions. Load removal creates a sudden reduction in active power demand, 

which introduces power imbalance within the isolated microgrid. 

Under such conditions: 

• Source current decreases rapidly  

• Frequency tends to increase  

• Transient disturbances are introduced  

• Dynamic compensation becomes necessary  

The proposed DTOGI–ANFIS controller responds rapidly and minimises transient 

effects. In contrast, the conventional SRF–PLL method exhibits larger fluctuations 

and slower stabilisation behaviour. 

The proposed control system demonstrates: 

I. Fast dynamic response: 

The controller rapidly tracks changing system conditions and generates corrective 

action. 

II. Reduced dynamic oscillations: 

Current oscillations are significantly minimised after disturbance occurrence. 



III. Improved stability: 

The current waveform approaches its steady operating condition smoothly. 

IV. Better disturbance rejection: 

The controller effectively suppresses transient disturbances. 

V. Comparative Observations from Figure 4.5 

The following observations can be summarised from the comparative analysis: 

• The proposed DTOGI–ANFIS method exhibits faster dynamic response. 

• Dynamic oscillations are significantly reduced.  

• The SRF–PLL method exhibits larger fluctuations. 

• The proposed controller achieves smoother current characteristics. 

• Disturbance rejection capability is improved.  

• Stability under varying operating conditions is enhanced.  

• Current tracking performance is superior 

 

  



CHAPTER 5 

CONCLUSION 

5.1 Overview of the Proposed Research Work 

Current investigation efforts were directed toward creating a hybrid PV–Wind–SEIG-

based isolated microgrid which includes a DSTATCOM-interfaced Battery Energy 

Storage System to improve electricity grade and steady machinery functioning. Many 

people believe that this hybrid microgrid provides a steady way to produce energy. 

Renewable energy sources were utilized to generate sustainable power while solving 

the hard parts of isolated microgrid settings. Because isolated systems lack help from a 

larger grid, keeping voltage stability and frequency control remains a major problem 

during changing times for the isolated microgrid. 

In order to overcome these problems, a coordinated control method was developed and 

realized which includes DTOGIPLL synchronisation and ANFIS-based frequency 

control in MATLAB/Simulink. The designed controller was intended for control the 

dynamics of the system under the condition of load variations and nonlinear operation. 

As a result, the system's ability to support reactive power, harmonic compensation and 

balancing energy increased, with the addition of DSTATCOM and BESS. 

5.2 Performance of Proposed Control Methodology 

The simulation results showed that the proposed control strategy can ensure the stable 

operation of the hybrid renewable energy system under different operating conditions. 

The coordinated operation of the ANFIS controller, the DTOGI–PLL synchronisation 

technique, the DSTATCOM and the BESS allowed for accurate current compensation 

and improved dynamic performance of the system. 

Performance of the ANFIS controller demonstrated great flexibility when managing 

system frequency because this ANFIS controller alters control steps as arrangement 

states shift. Oscillation levels were decreased when the suggested strategy was applied 

compared to standard regulation methods. Experts claim that the ANFIS controller 

reacts with more speed than traditional methods. Active and reactive power elements 

worked together in a good way when momentary working phases happened. 



5.3 Power Quality Improvement and Harmonic Mitigation 

Improving power quality performance was a primary target of the research during 

periods of irregular loading states. Success in the DSTATCOM-based compensation 

scheme reached a reduction in harmonic distortion because the DSTATCOM-based 

compensation scheme kept the source currents in balance. Harmonic distortion was 

successfully lowered by the DSTATCOM-based compensation scheme even when load 

conditions shifted. Experts claim that the source current wave patterns remained almost 

like smooth wave shapes because the harmonic compensation mechanism performed 

with success. Evidence of the harmonic compensation mechanism proved its work was 

good when the source current wave patterns were observed during the change of loads. 

Detailed Fast Fourier Transform analysis showed that the Total Harmonic Distortion 

value stayed within the allowed boundaries which IEEE standards require. It has been 

observed that the Total Harmonic Distortion value remained at a low level because the 

Detailed Fast Fourier Transform analysis was carried out carefully. Confirmed power 

of the proposed controller to remove bad harmonic parts was proven by the proposed 

controller which handled the irregular loading devices. Better harmonic suppression 

helped in making wasted electricity smaller and making the power factor stronger. 

Higher general network effectiveness became a reality because the proposed controller 

functioned with high quality. 

5.4 Voltage and Frequency Regulation Performance 

The simulation result showed that voltage and frequency regulation characteristics 

remained stable during various operating scenarios. Constant stability was maintained 

by the source voltage which stayed balanced and kept a nearly unchanging amplitude 

during the entire operating period. Experts claim that the frequency response showed 

small deviations around the nominal operating value because the active power 

balancing capability worked with effectiveness. 

Working together, the Battery Energy Storage System and DSTATCOM were 

important for keeping DC-link voltage stability and helping with transient power 

requirements. Power imbalance was reduced and system stability was improved when 

the BESS compensated for renewable power unstable changes by charging and 



discharging based on what the system required. Many people believe that the proposed 

control strategy made the uninterrupted functioning of the isolated microgrid possible 

under dynamic conditions. 

5.5 Overall Conclusions and Future Scope 

Overall the results of this research confirm the effectiveness of the proposed 

coordinated control strategy to enhance the performance of an isolated hybrid PV–

Wind–SEIG microgrid. Under different operating conditions, the developed system has 

the effect of voltage regulation, frequency stabilisation, harmonic mitigation and 

dynamic load compensation while maintaining stable operation. The proposed DTOGI–

ANFIS control technique also showed superior performance over the traditional 

synchronisation techniques in reducing the dynamic oscillations and enhancing the 

transient behaviour. 

The results obtained are very satisfactory but there are still opportunities for future 

improvement. Advanced intelligent optimisation techniques can be used to 

automatically tune the controller parameters. Moreover, the system can be further 

optimized in terms of practical implementation and performance using machine 

learning based predictive control algorithms, real-time hardware validation on the DSP 

or FPGA platform, and incorporation of more renewable energy sources. These 

advancements can help with the reliability, flexibility and efficiency of future off-grid 

renewable energy systems.  
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