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Abstract-The adoption of Microgrids (MGs) assists in evolving the power grid into a more effective, flexible, minimized losses, and less polluted solution for offering the necessities and acquirements of energy consumers. Diverse Renewable Energy Sources (RESs) are incorporated into the MGs owing to their characteristics including the inability and variability for precisely controlling and predicting the created various technical issues. The essential issue in MGs that needs to be handled is achieving the essential Power Quality (PQ) regarding the stabilization in voltages and distortions in harmonic levels. Thus, various types of equipment are recommended for enhancing the challenges regarding the uncertainty in sources and nonlinearity in loads. To mitigate the PQ issue in MGs, a new hybrid meta-heuristic algorithm called Hybrid Tuna-Glow worm Swarm Optimization (HT-GWSO) is suggested in this research work. It is implemented with the integration of both Tuna Swarm Optimization (TSO) and Glowworm Swarm Optimization (GSO) algorithms, where the controller parameters are tuned by HT-GWSO. It focuses on enhancing the PQ by differing active power with reactive power. The objective as the minimization of error function along with reducing the power variants is considered here. Finally, the results are analyzed with various standard metrics and enhance the PQ of MGs.
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I. Introduction
The research on the power system or power electronics inspires the researchers in amplifying the PQ in a distributed network via the utilization of a progressed control scheme [9]. Distributing electrical needs is increasingly polluted owing to the enlarged proliferation of power electronics-based industrial, commercial, and household non-linear loads. These non-linear loads give harmonic currents that lead to distortions in voltage, harmonics, and amplified loss that results in severe impact on stability and quality of power [10]. The vast usage of electronic power systems requires to distribute the energy resources in the decentralization of the power generation framework. These RESs offer lower dependency and flexibility to the traditional power system that operates in mono-direction. In the recent power systems, the penetration rate of the distributed resource units is emerging very quickly [11]. On the other hand, it is gradually shown a vast range of usage in recent years, but it has various challenges. DR units are considerably utilized for operating in both autonomous (islanded) and grid-connected modes. Thus, MGs are vastly applied and taken as the feasible solution for autonomous as well as individual conditions [12]. MG is a self-sustained energy framework for suggesting an innovative, intelligent, and wise grid to solve environmental hazards and virtual avoidance of carbon emissions. It helps in distributing and generating the power within their smaller range of operating environment that promotes the usage of non-conventional sources for power generation like tidal power, geothermal power, biomass, wind turbines, and solar panels [13]. However, these non-conventional sources are majorly dependent on weather conditions including few energy storage frameworks that are needed including superconductor magnetic storage, flywheel, fuel cell, supercapacitor, and battery bank as a backup. Moreover, the feasibility and working of the entire system must be enhanced for satisfying the load demand by an adequate power supply with agreeable PQ and lower power loss. Thus, PQ of MG must be monitored continuously during entire operations [14].
Electric PQ is defined as the maintenance of the “near sinusoidal waveform of power distribution bus voltages and currents at rated magnitude and frequency” [15]. Therefore, PQ is generally utilized for expressing quality of power supply, reliability of service, current quality, voltage quality, and so on. Though, MGs impose various challenges in PQ regarding non-linear and linear loads heterogeneity, voltage sag and swell, harmonics, and voltage drop [16]. Thus, to overcome and handle these problems, various standards have been enforced and implemented on utilities and operators [17]. In addition, the unwanted PQ problem must be mitigated via accurate monitoring, and then, suitable power electronic types of equipment are utilized for the compensation [18]. MG has its own PQ issues owing to various factors like the discovery of elements, category of storage, particular operational features, network configuration, etc [19]. Generally, three kinds of PQ issues are there, which are voltage sags occurred via increasing the demands on load reactive power, harmonics produced by power electronics in MGs, and PQ challenge raised by micro sources (oscillation in the outcome of RESs). One of the significant solutions for solving the PQ complication in MGs is Distribution STATic COMpensator (DSTATCOM) [20]. Generally, the harmonic distortions in MGs are addressed via hybrid, active, and passive power filters. 
The MG has been vastly utilized in various studies owing to a vast range of features including offering a way for the inclusion of RES, meeting the end-user requirements, enhancing the well-being of the community, giving economic value to society, enabling grid modernization, strengthening the central grid, promotes the clean energy to the environment, improves the environment, lower energy cost for businesses, and consumers, improvement in recovery or resilience and reliability enhancement [20]. To be more specific, MGs are generally categorized into two types like grid-tied systems and off-grid systems. Moreover, the categorization of MGs will be done by taking the factors like the categorization of distribution resources, location, and capacity. In recent decades, various research works have been implemented for promoting the MGs along with the handling of PQ problems [21]. Artiﬁcial Intelligence (AI) techniques and progressed power-electronic equipment are becoming the essential need in electronic demands. The emerging design of progressive, intelligent methods in MG controls is required and guaranteed for smoother disconnection and integration of Distributed generation, which has improved the PQ for the end-users and enhanced the transient stability of the systems [22]. Thus, a cleaner and more reliable source of energy is offered by MGs. With the intention of reducing the PQ issues in MGs, various heuristic strategies are implemented for promoting the usage of RESs as they offer more precise optimization outcomes than conventional techniques [23]. More number of heuristic algorithms is implemented for handling the PQ problems in MGs, in which some algorithms are evolution programming, differential evolution, evolution strategy, swarm intelligence, gravitational search, flower pollination, harmony search algorithm, etc [24]. As meta-heuristic algorithms comprise the ability of recovering from local optima regarding their inherent stochasticity, it has the ability of handling uncertainties in the MGs. However, some challenges are raised in the existing strategies. Thus, there is a requirement on recommending the hybrid algorithm for the efficiency of solving the PQ issues in MGs [25]. Hence, this research work takes this constraint as the major objective for promoting the performance on solving the PQ issues.
The research motivations are listed here.
· To suggest a new model to improve the PQ in MGs using RESs with the implementation of novel HT-GWSO strategy for enhancing the power. With the adoption of RESs including tidal, wind, and solar power sources in MGs, the designed PQ enhancement model promotes various applications including home management, industrial applications, hospitals, health centres, by providing reliable power for meeting the requirements of customers in various fields, and the extensive and present use of diverse classes of electrical and electronic gadgets in the industrial and commercial areas.
· To suggest a new HT-GWSO strategy for PQ enhancement in MGs using RESs to get the finer gains of the Proportionate Integral (PI) controller along with the objective of reducing the error function in enhancing the reactive PQ and active PQ for the higher performance enhancement in MGs.
· To test the effectuality of the recommended HT-GWSO strategy for PQ enhancement in MGs using RESs in determining the performance over traditional methods regarding factors inclusive of the result of PV power, the result of solar irradiance, analysis on various RESs, and evaluation on total power.
This research work is structured as given here. Portion II defines the literature study. Portion III specifies the PQ enhancement in MGs under hybrid RESs using a novel meta-heuristic algorithm. Portion IV derives the power and current controller strategies used in the proposed PQ enhancement model. Portion V exhibits the proposed objective model with HT-GWSO for PQ enhancement. Portion VI discusses the result and evaluation. Portion VII concludes this paper.
II. Literature study
A. Existing research works
In 2021, Rajesh et al. [1] have implemented a novel control strategy for carrying out the PQ of RES in MG frameworks. This model was designed by proposing a new IBSMFO method with the integration of an "Improved Bat Search and Moth Flame Optimization (MFOA)" technique. This algorithm was designed by replacing the searching behavior of bat functions with the mutation and crossover operations. This algorithm has tried to solve the error function and has enhanced the PQ respecting the difference between active with reactive power. This goal has been solved using MFOA for reducing the power variants. In addition, they have reduced the operating cost of RESs for forecasting the weekly and daily data regarding environmental, electrical load, and grid electricity constraints. Power amplification has been assumed as the major constraint for enhancing the efficiency of the energy storage components in the complete system. The designed strategy was enhanced via the active with reactive power.
In 2020, Elmetwaly et al. [2] have preferred a new Proportional-Integral-Derivative (PID) controller with the integration of “Adaptive Switched Filter Compensator (ASFC)” for enhancing the entire dynamic efficiency of the MGs. The optimal tuning was performed on gains of the PID controller. They have adopted Grasshopper's Optimization Algorithm (GOA) for performing the self-optimization to act adaptive manner by deriving the operating factors to the MG operations. The advanced ASFC was tested on various case studies and revealed the robustness on factors comprising power factor enhancement, compensation on reactive power, stabilization on dynamic voltage, and mitigating the harmonics. They have also formulated the constraints of RESs inclusive of transitory fault criteria, solar Photo voltaic (PV) irradiation, differentiations of wind speed, etc. The GOA-based tuned optimal PID controller was suggested for “Distribution Synchronous Static Compensator (D-STATCOM)”. This model was experimented over traditional methods and exhibited its superiority over traditional approaches. This model has maximized the superiority regarding latency, robustness and efficiency of the recommended devices.
In 2018, Bagheri et al. [3] have offered a reinforcement learning technique with the novel online reference control scheme for static distribution compensator. They have utilized novel controller for compensating the unbalanced current load, harmonics, and reactive power in an MG by the utilization of current and voltage constraints. This scheme has adopted the voltage controller for adjusting the initial point of the reference in the reactive power while the compensation on the recent controller was done via the zero axis (0-axis) and quadrature axis (q-axis) that has also unbalanced the load current in resource distributed network. This scheme was applied on autonomous MG with a non-stiff source (weaker ac-supply) distribution system in various fault conditions and loads. The simulation results on several constraints and several scenarios were explored.
In 2021, Babu et al. [4] examined the efficiency of the PV system along with the enhancing the PQ for PV system via a shunt active power filter with the “Fuzzy Logic Proportional-Integrator-Derivative Multiple Complex Coefficient Filter Multiple Second-Order Generalized Integrator Frequency-Locked Loop (FLPID-MCCF-MSOGI-FLL) hybrid control scheme”.  They have tried to solve the current harmonics via current generation MSOGI-FLL reference scheme via gathering the basic components from the non-linear load currents while the distorted grid voltages were separated from basic components, and they have eliminated the harmonics in the voltage in case of the highly polluted grid. The recommended FLPID was tried for managing the constant power among ac and dc sides via the regulation of the stable dc-link voltages in transient scenarios. Several environmental cases were formulated for tracking the maximum power from the PV panel, where they have used perturb and observe-aided with Particle Swarm Optimization (PSO) method. The effectiveness was verified over traditional approaches with traditional methods over constraints including grid synchronization, superior basic component, and frequency gathering, better rejection on dc offset, and PQ. Finally, it was concluded that this recommended model has exhibited performance and met with the IEEE-519 standard range.
In 2021, Golla et al. [5] have implemented “Universal Active Power Filter (UAPF)” for RESs with MG system. They have combined the RESs including the wind and solar with the battery storage system at UAPF. The centralized MG controller was recommended for enhancing the PQ and efficient managing of power flow. The major goal of the designed model was to acquire the efficient usage of flawless power transfer and RES over several operating factors, and offering the consistent PQ to the load with the introduction of “Instantaneous Power Balance Theory (IPBT)”. The PQ enhancement was done for generating the switching pulses to both active series power filter and active shunt power filter along the integration of instantaneous power balance concept. Moreover, suitable power flow management was done via producing suitable reference signals to several DC-DC converters for efficient power flow scheme. The experimental analysis was conducted over several modes including floating, isolated and interconnected models, which focused on processing the MG constraints in at parallel way.

In 2018, Kaushal and Basak [6] have presented a novel decision-making technology for assessing the PQ of an AC single-phase MG. They have formulated the PQ-aided electrical constraints involving Total Harmonic Distortion (THD), power factor, frequency, and voltage. The fuzziness in differentiation of PQ was quantified randomly, where they have adopted index for PQ monitoring for a single-phase MG model via fuzzy inference 256 rule-based systems. This index was estimated via a generalized technique for other MG configurations also. The outcomes have exhibited the efficiency of the designed strategy over conventional electrical constraints operated in islanded and grid-connected modes.
In 2021, Othman and Fergany [7] have explored a control strategy by “Chicken Swarm Optimizer (CSO)” along with the virtual-adaptive inertia control cooperation strategy. This model has focused on enhancing the frequency consistency of an inter-correlated power system that was incorporated with RESs. The optimal values of the gains for the introduced standard PID controllers were tuned and achieved using CSO algorithm and also the necessary constraints of virtual-adaptive inertia control scheme. They have handled several frameworks including the severe differentiations and immediate step load disturbances in the system inertia. Additionally, they have formulated practical scenarios inclusive of random load disturbances and uncertainties of tidal power source. The viability of the designed CSO-based strategy was enhanced and compared over existing strategies for increasing the dynamic performances of the system.
In 2022, Xiaoluan et al. [8] have evaluated the day-ahead operating issue of MG including RES-aided methodologies including Plug-in Hybrid Electric Vehicles (PHEVs), wind turbine and solar PV system. Additionally, they have formulated the uncertainties and also precisely derived the optimal execution of MG via Monte Carlo. This approach has derived the 24-hour day-ahead scheduling along with uncertainties in the charging demands of output power of stochastic RESs, price, loads, and electric vehicles. The suitable operation of the MG was done for investigating the behavior of the storage devices, and thus, they have included NiMH-Battery to the system. The total operating cost of the MG was optimized to solve the issue. Moreover, the “Hybrid Crow Search and Pattern Search (HCS-PS)” technique was utilized for handling the higher complexity of the issue and considered the complete search space in global way. The simulation findings have exhibited superior performance regarding convergence problems over custom methods.
B. Problem Specification

Some existing PQ enhancement approaches are reviewed in Table 1. IBSMFO [1] gets lower overshoot time and settlement time when comparing with traditional approaches and for renewable energy sources, it solves the PQ  enhancement issues. Though, it suffers from high operating cost. GOA [2] demonstrates the enhancement on PQ  constraints like minimization of consumed power factor and reactive power, mitigation of harmonics distortion, and dynamic voltage stabilization. It takes high time consumed for simulation processing. Reinforcement learning algorithm [3] has focused on compensating the unbalanced load current, harmonics and the reactive power and increases the PCC voltage by the differentiation in the DSTATCOM reactive power generation reference. It faces complications regarding frequency control. FLPID-MCCF-MSOGI-FLL [4] maintains the voltage of the dc bus without any ripple at dc bus terminals and has focused on eliminating the voltage harmonics from highly polluted grid voltages. It does not focus on solving the faults occurring in the system. IPBT [5] shows lesser computational burden, and has simpler structure and throughout the operation, the designed model is reliable, efficient, and stable. There is a need of additional power-sharing among the MGs components for giving better performance. PQMI [6] is more effective and simple for PQ  assessment, and to determine the PQ  monitoring index, this model is more flexible with any combination of constraints in a specific MG. It suffers from varying the huge amount of electrical constraints in fuzziness. CSO [7] improves the frequency stability for showing its ability in PQ  enhancement and evaluates realistic scenarios like random load disturbances and uncertainties of tidal power source. It does not explore the errors in unequal interconnected fields. HCS-PS [8] minimizes the operating cost of MGs and offers more controllability and flexibility for the power system. It suffers from convergence issues. This study on existing approaches promotes the researchers to focus on suggesting a new efficient heuristic controller for solving the PQ  issues in MGs.
TABLE I.  Benefits and challenges of existing power quality enhancement approaches
	Author [citation]
	Methodology
	Features
	Challenges

	Rajesh et al. [1]
	IBSMFO
	· The designed model gets lower overshoot time and settlement time when comparing with traditional approaches.

· For renewable energy sources, it solves the PQ enhancement issues.
	· Though, it suffers from high operating cost.

	Elmetwaly et al. [2]
	GOA
	· It demonstrates the enhancement on PQ constraints like minimization of consumed power factor and reactive power, mitigation of harmonics distortion, and dynamic voltage stabilization.
	· It takes high time consumed for simulation processing.

	Bagheri et al. [3]
	reinforcement learning algorithm
	· It has focused on compensating the unbalanced load current, harmonics and the reactive power.

· It increases the PCC voltage by the differentiation in the DSTATCOM reactive power generation reference.
	· It faces complications regarding frequency control.

	Babu et al. [4]
	FLPID-MCCF-MSOGI-FLL
	· The voltage of the dc bus is maintained without any ripple at dc bus terminals.

· It has focused on eliminating the voltage harmonics from highly polluted grid voltages.
	· It does not focus on solving the faults occurring in the system.

	Golla et al. [5]
	IPBT
	· It shows lesser computational burden, and has simpler structure.

· Throughout the operation, the designed model is reliable, efficient and stable.
	· There is a need of additional power-sharing among the MG components for giving better performance.

	Kaushal and Basak [6]
	PQMI
	· It is more effective and simpler for power quality assessment.

· To determine the power quality monitoring index, this model is more flexible with any combination of constraints in a specific MG.
	· It suffers from varying the huge amount of electrical constraints in fuzziness.

	Othman and El-Fergany [7]
	CSO
	· It improves the frequency stability for showing its ability in power quality enhancement.

· It evaluates the realistic scenarios like random load disturbances and uncertainties of tidal power source.
	· It does not explore the errors in unequal interconnected fields.

	Xiaoluan et al. [8]
	HCS-PS
	· It minimizes the operating cost of MGs.

· It offers more controllability and flexibility for the power system.
	· It suffers from convergence issues.


III. Power quality enhancement in microgrid under hybrid renewable energy sources using novel meta-heuristic algorithm
A. Problem Formulation and Background 
The research works contribute to the topic of PQ for the implementation of RES via the energy storage system [30]. The perturbing of RESs is done via various factors regarding harmonics, wind energy with the louder operation, environment relied on frequency drop, and breach with various solar irradiation to solar intensity or without management of PQ problems in RESs. The inconvenience solution leads for reducing the lifetime of MGs along with the failure of electrical devices [31]. Moreover, various recent strategies are suggested for controlling the power flow, which are correlated with the design of operational ranges. Some problems are spillages prompting packed air loss and inefficient control, energy loss via distributed systems along with poor maintenance of transmission, etc. The Flywheel energy storage model has the ability to accelerate the speed of the rotor by retaining the energy in the system in a rotational way but, it faces complications regarding shortened time during the energy discharge process. The model predictive control concept is used for enhancing the inborn pay for the dead times and the execution of control. However, the challenges inclusive of computation complexity and outcomes are not assured. These aforementioned cases are utilized to enhance PQ at RESs [32]. Moreover, the expected outcomes are attained by some approaches owing to the multi-faced characteristics of the technique. In addition, there is a need of exploring the optimal control theory for solving the challenges via using cutting-edge theory. Few of the control strategies are explored in existing research works for handling RESs.
B. Proposed System Model
MGs have become a vital research area, especially on distributed energy systems around the world. However,  the distributed generation system suffers from PQ problems due to the power electronic interfacing with the distribution system and the amplified infiltration of nonlinear loads. The power systems take the benefit of using the RESs inclusive of fuel cells, hydroelectric power, wind turbines, solar energy, etc in the distributed generation system [33]. Although it offers various disadvantages, it faces challenges regarding PQ issues that are concerned when interfacing the MG with the main grid. The crucial PQ issues that influence the utility grid are fluctuation in system voltage, maximized reactive power demand, load unbalances, and harmonic content. Moreover, PQ problems are generally raised while occurring the sudden variations of load in MG. 
In recent years, the higher petroleum price is observed owing to the energy lacking problem. Thus, several RESs are incorporated with the enhancement of elective energy, and higher-power apparatuses, which are enhanced dynamically [34]. Moreover, a living condition in cutting-edge has been pulverized and contaminated by estimating the recent estimation metrics. Some of the RESs including PV systems with wind power generation systems improve the creation, coordination, and inspection of fossil fuels regarding natural worldwide concepts around the world. Generally, the RES system is the consolidated system of various RES along with available energy storage units. The half-and-half energy storage/power generation systems are applicable for compelling and controlling incorporation among multiple subsystems that are tried for transmitting and offering necessary power for the correlated loads. The electricity cost can be reduced from the wind power generation model owing to the progressed involvement and worldwide innovative advancements, which is considered as the custom solution for fuel fossil energy. Thus, the lower expense is noticed by the photovoltaic systems, which adopt the considerable range for the higher productivity of PA with the modification of semiconductor [35]. The lower level of power density and energy conversion efficiency is noticed for the PV while distinguishing from the Wind Turbine Generator whereas the cost of the PV is more. PV generates adequate energy to provide the disconnected loads or is conveyed via DC–AC converters energy to a utility grid. The architectural representation of the proposed model is given in Fig. 1.
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Fig. 1. Proposed System Model for power quality enhancement in microgrid under energy resources with heuristic algorithm
Generally, the RES system with MG is designed for reducing the PQ issues along with the introduction of various controllers. Some recent controllers are transient responses, best steady state via H-infinity control systems, sliding mode control, and prescient controller. The brilliant controllers are used for maintaining a strategic distance from the issues in designing the controller. The canny controller is recently linked to superior results for diverse half-breed energy system complications. The fuzzy logic controller is also utilized for operating conditions and system parameters with the adoption of well-performed frequency control and the inverter voltage. This same controller is utilized for enhancing the PQ especially for actualizing the battery discharging or charging for delivering the PQ to load and finer power modifications. While utilizing the controller in the model, the planning of controller parameters requires more time and is a complicated process. A new HT-GWSO algorithm is recommended in this research work for the purpose of enhancing the PQ. It is suggested for tuning the controller parameters for improving the power at MGs using RESs. It focuses on enhancing the PQ by differing active power from reactive power. This model considers the objective as the minimization of error function along with reducing the power variants. 
C. System Overview
There is a need of adopting a new controller for enhancing the PQ with the hybrid RES control framework at MGs. The control-based approach is implemented with the execution of a newly suggested HT-GWSO algorithm. Some RESs considered in this study are battery, fuel cell, wind turbine, and compilation of PV. The transmission of energy to the DC bus is carried out via the utilization of such RESs. In addition, the grid side constraints are formulated optimally for enhancing the optimal PQ performance in a dynamic way and for evaluating the load of the electrical energy system. The unit structure is illustrated for enhancing the PQ with the control blocks represented by Voltage Sources Inverter (VSI)-aided RESs. The most appropriate mode of power control is followed via VSI based on the active with reactive power of unit hybrid RESs. Based on the reference values, it should control the below-connected mode to the grid. While modifying the adequate load time, the power supply to the main grid comprising RESs must be changed accurately. The PV array and main grid are utilized for satisfying the load demands, whereas they have interconnected the power supplied as a fuel cell. Moreover, along with the utility and hybrid RES, consistent active with reactive power is essential for controlling the PQ problems.
IV. Power and current controller strategies used in proposed power quality enhancement model
A. Power and Current control
This research work on PQ enhancement uses the active with reactive power control via load among the controlling ability of PQ impacts among the utility and grid. There are two PI controllers used in this research for controlling the PQ in MG, which is diagrammatically given in Fig. 2.
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Fig. 2. Power and Current control with heuristic assisted strategy in MG using Hybrid Renewable Energy Sources
The external control loop
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 is presented and utilized in the proposed control scheme along with the reference current vectors. This control objective attains a higher level of output in inverter power, which ensures the modifications in the reference current path in a comparably slower manner. This recommended PQ control framework is suggested with the VSI by taking the distributed generation unit. To make the proposed model as efficient, the current vectors are released in this structure that certifies the reference for offering the constraints of optimal control. The load variation condition must be attained via active with reactive power while linking the distributed generation unit with the grid. The resultant of the active with reactive power is tuned to the reference value (
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The primary goal of the controller is to guarantee the precise management of short intermediates and inverters. The dynamic performance with steady-state can be enhanced via formulating the grid voltage feed-forward loop with the inverter current loop. The current error must be reduced for both the converter by using two PI regulators. The DQ model is framed for getting the result of the signal controller to process the signals of the voltage reference. The reference voltage signals are created via the inverter at the stationary frames. The controller approach offers the resultant of voltage vectors with lower harmonic distortion by applying the PWM approach in the designed controller strategy. The reference voltage for the signal is derived as follows.

[image: image7.wmf][

]

[

]

[

]

[

]

[

]

QT

DT

p

t

t

p

QT

DT

I

I

tQT

QT

DT

p

p

QT

DT

I

I

Ld

Ld

G

G

VtDTV

I

I

V

V

k

a

a

k

k

k

k

k

-

-

-

+

+

=

00

00

*

*

*

*

          (3)

[image: image8.wmf]*

DT

DT

DT

I

I

dt

dG

+

-

=





         (4)


[image: image9.wmf]*

PR

PR

PR

I

I

dt

dG

+

-

=





         (5)

It can be further converted via Clarke’s transformation approach as derived in Eq. (6).
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The minimum-pass filter is applied for deriving the induction current. The initial order transform function of the low pass filter is equated in Eq. (7).


[image: image11.wmf]in

in

fv

tT

fv

=

+

×

1

1





         (7)

In Eq. (7), the resultant of the input filter offered 
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. Finally, the power and current control is derived with the adoption of PI controller in enhancing the PQ level in MGs at RESs.
B. Active and Reactive Control
The PQ enhancements are done for the load and grid modes. While the necessary load varies, the power acquired from the primary grid with hybrid RES is also modified [36]. The primary grid comprises of PV power produced from the array for satisfying the load demands and also incorporated the fuel cell. The power flow must be controlled among utility and hybrid RES for participating with consistent active with reactive power [37]. The controlling of loads is done by taking the source with an AC bus inclusive of power balance or storage devices for meeting with the requirements of active with reactive power. Further, there is a need of fulfilling the power balance via Point of Common Coupling (PCC) by considering the direct current connection as equated in Eq. (8).
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Here, the total production of power attained time
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. In addition, the control execution of active with reactive power hybrid RES is utilized for getting the output and load for the system power balance, where the load correlated mode to grid are formulated here.
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The necessary load differentiation is assumed to be nonlinear owing to the uncertainty of RESs, where they do not satisfy the power balance criteria. Generally, the higher-performance operational unit of hybrid RES is utilized in getting the results of the power control mode. Additionally, the supply of considerable PQ enhancement is achieved via solving the PQ issues, where the control mode must be assigned inclusive of rises of harmonic distortion, frequency deviation, and voltage. Active with reactive power is estimated here.
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The power values of active with the reactive group are previously assigned and driven for controlling the amplitude comprising the phase angle of the inverter current. On the other hand, this prior assumption can be done locally by the grid. The proposed control strategy of active with reactive power management reaches the grid connection by considering the regulation of frequency and voltage [38]. The PV irradiation is supported by examining the operation of active with reactive power that is further categorized for analyzing the hybrid RES units. The grid comprises an operational model along with the utilization of batteries for power backup options [39].
V. Proposed objective model with Hybrid Tuna-Glow worm Swarm Optimization for power quality enhancement
A. Objective Model
The recommended PQ enhancement model uses the HT-GWSO algorithm for optimizing the gain parameter by considering the active with reactive power values. This proposed enhancement of PQ model in MGs using hybrid RESs considers the goal as the minimization of system error and then, the fitness estimation is derived in Eq. (15).
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Here, the error function of the proposed model is denoted as
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, where the compatible tuned parameters are attained using HT-GWSO algorithm while reaching the minimal properties of the designed model. The error function
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is derived in two ways for active with the reactive power, which are correspondingly as equated in Eq. (16) and Eq. (17).
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Finally, the minimum error function is observed for the design of PQ enhancement for the MGs using hybrid RESs. The flow of generating the optimal gain parameters for the designed PQ enhancement model is shown in Fig. 3.
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Fig. 3. Proposed HT-GWSO-based by tuning the controller parameters for the PQ enhancement model
B. Existing TSO
TSO [26] is motivated by the cooperative foraging characteristics of the tuna swarm. It has two behaviors for foraging including "spiral foraging and parabolic foraging" of tuna. This creature is a carnivorous marine fish and is also named as Thunnini. Various species of tuna with varied sizes are available. It has the ability of swimming in sea continuously and follows its own, effective swimming called fishtail-shaped swimming. It swims very quickly but it does not faster than the response of the nimble small fish. Thus, the preying is carried by the tuna via performing the group travel approach. Their intelligence is used for finding and attacking their food source or prey. Various sets of intelligent and efficient foraging schemes are utilized for the foraging behaviors.

The initial scheme is spiral foraging, where a spiral formation is created for driving toward the prey for feeding tuna in the shallow water for a simpler attack. The second scheme is parabolic foraging, where a parabolic shape is formed for enclosing their food source by swimming after an earlier search agent by every tuna. TSO is modelled via forming the initial populations in a uniform random way in the search dimension as given in Eq. (18).
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Here,
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, the count of tuna population is specified as 
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, uniform distribution of constant vector in the ranging limit of [0, 1] is derived as 
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, and the lower and upper range of the search dimension are consequently specified as 
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 beginning search agent is known as 
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Foraging in a spiral way: A tight formation is done in a spiral manner by the tuna group for chasing the prey. Then, the information among tuna is exchanged with each other after spiralling the prey. Every tuna starts to move towards the earlier fish to enable the information distribution between adjacent tuna. These behaviors are formulated for performing the spiral updating as given in Eq. (19).
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In the formulated derivations, the uniform distribution of constant vector in the ranging limit of [0, 1] is derived as
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, the final number of iteration is specified as
[image: image45.wmf]max

i

, the recent iteration is denoted as
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, a constant term utilized for evaluating the extension of which the tuna has to be followed by the best search agent and the earlier agent in the beginning phase is indicated as
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, the weight coefficients are given as 
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, which are utilized in controlling the ability of agents for moving to the best and earlier agents, the recent best individual (food source) is given as
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Tuna has the finer exploitation tendency as they forage around the food in a spiral manner in the search area. Though, while the finer search agent failed for discovering the food, the optimal search agent is blindly followed for foraging which is not valuable for foraging in a grouping way. Thus, a random coordinate is spirally generated in the search dimension as a reference point. It permits every search agent for searching a large dimension area and thus, it has higher global exploration capability. The mathematical model of this behavior is designed as given in Eq. (24).


[image: image54.wmf](

)

(

)

ï

î

ï

í

ì

=

×

+

-

×

+

×

=

×

+

-

×

+

×

=

-

+

P

j

S

S

S

S

j

S

S

S

S

S

i

j

i

j

i

rand

i

rand

i

j

i

j

i

rand

i

rand

i

j

,

,

3

,

2

,

1

,

1

2

1

2

1

1

K

w

h

w

w

h

w

 (24)

In Eq. (24), the arbitrarily produced referred point in the search area is denoted as
[image: image55.wmf]i
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TSO modifies the referral points of spiral foraging from arbitrary search agents to best agents while increasing the iteration. Finally, the spiral foraging is derived as given in Eq. (25).
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Foraging in parabolic way: The next step is parabolic formulation. A parabolic cooperation feeding is formed by tunas next to the spiral formation, which is done by taking the reference point as food. Additionally, the food is hunted by tuna by foraging over themselves. It is simultaneously conducted by taking the chosen probability as 50% for both cases, which is derived in Eq. (26).
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Here, the constant number in the value of -1 or 1 is denoted as
[image: image59.wmf]F

. The mentioned foraging schemes are cooperatively performed for hunting the prey by tuna.

To summarize, TSO is derived by formulating the population of tuna at random way in the search area. In every iteration, every search agent is arbitrarily chosen in the search dimension. Here, one of the two foraging schemes is selected randomly by every search agent in every iteration for executing or selecting for regenerating the location in the search domain based on the probability rate
[image: image60.wmf]J

. The value of
[image: image61.wmf]J

is taken as 0.05. During the complete optimization procedure, entire search agents are updated constantly and computed until meeting the final condition along with the retrieval of finest search agent and their fitness values.

The pseudo code of the traditional TSO is given in Algorithm 1.
	Algorithm 1: TSO [26]

	Devise the population of tuna and upper limit of iteration 
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	While 
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	Execute the search solutions using Eq. (18)
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	Execute the search solutions using Eq. (24)

	
	
	
	
	Else

	
	
	
	
	
	Execute the search solutions using Eq. (19)

	
	
	
	
	End if

	
	
	
	Else

	
	
	
	
	Execute the search solutions using Eq. (26)

	
	
	
	End if

	
	
	End if

	
	End for

	End while

	Obtain best solutions


C. Existing GSO
GSO [27] is a new and recently suggested nature-motivated heuristic algorithm utilized for solving optimization issues. GSO maximizes the convergence rate via formulating the greedy acceptance condition for the glowworms. It is a derivative-free algorithm recommended by adopting the glow characteristics of glowworms. It also mimics a luminescence quantity known as luciferin. This algorithm is basically designed from the ACO technique, where continuous problem solving can be performed via the metaphor of glowworm and utilized to manipulate the solutions. Every agent or artificial glowworm has its unique vision and utilizes a light on the 2-D field that is known as local-range for decision scheme. The objective value of the position of the searched individual is correlated with the luciferin level. A finer position is attained by assuming the brighter individual with the highest objective value. While taking the higher luciferin intensity of a neighbour individual, the searched individual is inspired towards the best agent. The range of the local decision is considered by taking the count of neighbours. More number of neighbours are explored while enlarging the range with lower neighbour density.

The forwarding of the individual is always varied based on the chosen neighbour. More attraction towards the search agents is attained while reaching the higher value for the luciferin level of the neighbour. At last, all the agents merge together at various positions. Generally, the GSO algorithm is formulated by three stages inclusive of updating by luciferin stage, movement stage, and range update for decision. Initially, the function value at the location of the glowworm is helpful in updating the luciferin level. In the starting iteration, entire glowworms begin with a similar value for luciferin level. However, these values can be modified based on the function values at their recent locations. The estimated value of the sensed profile including radiation level and temperature at the specified location is proportional to the luciferin value. The previous level of luciferin is added to every glowworm. Consequently, the luciferin level of search agent is deduced the earlier value of the luminescence for simulating the decaying in luminescence.
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Here, the objective value of the fitness function at 
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, the constant for luciferin enhancement is indicated as
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, the constant for luciferin decay is mentioned as
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A probabilistic strategy is used by every glowworm during the movement stage for determining a movement of an adjacent, which comprises a luciferin value higher than their own. The brighter glow of neighbours attracts the glowworms. Moreover, the probability of forwarding to 
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every glowworm is derived in Eq. (29).
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In Eq. (29),
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and the cluster of neighbourhood of 
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Further, the movements of search individuals are derived in Eq. (30).
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In Eq. (31), the Euclidean norm operator is referred to as
[image: image90.wmf]and the step size is denoted as
[image: image91.wmf]z

. Finally, the rule of Neighborhood range updating is carried out based on the radial range
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. During the optimization procedure, entire search agents are updated constantly and estimated until meeting the final condition along with the retrieval of finest search agent and their fitness values.

The pseudo code of the traditional TSO is given in Algorithm 2.

	Algorithm 2: GSO [27]

	Devise the population of glowworm 

	Determine the random constraints

	While 
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	Estimate the fitness value of the search individuals

	
	For
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	For every individual

	
	
	Execute the luciferin phase using Eq. (28)

	
	
	Execute the movement phase using Eq. (30)

	
	End for

	End while

	Obtain best solutions


D. Proposed HT-GWSO
In the designed PQ enhancement model for MGs in utilizing hybrid RESs, a new HT-GWSO is newly designed for the aim of offering the optimal gain parameters. HT-GWSO is designed by the incorporation of two newly recommended GSO and TSO methods. This HT-GWSO overcomes the challenges of traditional TSO with the adoption of GSO algorithm. The TSO technique achieves higher performance while estimating with other techniques, which have a higher success rate in balancing both global search and local search phases. It is executed with a few iterative steps, which reduces the lesser time costs. On the other hand, it suffers from some error rates with lower performance in getting global solutions. Thus, GSO is adopted here owing to its vast features including higher convergence speed in discovering the probability of getting optimal solutions, avoidance velocity factor, and the ability of dealing with highly multi-modal, non-linear optimization issues effectively and naturally. Thus, HT-GWSO promotes the features of adopting both techniques in terms of higher convergence rate with superior outcomes on getting the better optimal outcomes regarding gain parameters in the proposed PQ enhancement model that is highly preferable for MGs in using the hybrid RESs. HT-GWSO is designed by adopting the conditional format of
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is satisfied, then the solutions are updated by the luciferin rule in Glowworm by Eq. (28) or else the solutions are updated by TSO algorithm. This updating helps in promoting the convergence rate by balancing both global search and local search phases. The pseudo code of the recommended HT-GWSO is depicted in Algorithm 3.

	Algorithm 3: HT-GWSO

	Devise the population and upper limit of iteration 
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	While 
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	Execute the search solutions using luciferin rule in GSO by Eq. (28)

	
	
	Else If
[image: image103.wmf]J

³

a



	
	
	
	If
[image: image104.wmf]5

.

0

<

a



	
	
	
	
	If
[image: image105.wmf]a

i

i

<

max



	
	
	
	
	
	Execute the search solutions using Eq. (24)
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	Execute the search solutions using Eq. (19)

	
	
	
	
	End if

	
	
	
	Else

	
	
	
	
	Execute the search solutions using Eq. (26)

	
	
	
	End if

	
	
	End if

	
	End for

	End while

	Obtain best solutions


Fig. 4 shows the flowchart of the HT-GWSO algorithm for enhancing the PQ.
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Fig. 4. Flowchart of the implemented HT-GWSO algorithm for enhancing the PQ model
VI. Result and evaluation
A. Simulation configuration
The experimental analysis was conducted in MATLAB 2020a. The major objective of this proposed model was to enhance the PQ in MGs using hybrid RESs. The comparative analysis was conducted for the proposed model to show the efficiency of the recommended model while distinguishing with traditional algorithms like Grey wolf optimization algorithm (GWO) [28], whale optimization algorithm (WOA) [29], IBSMFO [1], TSO [26], and GSO [27] techniques. The experimental analysis was done by considering the balanced PV irradiation level and unbalanced PV irradiation level by estimating the power level respective with time for the RESs inclusive of battery, fuel cell, wind turbine and PV system. The statistical analysis was also considered to demonstrate the efficiency.
B. Simulation model of the proposed PQ enhancement model
The simulation representation of the designed PQ enhancement model for MGs using hybrid RESs is illustrated in Fig. 5.
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Fig. 5. Simulation model of the proposed PQ enhancement model in Microgrids using hybrid renewable resources
C. Experimental analysis on balanced PV irradiance level
The proposed PQ enhancement model is tested by taking the balanced irradiance level at the range of 1000 as given in Fig. 6. The irradiance performance and its power are represented in Fig. 6 (a) and (b). The efficiency of the power is started at the zero level and finally, reached the level among 6000 to 6500. Moreover, while increasing the time, the constant level of PV power is observed here. Next, the hybrid RESs is examined here with the criteria of power balance. For example, which considering the power level of fuel cell in Fig. 6 (c), the proposed HT-GWSO gets the lower rate at initial time whereas after 0.3 seconds, the proposed HT-GWSO reaches the higher level of power and it consistently maintained while estimating with traditional approaches. Similarly, for the entire hybrid RESs, the HT-GWSO-based optimal gain parameter generation promotes the efficiency in evaluating the power level.
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Fig. 6. Experimental evaluation on the recommended PQ enhancement model by taking the balanced PV irradiance  level for (a) balanced PV irradiance  representation, (b) irradiance  representation by power, (c) power level for fuel cell, (d) power level for grid, (e) power level for load, (f) power level for PV, (g) power level for wind turbine and (h) power level for battery
D. Experimental analysis on unbalanced PV irradiance  level
The analysis on the unbalanced PV irradiance level is estimated here for the designed PQ enhancement model for MGs as shown in Fig. 7. This experiment is conducted by taking the irradiance in imbalance state, where the imbalance is noticed at 0.78 seconds, and it is suddenly dropped from 1000 to 0. This scenario is estimated here respected to various conditions. For example, for the imbalanced irradiance level, the power level for load using proposed optimal gain parameter generation using HT-GWSO is superior while estimating with traditional approaches. Moreover, for the total power level of the entire hybrid RESs, the HT-GWSO-based promotes the efficiency over others
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Fig. 7. Experimental evaluation on the recommended PQ enhancement model by taking the unbalanced PV irradiance  level for (a) unbalanced PV irradiance  representation, (b) irradiance  representation by power, (c) power level for load, and (d) total power level

E. Statistical analysis 
The statistical evaluation is conducted for the proposed PQ enhancement model over traditional approaches as given in Table II. It is estimated by taking the experiments for five times and the analysis is done regarding five standard measures. The median of the designed PQ enhancement model using HT-GWSO algorithm for the power level is 0.37%, 17.6%, 0.7%, 6%, and 3.5% higher than GWO, WOA, IBSMFO, TSO, and GSO methods in analyzing the balanced irradiance level. Finally, the designed model exhibits the higher power level using HT-GWSO algorithm for both cases and thus, it is highly preferable for the design of the PQ enhancement in MGs using hybrid RESs.
TABLE II.  Statistical evaluation on the recommended PQ enhancement model over classical heuristic algorithms in terms of irradiance level
	Metrics
	GWO [28]
	WOA [29]
	IBSMFO [1]
	TSO [26]
	GSO [27]
	HT-GWSO

	Balanced irradiance level

	Best
	0.90708
	0.7929
	0.91737
	0.8276
	0.90489
	0.95072

	Worst
	0.72134
	0.70629
	0.80015
	0.72824
	0.71988
	0.80669

	Mean
	0.83248
	0.73908
	0.85469
	0.78417
	0.82348
	0.87208

	Median
	0.86097
	0.73468
	0.85782
	0.81423
	0.83467
	0.86417

	Standard Deviation
	0.076534
	0.033078
	0.043728
	0.050327
	0.084504
	0.051654

	Unbalanced irradiance level

	Best
	0.83897
	0.8798
	0.88155
	0.89597
	0.88473
	0.91728

	Worst
	0.71331
	0.72733
	0.76832
	0.70559
	0.72839
	0.82405

	Mean
	0.77935
	0.82666
	0.81525
	0.80646
	0.78705
	0.87692

	Median
	0.79168
	0.82522
	0.79779
	0.78529
	0.76799
	0.88552

	Standard Deviation
	0.046271
	0.061553
	0.044399
	0.085371
	0.058969
	0.035625


VII. Conclusion
A novel hybrid meta-heuristic algorithm called HT-GWSO was suggested in this research work to mitigate the PQ issue in MGs. It was especially utilized for tuning the controller parameters in the proposed model along with the adoption of active with reactive power analysis. The objective was assumed as the minimization of error function for the system along with enhancement of PQ levels in both active with reactive power. Finally, the results are analyzed with various standard metrics and enhanced the PQ of MGs. The median of the designed PQ enhancement model using HT-GWSO algorithm for the power level is 11.8%, 7.3%, 10.9%, 12.7%, and 15% maximized than GWO, WOA, IBSMFO, TSO, and GSO methods in analyzing the unbalanced irradiance level. Finally, the designed model has exhibited the higher power level using HT-GWSO algorithm for both cases and thus, it was highly preferable for the design of the PQ enhancement in MGs using hybrid RESs. However, this model was experimented in using the limited number of RESs, and thus, more RESs in MGs including geothermal, biomass, and hydropower, together with non-RES inclusive of diesel generator will be analyzed in future research work to extend the longevity.
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