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Abstract

:

The power system responsiveness may be improved by determining the ideal size of each component and performing a reliability analysis. This study evaluated the design and optimization of an islanded hybrid microgrid system with multiple dispatch algorithms. As the penetration of renewable power increases in microgrids, the importance and influence of efficient design and operation of islanded hybrid microgrids grow. The Kangaroo Island in South Australia served as the study’s test microgrid. The sizing of the Kangaroo Island hybrid microgrid system, which includes solar PV, wind, a diesel engine, and battery storage, was adjusted for four dispatch schemes. In this study, the following dispatch strategies were used: (i) load following, (ii) cycle charging, (iii) generator order, and (iv) combination dispatch. The CO2 emissions, net present cost (NPC), and energy cost of the islanded microgrid were all optimized (COE). The HOMER microgrid software platform was used to build all four dispatch algorithms, and DIgSILENT PowerFactory was used to analyze the power system’s responsiveness and dependability. The findings give a framework for estimating the generation mix and required resources for an islanded microgrid’s optimal functioning under various dispatch scenarios. According to the simulation results, load following is the optimum dispatch technique for an islanded hybrid microgrid that achieves the lowest cost of energy (COE) and net present cost (NPC).
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1. Introduction


Traditional fossil-fuel-based power plants emit a significant amount of glasshouse gases (GHGs), which are harmful to the environment. As a result, interest in non-conventional and renewable energy resources, such as solar, wind, biomass, wave, hydro, and geothermal energy, is growing. Solar and wind energy technologies are popular among renewable energy sources, and their participation in grids and microgrids around the world is increasing [1].



However, due to the unpredictable and intermittent nature of these resources, operating islanded microgrids with solar and wind energy is difficult. The variability of solar PV and wind generation in a microgrid may lead to short-term stability problems, such as sudden voltage and frequency deviation, which can be worse due to the rapid changes of the load demand [2]. Additionally, the reliability of a microgrid can be affected by multiple types of generation sources and their coordination [3]. To ensure system stability and reliability, optimal design and optimization of an islanded hybrid microgrid are critical, and they are achieved by assessing the optimal sizing of each component with appropriate dispatch strategies.



1.1. Review of Dispatch Strategies and Optimization Applied to Microgrids


The evaluation of islanded microgrid dispatch techniques and optimization algorithms has piqued researchers’ interest [4,5,6,7,8,9,10,11,12]. Feixiong et al. suggested and tested a strategy for creating an islanded microgrid based on distributed economic dispatch algorithms [5]. The author did not consider the alternative dispatch strategies for the analysis to justify the novelty of the conducted research. Chengquan et al. assessed an optimal dispatch strategy for islanded hybrid microgrid by incorporating vehicle-to-grid operation under time-of-use tariffs [6]. Dispatch-strategy-oriented schedule operational maintenance is missing in this analysis. Tian et al. demonstrated a two-level decentralized optimization approach facilitating power dispatch control strategies for an islanded microgrid [7]. To improve the generation stimulability of a wind–battery hybrid microgrid system, Abdullah et al. proposed an operative power dispatch technique [8]. Bo and his colleagues created a multi-agent system-based energy-management platform that takes into consideration real-time power-dispatch methodologies [9]. The synchronization between the power- and economic-dispatch strategy is missing here, which is significant in terms of system stability and reliability. Based on the stochastic behavior of wind-power projections, Meysam et al. proposed a modified operating dispatch approach for an integrated gas and electricity network [10]. To manage the high renewable penetration, Yu et al. designed a robust energy distribution scheme with a distributed economic dispatch method for a microgrid [11]. Lin et al. used a hierarchical model predictive controller to show a dynamic active power dispatch strategy for a wind-based hybrid energy system to boost network stability [12]. In order to keep the system frequency within acceptable bounds, Yunfeng et al. presented a dispatch model for the islanded microgrid [13]. Pedro et al. developed a distributed-technology-based improved optimal-dispatch technique for an imbalanced three-phase islanded microgrid [14], but there was no comparative analysis of the dispatch strategies to illustrate the innovation of each islanded microgrid design.




1.2. Review of System Operation (Stability) Issues in Microgrids


Some studies specifically focus on the system stability and mitigation of voltage and frequency fluctuations for islanded hybrid microgrid systems [15,16,17,18,19,20]. To increase the voltage stability of an islanded hybrid microgrid, Hale et al. proposed using a static synchronous compensator (STATCOM) and the genetic algorithm (GA) optimization technique [15]. Mohammad et al. [16] looked at a variety of control methods and optimization methodologies for lowering net present cost, voltage and frequency instability, and pollution. Hany et al. proposed a control technique for managing output voltage using a GA-based PI controller [17]. Amir et al. implemented a novel control technique to improve the power system performance of an islanded microgrid by considering the bidirectional interlinking converter [18]. Phillip et al. demonstrated a multi-agent distributed hybrid control technique for the islanded hybrid microgrid to maintain voltage and frequency stability [19]. Hossam et al. proposed a new multi-level voltage and frequency control strategy for an islanded hybrid microgrid considering the virtual inertia control co-efficient [20].




1.3. Review of System Planning (Reliability) Issues in Microgrids


Moreover, several studies highlighted the long-term planning and operational aspects considering the system reliability for islanded hybrid microgrid systems [21,22,23,24,25,26,27,28,29,30]. Xufeng et al. evaluated an operational reliability index for the islanded hybrid microgrid considering the short-term stability and outages model [21]. Khare et al. demonstrated the reliability assessment of the distribution network of the islanded hybrid microgrid to ensure the feasibility of the system [22]. Mokoka et al. described the reliability analysis of an islanded hybrid solar–diesel–battery system to support the typical rural and decentralized area of Nigeria [23]. Amin et al. demonstrated a transient component-based reliability analysis of the islanded hybrid microgrid to ensure the operability of the distribution network [24]. Abdelsalam et al. implemented an autonomous energy management scheme to ensure the reliability of the system by considering the load voltage and converter dynamics [25]. Abdulkarim et al. implemented a reliability assessment of islanded microgrid considering the operational faults of power electronic devices [26]. Subramanya et al. demonstrated reliability-based autonomous islanded hybrid microgrid with renewable-based resources [27]. Zhong et al. introduced a reduced-order model for the reliability and dynamic stability of an islanded hybrid microgrid by employing a bandpass filter-based droop control method [28,29].




1.4. Research Gaps Identified in Microgrid Optimization for Efficient Planning and Operation


The research gaps can be listed as mentioned below:




	
Lack of coordination between optimal sizing and techno-economic analysis.



	
Lack of coordination between techno-economic analysis and power system performances.



	
The comparative analysis of dispatch strategies for the IHMS in terms of combined research of techno-economic analysis and power system performances are missing.



	
The reliability analysis of the IHMS has never been considered under the dispatch strategies domain to ensure the technical feasibility of the system.








While the existing literature contributed solely either to the dispatch strategies or on the system stability and/or reliability, there is still a disconnect between appropriate sizing and techno-economic analysis, as well as power system performance and dependability. The following three requirements must be met for the islanded microgrid to function properly: (1) techno-economic feasibility, (2) system stability, and (3) reliability. Implementing the right combination of those three criteria for an islanded microgrid could be a feasible solution to this problem.




1.5. Contributions of This Research and Paper Outline


This research evaluates the assessment of the ideal sizing of each component. By studying the power system response to maintain system stability and performing reliability analysis, an islanded hybrid microgrid system with four dispatch strategies can be optimized. This scientific endeavor makes a two-fold contribution:




	
To begin, choose the most appropriate dispatch method (in the HOMER software platform) to determine the optimal sizing of the resources of an islanded hybrid microgrid in order to achieve the lowest cost of energy (COE), net present cost (NPC), and CO2 emissions;



	
Second, by analyzing the power system performance, ensure efficient, stable, and reliable operation of the best microgrid design (as determined in the previous stage) in MATLAB/Simulink and DIgSILENT PowerFactory.








The remainder of the paper is laid out as follows: Section 2 discusses the components and power conversion procedure of an islanded microgrid system; Section 3 discusses the research methodology and simulation algorithm with an explanation of the dispatch strategies; Section 4 discusses the results with relevant graphs to show a comparison between different dispatch strategies, taking into account NPC, COE, CO2 emission, power system performance, and the system reliability index to ensure the efficient and reliable operation of an islanded microgrid system; Section 4 discusses the results with relevant graphs to show a comparison between different dispatch strategies taking into consideration NPC, COE, CO2 emission, power system performance. The paper is then concluded with Section 4, which summarizes the key findings and highlights the paper’s contributions.





2. Research Methodology


2.1. System Simulation Procedure


The optimization and evaluation approach for the designed islanded hybrid microgrid is depicted in Figure 1. The optimization procedure begins with the selection of modules and input parameters, followed by economic and technical analysis, load profile evaluation, and dispatch strategy definition. After the optimal sizes of the resources are identified, they are integrated and implemented in the power system analysis to check the technical validity and reliability of the designed microgrid by using the DIgSILENT PowerFactory platform.




2.2. Dispatch Strategies


Depending on the power sources, load demand, and weather circumstances, the optimization algorithms use different dispatch mechanisms. “When there is insufficient renewable energy to serve the load, a dispatch strategy is a collection of rules used to govern the generator and storage bank operation” [30,31]. This study examined and implemented four dispatch strategies: (i) load following, (ii) cycle charging, (iii) generator order, and (iv) combination dispatching.



According to the load following (LF) procedure, when a generator is required, it just provides enough capacity to meet the load demand. To keep the system viable and stable, load demand should be met by renewable resources [32]. Power supply to the load contains the highest priority in this dispatch strategy. Hence, the system reliability is expected to be very high in this approach. When using the cycle charging (CC) methodology, a generator is used at full capacity whenever it is needed, and extra electricity is used to charge the battery bank. In general, cycle charging will be ideal in environments where renewable energy is scarce [32]. The battery storage is the critical element in this dispatch strategy, as the battery is expected to be charged always with the surplus power.



The defined sequence of generator combinations follows the generator order (GO) technique to fulfil the load demand, which meets the operating capacity first [33].



To avoid making assumptions about future net-load, the combined dispatch (CD) strategy uses the current net load to determine whether to charge the battery with the generator. At low loads, the CD method avoids using the generator. The combined dispatch (CD) finds the least expensive option for load following or cycle charging at each time step [33,34].



In a microgrid optimization, dispatch strategies refer to power management tactics and optimal sizing criteria. From all four dispatch strategies mentioned above, it is very important to consider the availability of renewable resources, a state-of-the charge of the battery and usage of the backup diesel generator when needed to meet the load demand. Figure 1 shows the priority of the operational strategies to meet the load demand and the consideration of the availability of the generation.



Figure 2 depicts the priority of generators and system demand for the planned microgrid based on the four dispatch options. After analyzing and observing the data, it can be concluded that the LF dispatch strategy has the most impact on system demand, while the GO dispatch strategy has the greatest impact on generator priority.




2.3. Microgrid Topology


Figure 3 shows the schematic diagram of the optimization procedure conducted through the simulation mechanism in the HOMER platform. Solar, wind, diesel generator, battery storage, and load profile and system converter modules make up the proposed and simulated islanded microgrid system. The optimization procedure was conducted through the proper application of meteorological data, such as solar irradiation, wind speed, temperature and some technical specifications of PV module, wind turbine module, battery storage, and diesel generator. All the modules were synchronized with the meteorological and technical data and interrelated with the system components. Wind turbine module, PV module, and diesel generator backup are connected with the AC bus, and the battery storage is connected with the DC bus. In between the AC and DC bus, there is a bi-directional converter that was connected to run the power flow according to the load demand.




2.4. Optimization Equations


To calculate the optimum cost of energy (COE) for a hybrid system in HOMER Pro, the following equation was used:


  C O E =    C  a n n , t o t      E  p r i m   +  E  d e f   +  E  g r i d , s a l e s      



(1)




where Cann, tot is the total annualized cost, Eprim is the total amounts of primary load, Edef is the total amounts of deferrable load, and Egrid, sales is the amount of energy sold to the grid per year.



To calculate the total net present cost of energy, the following equation was used:


   C  N P C   =    C  a n n , t o t     C R F ( i ,  R  p r o j   )    



(2)




where Cann, tot is the total annualized cost, i is the annual real interest rate, Rproj is the project lifetime, and CRF (.) is the capital recovery factor.



To calculate the CO2 emissions from the hybrid energy system, the following supporting equation was introduced:


  t C  O 2  = 3.667 ×  m f  × H  V f  × C E  F f  ×  X c   



(3)




where   t C  O 2    is the amount of CO2 emissions,    m f    is the fuel quantity (litter),   H  V f    is the fuel heating value (MJ/L),   C E  F f    is the carbon emission factor (ton carbon/TJ), and    X c    is the oxidized carbon fraction. Another factor that should have been considered was that 3.667 g of CO2 contains 1 g of carbon.




2.5. Test Microgrid


For the demonstration of the proposed methodology, Kangaroo Island was chosen as the location of the microgrid. Kangaroo Island has established solar- and wind-energy resources [35].



Figure 4 shows the single line diagram of the Kangaroo Island power system which was modified to introduce a hybrid islanded microgrid system [36]. The power system network consists of 13 buses, 7 loads, 6 transformers, 1 wind turbine generator, 1 solar PV generator, 1 BESS, and 1 diesel generator. The wind turbine generator, solar PV, BESS, and diesel generator are connected to Buses 1, 6, 13, and 12, respectively. The network has 7 loads connected to different busses at 0.4, 11, 33, and 66 kV voltage levels. The total electrical load demand is 7.7 MW.




2.6. System Simulation Scenarios


To validate the robustness of the proposed approach, the system simulation procedure was carried out with three different sets of data. The results obtained from these three sets of data are presented to compare the design choices and to identify the most appropriate dispatch strategy for microgrid optimization. The considered datasets are (i) data collected from NASA surface metrology, (ii) Real Dataset 1, and (iii) Real Dataset 2; (ii) and (iii) are collected from BOM.



	(1)

	
Data Scenario 1: (NASA Data)—The representative data include wind speed [37] and solar irradiation data [38] for 1 year with a 30-min data resolution. The load data for Kangaroo Island were obtained from Reference [39].




	(2)

	
Data Scenario 2: (Real Dataset 1)—The second set of representative data for Kangaroo island includes solar irradiance, temperature, and wind-speed data [40,41] for 1 year, with a data resolution of 30 min. The representative load data were obtained from Reference [39].




	(3)

	
Data Scenario 3: (Real Dataset 2)—Similar to Data Scenario 2, the representative dataset for Kangaroo island also includes solar irradiance, temperature, and wind-speed data [40,41] for a year, with a data resolution of 30 min. The load data were obtained from Reference [39].








2.7. Reliability Indices


The reliability indices considered in this study are System Average Interruption Frequency Index (SAIFI), System Average Interruption Duration Index (SAIDI), Customer Average Interruption Frequency Index (CAIFI), Customer Average Interruption Duration Index (CAIDI), Average Energy Not Supplied (AENS), and Average Service Unavailability Index (ASUI) [42].





3. Results and Discussion


3.1. Optimal Sizing


Table 1 shows the comparison of NPC, COE, and CO2 emission obtained from the HOMER optimization solutions according to the four dispatch strategies (LF, CC, GO, and CD) for three different data scenarios [43].



From Table 1, it can be observed that NPC, CO2 emission, and operating cost are the lowest for GO strategy for the Real Data 2. However, COE is the lowest for the CD strategy using the NASA data. According to the working principle of GO strategy on every occasion, a generator follows the order of priority defined in the GO table. The GO strategy usually permits the high priority generator to dispatch first. Thus, the application of battery storage is limited here as the load demand will be fulfilled by the available renewable generation at first. That is why for GO the COE is higher than the other three dispatch strategies.



The NPC and operating cost are the highest for the CC strategy for Real Data 1 and 2 in comparison to all other strategies and scenarios. For CC strategy on every occasion, a generator needs to operate to serve the primary load demand while it operates at full output power. Thus, the priority of redundant energy application is going through the process of battery charging. That is why the investment cost is higher in the CC strategy. The CO2 emission is the highest for CD with Real Data 1 (6.72 Kt/year) and CC with Real Data 2 (6.69 Kt/year). According to the working principle of CD strategy, it can be observed that in every step, it decides which one is the most feasible option between LF and CC. As the CD selects CC, with the CC strategy, the diesel generator serves the load demand and charges the battery; thus, CC is producing much CO2.



Figure 5 shows the comparison of the optimal sizes of power generation components (normalized) for Kangaroo Island for the four dispatch strategies obtained from the HOMER Pro. The optimal size of the PV, wind, diesel generation and battery system is different to support the same load profile as governed by the various dispatch strategies. Because the electricity generated by the PV and wind modules exceeds the load demand, the LF method requires the greatest battery size. As a result, a larger battery is required to store the excess power produced, ensuring future use in the event of no renewable power supply. The size of the PV, wind, and battery modules is the least among other dispatch systems, according to the ideal size of each module under the GO dispatch strategy, because, according to the GO, each module’s size will be determined by the overall load and generator sequence. The GO follows a defined order of generator combinations and uses the first combination in the list that meets the operating capacity. Moreover, the battery size using the GO is the smallest too. Battery capacity using the CD is the second smallest among other dispatch strategies. For the CD strategy, it can be concluded that, in every step, it decides which one is the most feasible option among LF and CC. To ensure energy security, diesel generator capacity is 3.5 MW for all the dispatch strategies under all the scenarios, as the average load is 3.5 MW for the Kangaroo Island.



Figure 6 shows a comparison of NPC, COE, and CO2 emission (normalized) according to four dispatch strategies for three datasets. These are explained previously in Table 1.



Figure 7 shows the optimal sizes of wind, PV, diesel generator, and battery module (normalized) as per the four dispatch strategies to ensure stable power system operation. These were obtained by using DIgSILENT PowerFactory. The starting values of these sizes were the optimal values obtained from the HOMER Pro. HOMER Profound the optimal sizes based on the objective functions described in Section 3 whereas DIgSILENT PowerFactory followed the optimal sizes according to the optimal power flow and total system stability.




3.2. Power System Reliability Assessment


Figure 8 shows the normalized values of reliability indices according to the four dispatch strategies. Several selected reliability indices for the designed islanded hybrid microgrid are presented in Figure 8 to compare the four dispatch strategies. According to the comparison, it can be observed that the LF has better SAIDI, SAIFI, and ACCI than other dispatch strategies, because the LF provides the highest priority to serve the loads from any available generation resources; therefore, this strategy reduces the possibility of a system outage. Therefore, the outage indices, such as SAIDI and SAIFI, are less for this strategy.




3.3. Power System Voltage and Frequency Assessment


A three-phase short-circuit fault was implemented at Bus 4 from 0.1 to 0.3 s to check the bus voltage response for all four dispatch strategies. Figure 9 presents the transient voltage responses at Bus 4 (load bus) of the microgrid following a three-phase fault that sustained for 200 ms. For Data Scenario 1 (NASA data), the voltage at Bus 4 is very similar for all four dispatch strategies. Due to the variations in wind speed and solar irradiance, the voltage deviation is higher at 1s for GO and LF. For Data Scenario 2 (Real Field Data 1), Bus 4’s voltage deviation for the CC is increasing from 0.9 s, whereas the CD, GO, and LF show the same trajectories. It can be observed that Bus 4’s voltage under the GO strategy for all three data scenarios is stable throughout the operation, especially from 0.3 s. The Bus 4 voltage responses for the other three dispatch strategies considering the different data scenarios are changing due to the size differences of generation and load.



Figure 10 shows the frequency responses of the wind turbine generator at Bus 1 considering four dispatch strategies and three data scenarios. For CC and CD, the three-phase fault induced the frequency drop that occurred at the same time and for the same duration; however, for the GO and LF, they are a little delayed. For Data Scenario 1, under the GO, the frequency dropped one more time before stabilizing. However, for Data Scenario 2, under LF, the frequency dropped around 0.3 s and recovered around 0.4 s. The frequency response is stable after 0.38 s for all dispatch strategies under all the data scenarios. Interestingly, for Data Scenario 3, under all four dispatch strategies, frequency responses are very similar showing undershoots and overshoots and mostly recovering from 0.42 s.



The frequency responses of the CC and CD from PV module are very similar for all scenarios. However, for the GO and LF, they are very different for all scenarios. These frequency responses match with those of the wind turbine generator for Data Scenarios 1 and 2.



The frequency response of BESS under the LF and GO is very similar, as the load demand is the priority and needs to be fulfilled, and the renewable power generation is chosen based on the availability of renewable resources. On the other hand, the frequency responses under the CC and CD are different from the other two dispatch strategies as the CC prioritizes charging battery storage and CD supplies power to the nearest load bus.




3.4. Power System Real and Reactive Power Assessment


Figure 11 shows the active power responses of the wind turbine generator at Bus 1. These responses are very similar in pattern, however, different in values due to the differences in optimal sizes. These create different optimal power flows as per the variations of wind speeds. For Data Scenarios 1 and 3, the active power responses have a rapid undershoot at 0.1 s for all the dispatch strategies and then rising at 0.39 s. However, for Data Scenario 2, the active power response of LF going further down to −0.2 MW, although other dispatch strategies remained the same, such as Data Scenarios 1 and 3.



These power responses of the PV generator vary a lot due to the stochastic behavior of solar irradiance and the difference in optimal sizing under different dispatch strategies. At 0.1 s the active power responses go down and from 0.5 s are slowly getting stabilized.



These responses of active power for diesel generator vary as per the optimal sizes. From 0.4 s, the active power responses are going down and finally reaching stability around 1.2 s. The active power responses for GO, CD, and LF are different for all three data scenarios.



The active power responses under the CC strategy for all three data scenarios are quite the same. The CC is showing a much different pattern than the other three dispatch strategies, due to its working principle of producing full power and charging battery.



The active power responses of the BESS reach zero after a certain period as the load demands are met by the renewable generations rather than the BESS.



Under the CC, BESS is usually charged by the diesel generator and other generators supply power to meet the load demand. PV and wind-generator active powers are the highest under LF, which denotes the maximum power interjection from the renewable generators rather than the diesel generator. Figure 12 shows the reactive power response of the wind turbine generator at Bus 1. The reactive power responses are relatively similar for all the dispatch strategies.



The reactive power responses are relatively similar. The reactive power responses of PV generator under CC and CD are relatively similar due to the working principle of CC and CD as in CC, the battery is charged before distributing power through the network and for CD, renewable generations follow the CC and then distribute power through the network. For Data Scenario 1, under the GO, reactive power response has a higher settling time following the overshoot. On the other hand, for Data Scenario 2, under the LF, reactive power response has a higher settling time.



Reactive power responses of diesel generator under the GO and LF strategies are relatively similar as the active power response and the frequency response remain the same for all three scenarios. However, under the CC and CD strategies, reactive power varies due to the variations of optimal sizes and renewable resources.



The reactive power responses reach zero after some initial oscillation until around 0.2 s as the voltage regulation responsibility was not given to the BESS inverters.




3.5. Comparative Analysis with Other Power and Energy Systems


3.5.1. Comparative Analysis of Designed System


The NPC can be changed based on the cost of the equipment, the cost of fuel, the cost of operation and maintenance, and the cost of the lifetime. The NPC for the proposed islanded hybrid Microgrid system was lowered in contrast to the NPC for other HRES in Table 2 and the conventional power plants in Table 3. Table 2 gives a brief comparison of the intended IHMS and comparable HRES in terms of CO2 emissions, NPC, COE, and running costs. It may be deduced from the comparative table that there is a considerable difference between the intended IHMS and other HRES.



The COE of the developed IHMS is 89.13 percent, the NPC is 48.02 percent, the operating cost is 81.05 percent, and the CO2 emissions of the designed IHMS are 99.99 percent less than other proposed HRES, according to the comparative analysis. The COE of the developed IHMS is 46.32 percent, the NPC is 49.56 percent, and the CO2 emissions of the designed IHMS are 99.99 percent less than conventional power plants, according to the comparison analysis shown in Table 3. The comparison was made by considering the single unit results. The peak load of 3.9 kW [44] produces the amount of CO2 which is 99% more than the designed system of 7.7MW as per kW. The author calculated the per kW CO2 emissions for both the designed and comparing system and found that the designed system reduces 99% CO2 emissions.




3.5.2. Best and Worst Dispatch Strategy


According to the critical study in both techno-economic and power-system performance aspects, as well as environmental considerations, the LF dispatch plan is the optimal method for all criteria. Furthermore, in terms of techno-economic and environmental factors, the CD method is the poorest option for microgrid operation and long-term optimization. Aside from that, both CC and PS perform poorly in terms of power system performance due to long-term instability and delays in frequency- and voltage-stability mitigation.




3.5.3. Applications and Implementations of This Research Work


The findings of this study can be transferred to any other site on the planet with similar weather conditions and load profiles. This study is mostly used in decentralized operations, such as mobile towers (BTSs), off-grid clinics or schools, irrigation, and so on. The study was carried out by utilizing meteorological real-time field data, demonstrating their acceptability and feasibility. To assure the system stability of the designed model, the results were additionally validated by DIgSILENT PowerFactory microgrid design and power system analysis. Comparative analyses of analytical and experimental outcomes were set aside for future research. The next sections conclude the conducted research work with the future recommendations.






4. Conclusions


An islanded hybrid microgrid with solar PV, wind, diesel generator, and battery storage systems was created for optimal resource planning and reliable operation. The performance of four dispatch strategies was evaluated, and the robustness of the approach was verified with three sets of data. According to simulation data, the GO dispatch strategy is the best in terms of minimal operating cost, NPC, and CO2 emissions, whereas the combination dispatch (CD) dispatch strategy is the worst in terms of maximum COE, NPC, and CO2 emissions. The voltage and frequency responses along with the reliability indices are presented in this paper taking the Kangaroo Island microgrid as a test case scenario to identify the best energy dispatch strategy. To assure the isolated island’s uninterrupted power supply, the planned microgrid met three important criteria: techno-economic feasibility, system stability, and dependability.



The COE is the lowest for the LF dispatch strategy as 0.128, 0.133, and 0.133 $/kWh for Data Scenarios 1, 2, and 3, respectively. On the other hand, COE is the highest for CD dispatch strategy, as 0.160, 0.161, and 0.162 $/kWh for Data Scenarios 1, 2, and 3, respectively.



From the frequency response comparison of the wind turbine generator, it is observed that, under CC and CD, the frequency response stabilized much faster than the other two dispatch strategies. However, under the GO, the frequency response is more consistent and stable for Data Scenarios 2 and 3. From the comparison of the PV generator’s frequency response, it is observed that the frequency under the CC is the most consistent and is stabilized quicker than the other three dispatch strategies for Scenarios 1 and 2.



From the critical comparison of reactive power responses, it can be concluded that the reactive power responses under the GO dispatch strategy were the best in terms of quick voltage recovery and stabilization for all data scenarios, making the GO the most suitable dispatch strategy if the economics and transient stability are considered.



From the normalized value of reliability indices, it is observed and is concluded that the GO and LF are the most consistent in terms of accuracy and feasibility.



In future work, a predictive dispatch strategy incorporating 24 h ahead load and generation forecasting will be implemented and compared against the traditional dispatch strategies. It is expected that the predictive dispatch will perform equally or significantly better than the GO, providing an opportunity for a virtual power plant, as with the operation of the microgrid, and will become the universal dispatch strategy for the islanded and grid-connected microgrid.
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Figure 1. Flowchart of the system-simulation procedure, which includes the optimization, power flow, and system-reliability analysis. 
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Figure 2. Impact of renewable resources and diesel engines depends on the different dispatch mechanisms for IHMS. 
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Figure 3. Schematic diagram of the Kangaroo Island hybrid microgrid optimization model. 
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Figure 4. Single line diagram of simplified Kangaroo islanded hybrid microgrid. 
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Figure 5. Comparison of optimal capacity (normalized) of generation and storage for three datasets according to four dispatch strategies in HOMER Pro. 
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Figure 6. Comparison of NPC, COE, and CO2 emission (normalized) according to four dispatch strategies for three datasets. 
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Figure 7. Comparison of optimal sizes (normalized) of each module from three different cases according to four dispatch strategies in DIgSILENT PowerFactory platform. 
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Figure 8. Reliability index parameters according to four dispatch strategies. 
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Figure 9. Voltage responses at Bus 4, according to the four dispatch strategies. 
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Figure 10. Frequency responses of wind turbine generator at Bus 1 for four dispatch strategies. 






Figure 10. Frequency responses of wind turbine generator at Bus 1 for four dispatch strategies.



[image: Energies 14 07217 g010]







[image: Energies 14 07217 g011 550] 





Figure 11. Active power responses of wind turbine generator at Bus 1 for four dispatch strategies. 
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Figure 12. Reactive power responses of wind turbine generator at Bus 1 for four dispatch strategies. 
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Table 1. Comparison of NPC, COE, and CO2 emission according to the four dispatch strategies for three different cases.
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	Dispatch Strategy
	NPC (million US$)
	COE (US$/kWh)
	CO2 Emissions (kt/year)
	Operating Cost (million US$)





	LF (NASA)
	51.5
	0.128
	5.62
	3.37



	LF (Real 1)
	53.5
	0.133
	6.33
	3.65



	LF (Real 2)
	53.4
	0.133
	6.13
	3.62



	CC (NASA)
	55.4
	0.137
	6.55
	3.76



	CC (Real 1)
	55.8
	0.138
	6.67
	3.84



	CC (Real 2)
	56
	0.139
	6.69
	3.84



	GO (NASA)
	39.5
	0.160
	5.17
	2.82



	GO (Real 1)
	39.6
	0.162
	5.21
	2.84



	GO (Real 2)
	39.3
	0.161
	5.18
	2.81



	CD (NASA)
	50.1
	0.126
	6.65
	3.64



	CD (Real 1)
	51.1
	0.129
	6.72
	3.66



	CD (Real 2)
	50.4
	0.127
	6.61
	3.59
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Table 2. Comparison of CO2 emission, NPC, COE, and operating cost between the designed IHMS and other HRES.
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	Parameters
	PV-Wind-DG-Battery IHMS
	Other HRES [44]





	CO2 Emission/Year (Kt)
	5.18
	198,347.984



	NPC/Year ($)
	39,300
	288,194



	COE ($/kWh)
	0.161
	1.877



	Operating Cost
	2810
	19,516
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Table 3. Comparison of CO2 emission, NPC, COE, and operating cost between the IHMS and Conventional Power Plant.
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	Parameters
	PV-Wind-DG-Battery IHMS
	Conventional Power Station [44]





	CO2 Emission/Year (Kt)
	5.18
	198,348.00



	NPC/Year ($)
	39,300
	297,000.00



	COE ($/kWh)
	0.161
	0.380
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