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This paper presents a student psychology-based optimization (SPBO)-tuned cascaded control scheme for an interconnected microgrid scenario. Generally, the different distributed energy sources are assembled to form the microgrid architecture, and the majority of the sources are environment-dependent. Furthermore, the intermittent power output from these sources causes a generation–load power mismatch, resulting in power and frequency oscillations. In this regard, the proposed student psychology-based optimization-tuned cascaded controller tackles the power-frequency mismatch issues under an interconnected microgrid scenario. Additionally, an improved power tie-line model is introduced considering the effect of line resistance in the microgrid scenario, as line resistance plays a significant role in power flow between the control areas. In addition, numerous case studies are investigated to examine the effectiveness of the proposed design methodology under the suggested control scheme. Furthermore, a detailed performance analysis is carried out considering the proposed model operation under a 12-node radial distribution network in order to examine the system compatibility in a practical distribution network. The obtained results ensure superior performances in terms of the system’s overall peak over/undershoots, oscillations, and settling time utilizing the proposed controller under the improved microgrid scenario.
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1 INTRODUCTION
Nowadays, modern power system scenarios utilize distributed energy resources (DERs) extensively. This highly emerging concept of DERs involves various renewable energy sources (RESs) and energy storage systems (ESSs) for seamless power flow in any power system network (Biswas et al., 2023). Accordingly, the utilization of the microgrid is gaining enormous popularity where the load power demand is fulfilled by the aggregated power from different DER units. In practice, the microgrids can operate either in an islanded/isolated mode or grid-connected mode for seamless power distribution amongst the loads (Shiva et al., 2022). In connection with that, it is observed that the output power from solar power generators (SPGs) and wind power generators (WPGs) is intermittent and depends on the environmental conditions. This intermittency further results in a power mismatch between the generated and demanded power. As a consequence, frequency and tie-line power oscillations are very common among DER-based microgrid scenarios. In this context, automatic generation control (AGC) plays a crucial role in regulating the frequency and tie-line power oscillations under DER-based microgrid systems (Mishra et al., 2023). In recent times, diesel engine generators (DEGs), battery energy storage systems (BESSs), and flywheel energy storage systems (FESSs) have been vigorously utilized along with SPGs and WPGs for proper system operations. Here, the roles of BESS and FESS are as ESSs, and these are mostly utilized to accomplish primary frequency control (PFC) operations in power systems. However, these units are less effective in making the system respond to the steady-state values. Furthermore, DEGs are very suitable for secondary frequency control (SFC) operations and help in reaching the tie-line power and frequency parameters to their steady-state value (Ranjan and Shankar, 2022). The transformation of the traditional power system model to unconventional microgrid scenarios motivates the authors to research and examine the effects of various power system elements on system parameter responses.
In the last few decades, several control strategies, including different optimization techniques, have been incorporated to improve the AGC performance under microgrid systems, both in islanded and grid-connected scenarios (Khan et al., 2023). In the following section, various control topologies are discussed, considering the islanded microgrid scenario. Furthermore, the discussion is extended to the interconnected microgrid scenario. The available controller designs for an islanded microgrid scenario are discussed as follows: a quasi-opposition-based harmonic search (QOHS)-optimized, fuzzy logic-based fractional-order proportional–integral derivative (FOPID) control scheme is incorporated to enhance the AGC performance under frequent load perturbations (Mahto et al., 2021). Moth flame optimization (MFO)-based fuzzy proportional–integral derivative (PID) controller is incorporated to enhance system performance (Sanki et al., 2021b). The power system instability due to the continuous frequency fluctuations is addressed by considering the whale optimization algorithm (WOA)-tuned fuzzy cascaded proportional–integral proportional–derivative (PI-PD) controller (Sahu et al., 2022). In this article, the WOA is adopted to evaluate the control parameters. Detailed investigations are carried out considering the effect of the sliding mode controller in the islanded power system scenario to address the AGC issue (Izadkhast et al., 2014; Khooban, 2017). Furthermore, a generalized active disturbance rejection control (GADRC) topology is proposed, considering the effect of communication delay to manage frequency fluctuations (Jain and Hote, 2021). Bevrani et al. (2012) addressed the particle swarm optimization (PSO)-based proportional–integral (PI) control scheme to address the frequency control aspect under a microgrid scenario.
Similar to the islanded microgrid scenario, several control topologies are implemented for the interconnected power system scenarios to perform AGC operations (Francis and Chidambaram, 2015; Hasanien, 2018; Chintu et al., 2022). A non-integer FOPID control is proposed for a two-area power system where the control parameters are estimated using the water cycle algorithm (WCA). In this work, a sensitivity analysis is carried out, considering rigorous load perturbations to the system (Latif et al., 2019b). The PSO-optimized PID-PD control scheme with detailed control system analysis is presented by (Tah and Das, 2016) and an imperialist competitive algorithm (ICA)-tuned cascaded fuzzy fractional-order integral derivative (CF-FOID) is proposed to achieve an improved frequency control scheme for a two-area interconnected power system model (Arya, 2020). A secondary frequency control scheme is proposed where the biogeography-based optimization (BBO) technique is utilized (Rahman et al., 2017). Another article proposes a dragonfly algorithm (DA)-optimized three degree of freedom (3 DOF)-based PID control scheme (Guha et al., 2018) in AGC operation. A robust dual-integral mode control (DL-IMC) topology for a multi-area hybrid power system model is proposed by Sonker et al. (2019). The proposed controller is capable of addressing issues like disturbance rejection and oscillation reduction. A fuzzy-PID with filter (PIDF)-based controller is implemented considering the marine predator algorithm (MPA) technique under an interconnected microgrid scenario to enhance the power system performance (Yakout et al., 2021b). A combined operation of fuzzy FOPID and tilt-integral derivative (TID) controllers is presented under a hybrid multi-area power system model considering the wild horse optimizer (WHO) algorithm (Ali et al., 2022). Furthermore, the virtual generation ecosystem control (VGEC) scheme is proposed for a multi-area power system model to achieve faster AGC under different disturbances. In addition, special attention is given to the implementation of robust control topologies, cost minimization, and achieving a faster convergence rate (Xi et al., 2020). A comparative analysis between PI, PID with filter (PIDN) and proportional fractional-order integral derivative (PFOID) under a multi-area power system is presented to examine the dynamic performance under different power system disturbances. Here, PSO, firefly optimization, WOA, and butterfly optimization algorithm (BOA) are utilized separately to evaluate the controller gain parameters to compare their performance and convergence rate (Latif et al., 2019a). In the earlier research works, several approaches can be observed considering cascaded control schemes. It is noteworthy to mention that the cascaded controller is very efficient in addressing the frequency and power oscillation issues very effectively (Singh and Zaheeruddin, 2021; Zaheeruddin et al., 2022; Singh and Arya, 2023). In most cases, the cascaded control scheme is utilized, considering two loops combined to improve the system’s performance (Ali et al., 2021; Yakout et al., 2021a; Çelik et al., 2021; Choudhary et al., 2022; Singh et al., 2023).
Based on the above discussion, it can be illustrated that, to date, several controllers in the presence of different metaheuristic techniques have been proposed to handle frequency fluctuations and tie-line power deviation in single- and multi-area microgrid systems. Several cascaded control topologies are also adopted to improve performance under different microgrid scenarios. Accordingly, it is noteworthy that the objective function computation time will increase with the incremental gain parameter numbers. Furthermore, several power system configurations have been adopted, so far considering DER-based AGC operations and excluding the effect of line resistance in the power tie-line model. However, it has been observed that the major utilization of microgrids encompasses medium- and low-voltage applications. In such microgrid scenarios, power loss due to line resistance between the control areas cannot be excluded. According to the critical literature review and research gaps, the major contributions of this article are framed and structured as follows:
• An improved two-area microgrid model is proposed considering the effect of RLn. Furthermore, this research work explores a DER-integrated microgrid considering a high RLn/XLn ratio along with a smaller power angle “δ” compared to conventional power system scenarios.
• A stability margin analysis is carried out such that the gain parameter values should lie under the stable system region. Based on the gain parameter value ranges, the initialization process was conducted to find out the minimum objective function.
• A cascaded proportional–integral–proportional derivative (CPIPD) controller (with four tunable parameters and a simplified structure) is proposed in order to achieve the desired dynamic performance of the considered microgrid under different power system scenarios. Furthermore, this work utilizes the student psychology-based optimization (SPBO) technique to tune the gain parameters of the proposed controller, due to its faster convergence than the other state-of-the-art methods in the presence of an improved power tie-line model.
• Numerous simulation case studies are investigated to examine the performance of the proposed controller under various power system scenarios. Additionally, the system performance analysis is carried out with and without considering the effect of RLn in order to validate the power tie-line modification.
• Detailed investigations are conducted considering the proposed two-area microgrid model in a 12-node radial distribution network in order to validate its performance under a realistic distribution scenario.
Based on the above discussion, the configuration of the paper is presented as follows: the detailed modeling of the microgrid with various power generators is presented in Section 2. Section 3 presents the tie-line modeling between the interconnecting areas of the considered microgrid. The proposed CPIPD controller design aspects are furnished in Section 4, followed by Section 5, where the various simulation result analyses are illustrated. Finally, the concluding remarks of this proposed work are furnished in Section 6.
2 MODELING OF DIFFERENT COMPONENTS OF THE INTERCONNECTED MICROGRID SCENARIO
This section illustrates the modeling of a two-area microgrid system comprised of different power generators. In the considered power system, each area consists of an SPG, WPG, DEG, FESS, and BESS. In addition, a first-order transfer function is utilized to resemble grid-integrated connections (GICs). Generally, power electronics converters, line transformers, and interconnected power lines are presented by GICs. The complete schematic presentation of a two-area microgrid scenario is depicted in Figure 1. This power system model is utilized to investigate the detailed system operation. Furthermore, the nominal loading condition is considered 1% step load perturbation (SLP) with 80% loading. First-order transfer function models are utilized to represent the DER units in order to investigate the effect of their dynamics on the overall system performance. The values of each parameter and the time constants are presented in the Appendix. The detailed modeling of the power generators is presented in the following section.
[image: Figure 1]FIGURE 1 | Schematic diagram of the linearized two-area interconnected microgrid model.
2.1 Solar power generator
Among all the types of RESs, SPG is the most common and committed eco-friendly energy resource. In the past few years, rigorous research and development related to SPG units has reduced the per kilowatt/hour generation cost. Furthermore, the extensive capability of SPG units makes them a deserving alternative to traditional power generators. The power generation from SPG highly depends on solar irradiance and ambient temperature (Sanki and Basu, 2018; Sahu et al., 2022). The basic equation of SPG-generated power can be presented as Eq. 1:
[image: image]
According to the small-signal stability analysis, control system engineers have the freedom to investigate any system dynamics using the transfer function model. The considered linearized transfer function of SPGs is depicted in Figure 2.
[image: Figure 2]FIGURE 2 | Linearized transfer function model of the SPG unit.
2.2 Wind power generator
WPGs are evolving as one of the most promising clean power producers, along with SPGs. The progressive development of WPGs has already crossed the global utilization threshold of 21%. These DERs convert the kinetic energy from the wind into electrical energy (Tah and Das, 2016; Latif et al., 2019b). The power expression of WPGs can be expressed as shown in Eq. 2.
[image: image]
This work utilizes a linearized transfer function model of the WPG, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Linearized transfer function model of the WPG unit.
2.3 Diesel engine generator
The last few decades have utilized the extensive applications of DEG units in microgrid scenarios. In addition to renewable energy sources, non-renewable generators like DEGs are very effective in AGC operations (Tah and Das, 2016). The primary objective of the DEG unit is to ensure the frequency deviation is zero at steady-state conditions under any load perturbations. In this regard, a linearized model of DEGs is utilized along with the renewable energy sources, which is expressed in Eq. 3. Accordingly, a schematic diagram is presented in Figure 4. Moreover, a linearized model of a delay unit is utilized along with the DEG unit to represent the overall system performance more realistically.
[image: image]
[image: Figure 4]FIGURE 4 | Linearized transfer function model of the DEG unit with delay.
2.4 Energy storage system
Renewable source-based power plants frequently suffer from a mismatch between the generated power and load demand due to their intermittent nature (Siti et al., 2022). In order to achieve a seamless power balance between the generating units and loads, ESSs can be used as backup power units. Based on the detailed literature reviews, it is observed that in most cases, BESS and FESS units are utilized as ESSs. Therefore, in this work, the BESS and FESS models are taken into consideration. The considered linearized models of BESS and FESS are presented in Figures 5, 6, respectively.
[image: Figure 5]FIGURE 5 | Linearized transfer function model of the BESS unit.
[image: Figure 6]FIGURE 6 | Linearized transfer function model of the FESS unit.
2.5 Power frequency block of the proposed power system
The power fluctuations between generation and power demand directly affect the system’s operating frequency and cause oscillations. Thus, the total generated power should be controlled and matched with the load power demand to avoid such an unwanted situation (Sanki et al., 2021). Furthermore, the mismatch between the generated and demanded power can be expressed as shown in Eq. 4:
[image: image]
Now, the relation between power mismatch and frequency perturbation is presented in Eq. 5.
[image: image]
In Eq. 5, for the [image: image] condition, [image: image] will be considered and for the [image: image] condition, [image: image] will be considered. Furthermore, a time delay operator is incorporated to represent the relationship between the change in power and frequency. Therefore, the change in frequency with the change in power is presented in Eq. 6.
[image: image]
The linearized power system model is depicted in Figure 7.
[image: Figure 7]FIGURE 7 | Linearized transfer function model of the power-frequency block.
3 MODELING OF THE TIE-LINE DESIGN FOR THE INTERCONNECTED MICROGRID SCENARIO
3.1 Conventional tie-line power design
The tie-lines between the interconnected areas under any power system play a significant role in sustaining synchronism by exchanging power between the control areas during load disturbances. To date, the majority of AGC studies have considered a multi-area power system model without including the effect of line resistance RLn (Tah and Das, 2016). Thus, the power flow equations only consist of line reactance XLn. Considering the effect of XLn, the conventional tie-line power flow P12 is presented in Eqs 7, 8. A typical two-area power system schematic diagram is depicted in Figure 8A.
[image: image]
[image: Figure 8]FIGURE 8 | Two-area interconnected power system model, (A) without considering the effect of tie-line RLn and (B) considering the effect of tie-line RLn.
where,
[image: image]
This article focuses only on the frequency regulation issue. Therefore, a change in active power causes a change in frequency.
Under small load perturbations, the change in [image: image] can be considered [image: image]. Hence, the power flow equation under small load perturbations becomes (Eq. 9)
[image: image]
where T12 is the tie-line synchronizing co-efficient, which is presented in Eq. 10.
[image: image]
Finally, according to the conventional AGC studies, the frequency deviation due to load perturbation is presented in Eq. 11.
[image: image]
3.2 Proposed improved power tie-line model
In modern decentralized power systems like microgrids, the exchange of power between the interconnected areas is very frequent, as they consist of intermittent energy resources. In such a scenario, the losses due to RLn are essential for power flow calculations. Therefore, modification of traditional power flow equations for such decentralized interconnected systems is highly required. Accordingly, the line impedance ZLn is considered to appear in the tie-line, connecting different areas under the microgrid scenario. For example, a schematic diagram of a two-area power system model is considered in Figure 8B. According to Figure 8B, the improved power flow equation [image: image] becomes
[image: image]
Here, current expression from bus 1 to 2 is as follows:
[image: image]
Simplifying Eq. 12, 13 by substituting [image: image], [image: image], and [image: image], we get Eq. 14
[image: image]
Under a small load perturbation situation, the governing power flow equation from bus 1 to 2 becomes
[image: image]
Similar to Eq. 15, the power flow equation from bus 2 to 1 becomes as follows (Eq. 16).
[image: image]
Furthermore, [image: image] and [image: image], as presented in Figure 1. The power loss during small load perturbation can be presented using Eq. 17.
[image: image]
4 MODELING OF THE CONTROLLER FOR THE TWO-AREA INTERCONNECTED MICROGRID
4.1 Controller design
The contribution from the renewable generating components, i.e., SPGs and WPGs, is always non-deterministic in nature. As a result, frequency fluctuations with load perturbations are very frequent phenomena in microgrids. It is essential to incorporate suitable control schemes in order to ensure proper system stability and smooth frequency regulation by maintaining a power balance between generation and load demand. To date, PID or various combinations of PID controllers are extensively used in AGC due to their faster and more flexible operations. Therefore, this paper proposes a CPIPD controller (as depicted in Figure 9) for a two-area microgrid to achieve dynamic frequency regulation by ensuring proper power balance. The PD feedback controller is effective in filtering out unwanted noises due to the available system disturbances, and the forward path PI controller is efficient in providing zero steady-state error of the frequency and tie-line power deviations under load perturbation (Sanki et al., 2021). The proposed CPIPD controller parameters can be represented using Eqs 18, 19, where suffixes 1 and 2 present the forward and feedback paths of the proposed controller, respectively. Suffix “n” presents the specific area of the microgrid.
[image: image]
[image: image]
[image: Figure 9]FIGURE 9 | Schematic diagram of the proposed CPIPD controller for the microgrid operation.
According to Figure 9, the frequency error due to any load perturbation is corrected by the PI controller, and noise filtration due to uncertainties is accomplished by the PD controller.
To date, numerous metaheuristic algorithms have been proposed in order to evaluate the optimum controller gain parameters. It is always desired that these metaheuristic algorithms exhibit a faster convergence rate with less computational time to tune the gain parameters. However, the majority of them struggle to satisfy such basic criteria. Recently, the SPBO technique has been proposed to overcome such hardships (Das et al., 2020). In this regard, a detailed discussion of SPBO is presented in the upcoming section.
The controller gain parameter evaluation plays an important role in achieving the desired responses. Generally, metaheuristic algorithms are utilized to obtain suitable controller gain parameters with minimum objective functions. In this scenario, various performance indices like ISE, IAE, ITSE, and ITAE have so far been incorporated in the presence of different optimization techniques to derive the objective functions (Antonopoulos et al., 2020). In this work, different performance indices are adopted to evaluate the suitable controller parameters. The detailed mathematical expressions of the different performance indices are presented in Eqs 20–23.
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The considered objective functions of this work can be represented as Eqs 24, 25.
[image: image]
where,
[image: image]
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4.2 Student psychology-based optimization
Performance analysis of any student in a particular class during an examination is mostly carried out based on the secured marks. The student who secures the overall highest mark is generally considered the class topper and is appreciated with some reward. Therefore, all students in any class attempt to provide maximum effort for each subject to secure the overall highest mark. The SPBO algorithm works with the same student psychology, where each student in a class tries to score the overall highest mark by improving their performance.
In order to sustain the position of class topper, gradual performance improvement for each subject is required. Therefore, students need to provide equal effort in all subjects to improve their overall scores. However, in reality, the effort of each student does vary based on their merit, efficiency, and subject interest. Additionally, the physiology of each student does differ, and as a result, performance during examinations discriminates against individuals. Some of the students consider the class topper as their reference and accordingly manage their efforts to become a topper. On the other hand, some of them consider both the class topper and the average student to manage their efforts to become a topper. Based on this analysis, the students of a particular class can be categorized into the following sections:
Topper: in an examination, the student who scores the maximum overall marks is generally considered a class topper. In order to sustain the position of the topper, a student must put forth equal effort in all the subjects to secure the overall maximum marks. Now, the improvement in the performance of a topper can be evaluated using Eq. 26.
[image: image]
Good student: the choice of this section of students is a random process as the psychology of individual students differs. The students who manage their effort, considering the class topper as their reference, can be assessed as Eq. 27:
[image: image]
However, the students who consider both the class topper and the average student to manage their effort regarding the study can be assessed as Eq. 28:
[image: image]
Average student: this section of students can be considered subject-wise average candidates. Effort on any particular subject depends greatly on interest in its topics. Therefore, a student who has less interest in a particular subject tries to focus more on the subjects of their interest for overall improvement. The performance analysis of this category of student can be carried out as Eq. 29:
[image: image]
Students who improve randomly: this category of students randomly puts extra effort into a particular subject of their interest to improve their overall score during examinations. The performance analysis of this category of students can be carried out as Eq. 30:
[image: image]
The detailed flowchart of the SPBO algorithm is presented in Figure 10.
[image: Figure 10]FIGURE 10 | Flowchart of the SPBO algorithm.
5 SIMULATION RESULTS WITH DISCUSSION
This section presents a detailed performance analysis of the proposed system under the suggested control scheme. In this scenario, all the test cases are simulated in the MATLAB/Simulink environment. A detailed discussion of the different test cases is presented in the following sections. A brief overview of the different test cases is represented in Table 1.
TABLE 1 | Overview of the simulated test cases.
[image: Table 1]5.1 Performance analysis of the proposed CPIPD controller with the SPBO algorithm in the proposed microgrid scenario under SLP
This case study is performed in a two-fold process. First, a stability margin analysis of the proposed controller gain parameters is presented in order to ensure proper and stable system operation. Based on the stable gain parameter values, the ranges of the controller gain parameters are decided during the optimization procedure. However, in the earlier research works, the controller gain parameters were randomly selected to find out the minimum objective function. Furthermore, a detailed comparative analysis is presented between the traditional controllers, state-of-the-art control techniques, and the proposed control scheme. The extensive performance analysis is presented in the following sections.
5.1.1 Stability margin analysis of the proposed control schemes
This section presents the stability margin analysis of the proposed controller gain parameters. In the earlier published works, the initialization of the gain parameters was carried out considering some randomly generated numbers within a particular range. However, in this approach, based on the stability margin analysis, the initialization range of gain parameters is decided. In this condition, Kp1 and Ki1 are the outer loop controllers (as shown in Figure 9) and Kp2 and Kd2 are the gain parameters of the inner controller (same as shown in Figure 9). The detailed stability range is presented in Figure 11. The stability margin analysis is carried out considering the individual controller gain parameter range between 0.01 and 15.
[image: Figure 11]FIGURE 11 | Stability margin analysis of the gain parameters of the proposed controller. (A) With increasing K_{p1}; (B) With increasing K_{i1}, (C) With increasing K_{p2}, (D) With increasing K_{d2}.
5.1.2 Performance analysis under SLP in an improved two-area interconnected microgrid scenario
This section presents a detailed performance analysis of the interconnected microgrid scenario considering the proposed CPIPD controller under 1% SLP at area-1. A comparative analysis is presented between the traditional controller, state-of-the-art controllers, and the proposed SPBO-based CPIPD controller to examine the effectiveness of the suggested control scheme. In this regard, the detailed convergence curve is presented (considering the ISE technique where the best response is obtained) in Figure 12. The obtained results confirm faster convergence of the proposed controller under the suggested metaheuristic technique. The detailed comparative analysis considering different performance indices is presented in Table 2, and the dynamic responses are depicted in Figure 13. Figures 13A, B present the frequency deviations in both areas, and the tie-line power fluctuations are depicted in Figure 13C. The investigation is carried out under 1% SLP at area-1 in the interconnected microgrid scenario under different control schemes. Based on the obtained results, it can be stated that the interconnected microgrid scenario gives the best performance in the presence of the proposed control scheme. The magnified dynamic responses suggest that the system performance is improved under the proposed controller in terms of peak over/undershoots, oscillations, and settling time.
[image: Figure 12]FIGURE 12 | Convergence curve comparisons between various control topologies.
TABLE 2 | System parameter comparison under 1% SLP.
[image: Table 2][image: Figure 13]FIGURE 13 | Dynamic responses in microgrid under 1% SLP, (A) frequency deviation of area-1, (B) frequency deviation of area-2, and (C) tie-line power deviation.
Critical observation also suggests that the minimum objective function is achieved under the ISE technique under the proposed control scheme. This validates the efficacy of the proposed control topology. Based on the obtained results, it can be confirmed that the best performance is achieved when the CPIPD controller is accompanied by the SPBO algorithm under the ISE technique.
5.2 Performance analysis of a two-area interconnected microgrid with/without considering the effect of tie-line resistance (RLn) under SLP
This section presents a comparative performance analysis of the proposed two-area microgrid with and without considering the effect of RLn during SLP. Conventional power systems are extensively utilized for high-voltage and low-current applications. Therefore, the power angle value (δ) is taken considerably high (within the range of 45°), and the tie-line is considered lossless (Tah and Das, 2016). Therefore, in conventional power systems, the effect of RLn becomes negligible during system performance evaluation. However, in decentralized multi-area power systems, like microgrids during interconnected mode operation, the above-mentioned parametric values are completely different. In this scenario, the system operates with comparatively low-voltage and high-current ratings. Accordingly, the value of δ is found to be considerably low. Thus, the inclusion of tie-line RLn in decentralized power systems becomes essential for power flow calculation. In the previous section, the superior performance of the proposed CPIPD controller over the traditional PID for an improved two-area microgrid model was already established. Thus, in this test case, the proposed CPIPD controller with SPBO is considered for the two-area microgrid to analyze the significance of RLn during performance evaluation.
In this section, 1% SLP is considered at area-1 of the proposed microgrid scenario. Like in the previous case, the frequency regulation of area-1, area-2, and the power flow through the tie-line is examined with and without considering the effect of RLn. As depicted in Figures 14A–C, the oscillations in frequency and tie-line power signals have reduced much after considering the effect of RLn. It should be noted that the power tie-line also acts as a feedback signal in each area. Therefore, the oscillation in the power tie-line is responsible for the oscillations in the frequency signals. Based on the dynamic responses, it is clear that the inclusion of RLn has reduced the system oscillations significantly. Hence, the effectiveness of the suitable tie-line design can be established.
[image: Figure 14]FIGURE 14 | Dynamic responses considering the effect of RLn in microgrid, (A) frequency deviation of area-1, (B) frequency deviation of area-2, and (C) tie-line power deviation.
5.3 Performance analysis of the proposed CPIPD controller with the SPBO algorithm in an improved two-area microgrid under RLP with the uncertainty of renewable resources
In real-life power systems, the load is always random in nature. Therefore, the performance of the proposed CPIPD controller using SPBO in an improved two-area microgrid is further examined under random load perturbation (RLP) and in the presence of uncertain renewable energy resource generation. The RLP is applied in area-1 to investigate the system performance. The nature of the load (small or large change in magnitude) with its switching instants is presented in Table 3. Furthermore, the available power contributions from SPG and WPG based on their intermittent nature are presented in Table 4. Additionally, the patterns of the RLP and the SPG–WPG units are depicted in Figures 15A, B, respectively.
TABLE 3 | Nature of the RLPs with their instant of switching and duration.
[image: Table 3]TABLE 4 | Output power pattern of the SPG and WPG implemented at area-1.
[image: Table 4][image: Figure 15]FIGURE 15 | (A) Pattern of the RLP at area-1. (B) Pattern of the SPG and WPG power output.
The detailed dynamic responses are presented in Figure 16. According to the obtained results, it can be stated that the system performance outperforms the other available control schemes in the presence of the proposed control topology in terms of the peak of over/undershoots, oscillations, and setting time. The effectiveness of the proposed control scheme under the improved microgrid scenario can also be validated with the available magnified responses. Therefore, it can be stated that the proposed controller with SPBO is capable of providing improved performance in a multi-area microgrid model during RLP with uncertain power output from SPG–WPG.
[image: Figure 16]FIGURE 16 | Dynamic responses under the effect of RLP, (A) frequency deviation of area-1, (B) frequency deviation of area-2, and (C) tie-line power deviation.
5.4 Performance analysis of the proposed CPIPD controller with the SPBO algorithm in an improved three-area microgrid under RLP and power uncertainty of renewable resources
The capacity and size of the microgrid will increase in the future with increasing load demand. Accordingly, the integration of renewable source-based energy will increase. Therefore, there will be a requirement for design modifications where the microgrid will increase in size, capacity, and interconnections. This case study presents a detailed performance analysis of a three-area microgrid scenario with an SPBO-optimized CPIPD controller and an improved power tie-line model. In this section, the RLP is considered as the load disturbance. In addition, to examining the controller performance under RLP, the intermittent nature of the SPG and WPG is also considered to create a realistic situation. The nature of RLP and the intermittent nature of SPG–WPG are considered the same, as described in Section 5.3.
The frequency fluctuation of the considered three-area interconnected microgrid scenario and the overall tie-line power deviation are depicted in Figure 17. Based on the obtained results, it can be concluded that the frequency and the tie-line power deviations are efficiently handled by the proposed SPBO-tuned CPIPD controller. Furthermore, the overall power sharing between the areas has taken place seamlessly without abrupt oscillations.
[image: Figure 17]FIGURE 17 | Frequency deviation and tie-line power deviation under the three-area microgrid operation.
5.5 Performance analysis of the improved two-area microgrid under a 12-node radial distribution network
In this section, the performance analysis is presented by considering the improved two-area microgrid integrated with a 12-node radial distribution network, as shown in Figure 18A. The proposed system is connected by bus numbers 9 and 11, respectively. The substation (SS), which is situated far away from the connecting nodes, is considered as the swing bus in the network. In this test case, prior to integration, the voltages of nodes 9 and 11 of the considered distribution network were 0.9895 pu and 0.986 pu, respectively. The corresponding loss of the distribution network was 19.02 kW. However, after integrating the proposed two-area microgrid, the node voltages are improved significantly from 0.9895 pu to 0.9980 pu (for node 9) and from 0.9860 pu to 0.9954 pu (for node 11). In addition to that, a notable power loss reduction takes place (from 19.02 kW to 15.34 kW) accordingly. The simulated responses of the corresponding bus voltages and power losses are presented in Figure 18B. The improved voltage profile and reduction of power loss clearly show the effectiveness of the improved two-area microgrid interconnection in the 12-node distribution network. A critical performance analysis of the improved two-area microgrid under 12-node distribution networks in terms of pu voltage (nodes 9 and 11) and power loss reduction is presented in Table 5. Based on the obtained results, the efficacy of the proposed microgrid model is justified.
[image: Figure 18]FIGURE 18 | (A) Schematic diagram of the improved two-area interconnected microgrid with a 12-node radial distribution network. (B) Voltage profile at the buses 9 and 11 and overall power loss of the distribution network.
TABLE 5 | Performance analysis of the modified two-area hybrid microgrid in a 12-node radial distribution network.
[image: Table 5]6 CONCLUSION
This article proposes an SPBO-optimized CPIPD controller for an improved multi-area interconnected microgrid in order to improve the system’s performance. Furthermore, the suggested multi-area microgrid model is critically investigated under numerous test scenarios with different power system configurations. Based on the obtained results, the significant outcomes of the proposed microgrid under the suggested control scheme are discussed as follows:
1. First of all, a two-area interconnected microgrid is presented, considering the effect of line resistance RLn. To date, the tie-line power flow model of conventional multi-area power systems has been designed excluding the effect of RLn. However, in the case of interconnected microgrid scenarios, RLn plays a significant role in power flow between the control areas. Therefore, extensive investigation of the proposed two-area microgrid has been carried out, and the obtained responses confirm that unwanted power oscillations can be damped out, including the effect of RLn.
2. A CPIPD controller is incorporated to accomplish the desired dynamic performance under various power system scenarios. Furthermore, for the first time, the stability margin analysis of the gain parameters was carried out, and based on the stable range, the proposed CPIPD controller was tuned utilizing the SBPO technique under the proposed microgrid operation. The proposed controller outperforms the available state-of-the-art control schemes in terms of over/undershoots, oscillations, and settling time.
3. A comparative performance analysis between the traditional controllers, state-of-the-art controllers, and the proposed CPIPD controller is investigated under SLP and RLP conditions in the modified microgrid system. Furthermore, the effect of the intermittent nature of SPGs and WPGs is considered to examine the system’s performance. Under this comparative analysis, the gain parameters of the controllers are optimized using different optimization algorithms. The critical investigation of the system responses ensures that the best response with a minimum objective function is achieved under the proposed CPIPD controller using the SPBO technique in the ISE technique.
4. The performance analysis of the improved two-area system is carried out, considering a 12-node radial distribution network. The obtained results indicate a significant improvement in the voltage profile and a reduction in overall power loss in the tested power distribution network. Therefore, this microgrid model is suitable for future power system modeling and operation.
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APPENDIX
1 SYSTEM PARAMETERS
KSPG = 1, TSPG = 1.5 s, KWPG = 1, TWPG = 1.8 s, KDelay = 1, TDelay = 1s, KDEG = 1, TDEG = 2 s, KFESS = 1, TFESS = 0.01 s, KBESS = 1, TBESS = 0.01 s, KGIC = 1, TGIC = 0.01 s, M = 0.1, D = 0.013, R = 1 Hz/pu MW.
2 CONTROLLER PARAMETERS
Area-1: Kpi1 = 6.81, Ki1 = 4.23, Kpd2 = 5.21, Kd2 = 2.65.
Area-2: Kpi1 = 5.45, Ki1 = 3.78, Kpd2 = 1.46, Kd2 = 3.08.
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PIDF PID with filter

MPA Marine predator algorithm

TID Tilt-integral derivative

WHO Wild horse optimizer

VGEC Virtual generation ecosystem control

PIDN PI, PID with filter

PFOID Proportional fractional-order derivative

BOA Butterfly optimization

CPIPD Cascaded proportional-integral proportional-derivative
SBPO Student psychology-based optimization technique
GIC Grid-integrated connection

Tercand Kgic  Time constant and gain parameter of the GIC, respectively

SLP Step load perturbation
RLP Random load perturbation

¢ Solar irradiance in W/m?

T, Ambient temperature in ‘C

n Efficiency

A Effective solar array area in m*

Kspi and Tspg  Gain parameter and time constant of the SPG

Air density in kg/m’

A, Net area of turbine blades in m*
Vaind Wind speed

Cp (A ) Co-efficient of power conversion

b Tip speed ratio

B Turbine speed angle

Kuwrg and Gain parameter and time constant of the WPG, respectively
Twre

Auprc Control input to the DEG unit

Kpee Gain parameter and time constant of DEG respectively

and Tpr;

Toetay Time constant of the delay unit

Kress Gain parameters and time constants of the FESS, respectively
and Tress

Knsss Gain parameters and time constants of the BESS, respectively
and Tpgss

Pe Generated power

P, Demanded power

. Frequency response characteristics constant

Trs Frequency characteristics time constant

D and M Damping and inertia constant respectively

Rin Line resistance

Xin Line reactance

Zin Line impedance

Piz Tie-line power flow

ExiEx Bus bar voltage magnitudes connecting the two areas

82 82 Voltage angles of the respective buses

) Change in 6 due to small load perturbations

AP Lo Power loss

Kpitn Gain parameters of the PI controller

and Kirn

Kpiza PD controller gain parameters

and K2,

ISE Integral square error

IAE Integral absolute error

ITSE Integral time square error

ITAE Integral time absolute error

Af and APy Frequency deviation and tie-line power deviations, respectively
Jomin Objective function

Xip and X;  Score of a particular subject of the topper and any random jth
student respectively.

md Random value that varies between 0 and 1

k Variable that varies between 1 and 2

Xi Marks of ith student for a particular subject
Xmean Average class performance in a particular subject

Xnas and Xz Maximum and minimum marks of a particular subject, respectively
MEO Moth flame optimization

SS Substation
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