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This study initiates the implementation of fractional-order (FO) fuzzy (F) PID (FOFPID) controller fine-tuned using a seagull optimization algorithm (SOA) for the study of load frequency control (LFC). Initially, the SOA-tuned FOFPID regulator is implemented on the widely utilized model of dual-area reheat-thermal system (DARTS), named test system-1 in this work for a perturbation of 10% step load (10% SLP) on area-1. Dynamical analysis of the DARTS system reveals the viability of the SOA-tuned FOFPID control scheme in regulating frequency deviations effectively compared to other control schemes covered in the literature. Later, the presented regulator is implemented on the multi-area diverse sources (MADS) system possessing realistic constraints in this study, termed test system-2. The sovereignty of the presented FOFPID controller is once again evidenced with controllers of PID/FOPID/FPID fine-tuned with the SOA approach. Moreover, the effect of considering practical realistic nonlinearity constraints such as communication time delays (CTDs) on MADS system performance is visualized and the necessity of its consideration is demonstrated. Furthermore, AC-DC lines are incorporated with the MADS system to enhance the performance under heavy-load disturbances and the robustness of the proposed regulatory mechanism is deliberated.
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INTRODUCTION
In modern days, the most powerful ancillary service is the LFC, especially for the control and operation of interconnected power system networks. The electrical system is becoming more complex due to the integration of several diverse sources of generating units to meet the variable load demand. The operating point of the generation unit must be altered to keep the real power mismatch (RPM) as minimum as possible. RPM is the exact difference between the amount of real power generated by the generation units and the existing load demand. This RPM is the direct analogy to one of the powerful parameters in the interconnected network, which is frequency. Thus, the minimization of RPM should be monitored continuously, as there will be continuous fluctuations in load demand. This must be done automatically; otherwise, the real power mismatch may become worse and affect the power system frequency. Frequency regulation must be done with the utmost care; if not, it adversely affects the power system stability. This task can be easily and automatically accomplished by LFC.
Researchers have put forward several control techniques in the LFC domain, and their performance was tested on numerous test system models that were elaborated by Tungadio and Sun (2019). Regardless of considering the power system networks, numerous techniques have been administered by the researchers of which standard PI, PID, PID plus filter (F), and PIDF regulators (Madasu et al., 2018; Arya, 2019a) are utilized extensively due to design simplicity. However, the performance efficacy of classical controllers is more likely to be dependent upon the optimization algorithms that have been deployed to optimize the controller gains. Several population- and stochastic-based searching algorithms reported in domain of LFC in optimizing classical controllers are chaotic atom search optimization (CASO) (Irudayaraj et al., 2022), many-objective optimization approach (MOOA) (Hajiakbari Fini et al., 2016), chaotic crow search (CCS) algorithm (Khokhar et al., 2021), gray wolf optimizer (GWO) (Sharma and Saikia, 2015), quadratic approach with pole compensator (QAWPC) (Hanwate and Hote, 2018), marine predator algorithm (MPA) (Yakout et al., 2021), Hooke–Jeeve’s optimizer (HJO) (Chatterjee, 2010), quasi-oppositional harmony search algorithm (QOHSA) (Shankar and Mukherjee, 2016), chemical reaction optimizer (CRO) (Mohanty and Hota, 2018), hybrid artificial electric field algorithm (HAEFA) (Sai Kalyan et al., 2020), bacteria foraging optimization (BFOA) (Ali and Elazim, 2015), mine blast optimizer (MBO) (Alattar et al., 2019), particle swarm optimizer (PSO) (Magid and Abido, 2003), differential evolution (DE) (Kalyan and Suresh, 2021), combination of DE with pattern search (Sahu et al., 2015a) and AEFA (DE-AEFA) (Kalyan and Rao, 2021a), grasshopper optimizer (GHO), and cuckoo search approach (CSA) (Latif et al., 2018). Moreover, the conventional controllers exhibit efficacy in linearized models and could not maintain the stability of nonlinear interconnected power systems (IPS).
In contrast to classical regulators, model predictive controllers (MPC) (Zhang et al., 2020) are widely implemented by researchers. Moreover, the researchers adopted algorithms to train the model predictive network such as multiverse optimizer (MVO) (Ali et al., 2020), adaptive distributed auction algorithm (ADAA) (Zhang et al., 2021), and GHO (Nosratabadi et al., 2019). However, the design of MPC involves many control parameters, large load complexity, huge algorithmic complexity, and more computational burden. Thus, complex IPS models adapting MPC as a secondary regulator become more complex and thereby affect the automatic functioning and stability of IPS.
Owing to the advantage of possessing additional knobs in fractional order (FO)–type regulators (Delassi et al., 2018) they are also used by the researchers extensively in the LFC study. However, the uncertainty in FO parameters diluted the regulator sensitivity, thereby greatly influencing the robustness of system performance which led researchers to focus on the degree of freedom (DOF) controllers (Kalyan, 2021). Moreover, the performances of DOF regulators are also limited to only a certain extent, especially to IPS models with practical constraints such as communication time delays (CTDs), governor dead band (GDB), and generation rate constraint (GRC) (Arya, 2019b). Contrary to the aforementioned, fuzzy-logic controllers (FLC) exhibit more efficacy in handling nonlinearized models. Thus, FLC is suitable for IPS with practical constraints. FLC in conjunction with traditional controllers is successfully implemented in the LFC study with different optimization algorithms such as an imperialist competitive algorithm (ICA) (Arya, 2020), DE (Sahu et al., 2015b), water cycle algorithm (WCA) (Kalyan et al., 2021), sine–cosine approach (SCA) (Khezri et al., 2019), and ant lion optimizer (ALO) (Fathy and Kassem, 2019). To further enhance the ability of FLC in governing the IPS models toward stability effectively, FO nature is imparted to the FPID regulator in this work and is termed as the FOFPID regulator. From the literature on LFC, it is apparent that LFC performance is greatly handled by the optimization-based controllers. Hence, applications of new optimization algorithms for solving realistic power system problems are always welcome. In this regard, a new nature-inspired algorithm of the seagull optimization approach (SOA) is implemented in this study and is a maiden attempt, especially for power system operation and control of IPS with practical constraints. Until now, the regulators presented by the researchers so far were tested on linearized and nonlinearized power system models with and without integrating renewable energy units. To authenticate the investigative analysis of LFC closer to the nature of realistic practice, the researchers must adopt the nonlinearity constraints with power system models. Constraints of nonlinearity such as GRC and GDB are widely considered by the researchers, and less attention is given to other constraints of CTDs. In realistic practice, IPSs are widely spread and employ numerous sensing and phasor measurement devices. The measured data will be transmitted and received among different devices located in distant places via communication peripherals. The exchange of information will not be done instantly, and there exists a certain time delay. The delay might affect the IPS performance, and hence, this study tried to investigate the predominance of time delays in coordination with the constraint of GRC. Limited work is available on LFC with CTDs and is restricted to the implementation of traditional regulators (Kalyan and Rao, 2021b; Kalyan and Rao, 2021c). Thus, this study addresses the impact of the realistic constraint parameter, that is, CTDs on IPS performance in coordination with GRC under a fuzzy-aided FO-based regulator based on the newest optimization algorithm.
The following are the research contributions:
1) The SOA-optimized FOFPID controller is designed and implemented for the study of LFC for the first time.
2) Supremacy of the SOA-tuned FOFPID controller is established with PSO-based PI, PID tuned with HAEFA and BFOA, GA-based FOPID, and DE-based FPID techniques available in the literature by implementing it on the test system-1 model.
3) Presented controller performance is tested on a nonlinear MADS system (test system-2) and efficacy is revealed with controllers of PID/FOPID/FPID.
4) The impact of CTDs on the performance of the MADS system is demonstrated.
5) Further AC-DC lines are enacted to enhance MADS system performance.
6) Sensitivity analysis is conducted to showcase the secondary and territorial control schemes’ robustness.
POWER SYSTEM MODELS
This work considered two different power system networks to assess the FOFPID controller performance. One is DARTS termed as test system-1 and the other is MADS termed as test system-2. The DARTS model incorporates thermal units of reheat-type turbines in both areas with equal generation capacities. On the other hand, the MADS system that tests system-2 consists of two areas in area-1 and area-2 comprising thermal-hydro-wind units. The participation factor for each source of generation unit is allocated to achieve smooth load distribution and is considered as 0.6225 for thermal, 0.3 for hydro unit, and a factor of 0.075 for gas/wind unit. The required data to build the DARTS system depicted in Figure 1 and MADS system model depicted in Figure 2 are considered from Sai Kalyan et al. (2020) and Sahu et al. (2020), respectively. The power system models are designed in the (R2016a) version of MATLAB/SIMULINK. The mathematical modeling of MADS system is as follows:
[image: Figure 1]FIGURE 1 | Dual area reheat-thermal system (test system-1).
[image: Figure 2]FIGURE 2 | Multi-area diverse source system with practical constraints (test system-2).
Thermal unit:
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Hydro unit:
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Gas unit:
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Wind unit:
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Furthermore, MADS system is employed with an additional DC line with an AC line in parallel for performance boost up. The modeling of the DC line (Kalyan and Rao, 2020) employed in this work is expressed in Eq. 11.
[image: image]
COMMUNICATION TIME DELAYS
Acquainted with the complexity of the modern power system, many measuring sensors which are located at remote terminal units (RTUs) are used to transmit data to the control center. Generally, information from sensors or measuring apparatus is transmitted to the control center where the command signals have been generated. Command signals are transmitted to the plant location to shift the generating unit operating point so that the real power mismatch gets minimized. Transmitting and receiving signals among measurement devices at RTUs and command centers in plant locations can be done only via communication channels. Inherently, these communication channels possess the feature of time delays which distinctly affect the power system performance. Designing secondary regulators for large power system networks without taking these CTDs with the system may yield unsatisfactory performance. Moreover, in the event of large CTDs the system may become unstable. Considering the aforementioned aspects, this study addresses the LFC of interconnected power systems with CTDs as expressed in Eq. 12 (Kalyan and Rao, 2021a).
[image: image]
FRACTIONAL-ORDER FUZZY PID CONTROLLER
Implementation of traditional PID controllers in the domain of LFC has been reported extensively because of its robustness, simplicity in design, and efficiency, especially for linear systems. Despite that, traditional PID regulators are not suitable for the system with time delays and nonlinear features of uncertainties. On the contrary, fuzzy-logic controllers (FLC) are one of the finest regulators and are best suitable for obtaining the performance of nonlinear control systems optimally. Researchers proved that FLC systems can effectively change the system operating point compared to many classical controllers like PI/PID/PIDD to sustain stability. FLC has been provided with input as area control error (ACE) and its derivative. During the phase of transients, the FPI regulator exhibited low performance due to the internal integrator for the higher-order process. This motivated the authors in this study to implement FPID, and to further enhance the performance of FLC in a closed-loop system where the FO gains are incorporated (Sharma et al., 2021). Thus, FOFPID is designed, whose architecture is shown in Figure 3, and implemented for the stability of the interconnected power systems. The membership functions (MFs) perceived in this work for both error and change in error are five linguistic variables termed as (BP) big positive, (SP) small positive, (Z) zero, (BN) big negative, and (SN) small negative, as depicted in Figure 4. Mamdani type of fuzzy engine has been perceived, and the FLC output is calculated by employing the defuzzification method of the center of gravity. FLC rule base in two dimensional is noted in Table 1. Moreover, a time domain–based integral square error (ISE) index is enacted to optimize the FOFPID controller gains in this work as given in Eqn. 13. The framework of FOFPID based on SOA is depicted in Figure 5.
[image: image]
[image: Figure 3]FIGURE 3 | Structure of FOFPID controller.
[image: Figure 4]FIGURE 4 | MFs considered for FLC.
TABLE 1 | FLC input and output rules.
[image: Table 1][image: Figure 5]FIGURE 5 | The framework of FOFPID is based on SOA.
SEAGULL OPTIMIZATION ALGORITHM
Seagulls are intelligent and are technically called Laridae, normally living on the banks of seas and oceans all over the globe. The species of seagulls can be differentiated based on their length and mass. Usually, seagulls come under the food chain of omnivorous and are likely to feed on amphibians, reptiles, earthworms, fish, and insects. The body of seagulls is covered with feathers of white color and possesses specialized glands at the bottom of their neck. Seagulls possess the ability to feed on saltwater and by making use of the glands behind the neck, the excess salt in the body can be flushed out. This is the unique ability of these birds, something that no other bird can do. Seagulls are very clever and make raining sounds through their feet to trap the prey that hide underwater. Moreover, seagulls sprinkle the bread crumbs that have been collected from nearby neighborhoods for catching fish.
Depending on attacking prey and the migration nature of seagulls, the SOA was put forward by the authors Dhiman and Kumar (2019). The coding of this algorithm has been carried out based on a group of seagulls shifting from one place to another during the migration phase, and the strategies that are implemented by them while attacking the prey. In SOA, collision avoidance among searching agents can be achieved by employing an additional parameter “N” to find the position of the new search agent [image: image] given as
[image: image]
The current position of the seagull is represented with [image: image], and “t” indicates the current iteration. The collision avoidance variable “N” can be modeled as
[image: image]
The value of the collision avoidance parameter is chosen as “2” in this work to govern the change in a variable that can be reduced linearly from Ec to 0. Upon finishing the phenomena of avoidance in the collision mechanism, the search agents try to move closer to the position of the best individual using
[image: image]
The parameter “A” is randomized to achieve the tendency of equilibrium among the phases of exploitation and exploration and can be calculated as
[image: image]
Later, the position of each search agent will be updated as follows:
[image: image]
While migrating, seagulls regularly change their speed and attacking angle based on experience. In the plane of three dimensions, the behavior of seagull’s migration can be modeled as
[image: image]
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“r” indicates the radius of seagulls’ movement in spiral, and “j” is the randomized number chosen in the range of (0–2). After saving the best solution, the remaining searching agent’s positions will be updated as
[image: image]
The procedure involved in SOA optimization is pictorially represented in Figure 6. SOA is implemented for other engineering optimization problems and no literature has been reported so far in the domain of LFC to the best of the authors’ knowledge. The intelligent behavior of seagulls motivated the authors to implement the searching strategy of SOA for the LFC study.
[image: Figure 6]FIGURE 6 | SOA flowchart.
RESULTS AND DISCUSSIONS
Case-1: Dynamical Analysis of Test System-1
Evidently, the supremacy of the proposed FOFPID controller optimized with the SOA approach, a rigorously utilized model of the DARTS system in the literature, is considered and the analysis is carried out upon laying 10% SLP in area-1. In addition to the proposed control scheme, other control approaches that are listed in the literature such as PSO-based PI (Magid and Abido, 2003), BFOA-optimized PID (Ali and Elazim, 2015), FOPID (PIλDμ) fine-tuned with GA (Delassi et al., 2018), HAEFA-based PID (Sai Kalyan et al., 2020), and FPID rendered with DE (Sahu et al., 2015b) are used as regulators one after the other. System responses under various approaches to the same disturbance are displayed in Figure 7 to obtain a comparative analysis. Responses are numerically interpolated because of settling time and the optimal controller gains are placed in Table 2. Observing Figure 7 and explaining the numerical results in Table 2 exposed the dominance of the presented SOA-based FOFPID controller in minimizing the response deviations and also the time taken to reach a steady condition. This is possible only because the SOA searching mechanism that inherits the potentiality of keeping equilibrium between exploration and exploitation facilitates optimally locating the parameters of FOFPID in reducing control error. The objective value with the presented searching scheme is also greatly enhanced by 56.23% with PSO, 43.5% with BFOA, 27.3% with GA, 23.4% with HAEFA, and 16.5% with DE approaches available in the literature.
[image: Figure 7]FIGURE 7 | DARTS responses. (A) ∆f1, (B) ∆Ptie12, and (C) ∆f2.
TABLE 2 | Controller optimal gains employed for DARTS system and responses settling time.
[image: Table 2]Case-2: Dynamical Analysis of Test System-2 Without Considering CTDs
Later, the implementation of the proposed SOA-tuned FOFPID controller is assessed on another realistic test system model of MADS system, the practical constraint of GRCs is considered, and the CTDs are not perceived for this case. Controllers such as PID/FOPID/FPID/FOFPID are consecrated as regulators in every area one after the other, and the parameters are optimally located with the SOA searching strategy. The dynamical analysis is conducted by applying MADS system with 10% SLP on area-1, and the responses are comparatively rendered in Figure 8. Noting the MADS system dynamical behavior displayed in Figure 8, that the FOFPID regulator outperforms PID/FOPID/FPID controllers is visualized and is more dominant in regulating system dynamical behavior in aspects of settling time noted in Table 3. Moreover, the responses peak undershoots are improvised with FOFPID (∆f1 = 0.0041 Hz, ∆Ptie12 = 0.0009 Pu.MW, ∆f2 = 0.0019 Hz) compared to those of FPID (∆f1 = 0.0051 Hz, ∆Ptie12 = 0.0016 Pu.MW, and ∆f2 = 0.0024 Hz), FOPID (∆f1 = 0.0087 Hz, ∆Ptie12 = 0.00285 Pu.MW, and ∆f2 = 0.0043 Hz), and traditional PID (∆f1 = 0.0123 Hz, ∆Ptie12 = 0.00537 Pu.MW, and ∆f2 = 0.0054 Hz).
[image: Figure 8]FIGURE 8 | Performance of MADS for case-2. (A) ∆f1, (B) ∆Ptie12, and (C) ∆f2.
TABLE 3 | MADS responses settling time for case-2 and case-3.
[image: Table 3]Case-3: Dynamical Analysis of Test System-2 With Considering CTDs
The MADS system is considered with CTDs along with another nonlinear feature of GRCs, for analysis purposes in this case. Variations of MADS system responses under different controllers optimized with SOA strategy are shown in Figure 9, and the employed gains are displayed in Table 4. Responses are interpreted numerically from a settling time point of view and are placed in Table 3. Observing Figure 9 and Table 3, we concluded that under the situations of nonlinearity also, the proposed controller exhibits superior performance in damping out the oscillations that are induced in the system responses due to CTDs consideration. Moreover, the proposed controller drags down the system response deviations to a steady-state position quickly compared to other methodologies. Furthermore, the peak undershoots of the responses are improvised with FOFPID (∆f1 = 0.0099 Hz, ∆Ptie12 = 0.0040 Pu.MW, and ∆f2 = 0.0036 Hz) compared to those of FPID (∆f1 = 0.0193 Hz, ∆Ptie12 = 0.0089 Pu.MW, and ∆f2 = 0.0095 Hz), FOPID (∆f1 = 0.022 Hz, ∆Ptie12 = 0.0094 Pu.MW, and ∆f2 = 0.01373 Hz), and traditional PID (∆f1 = 0.0212 Hz, ∆Ptie12 = 0.0088 Pu.MW, and ∆f2 = 0.0144 Hz).
[image: Figure 9]FIGURE 9 | Performance of MADS for case-3. (A) ∆f1, (B) ∆Ptie12, and (C) ∆f2.
TABLE 4 | Controller optimum gains employed for MADS system using SOA algorithm.
[image: Table 4]Case-4: Revealing the CTDs Impact on Test System-2 Performance
To visualize the constraint CTD’s impact on system performance, MADS system responses under the supervision of the FOFPID regulator, which was already established as the best from the aforementioned analysis, are compared in Figure 10 for the same disturbance conditions. From Figure 10, it is revealed that the CTDs have a significant impact on frequency fluctuations and deviations in power flow through the tie-line in the LFC problem. Because considering CTDs means a delay in signal reception and transmission between different devices at various locations. CTDs delay the sending of area control error signal (ACE) to the secondary controller, resulting in the shift of the power system operating point with some delay. This results in more deviations in the frequency and tie-line power of the system. Even though the responses of the system are more deviated while perceiving CTDs, it is very much recommended to adopt the nonlinear features of CTDs in the course of designing secondary regulators. Because considering CTDs while designing a secondary controller can regulate the system dynamics to maintain stability. In this work, the parameter of CTDs is deliberated as 0.25 sec of real value. The designed regulator without considering CTDs may not be robust and cannot maintain stability in case of any unpredicted delays induce with the network.
[image: Figure 10]FIGURE 10 | Performance of MADS for case-4. (A) ∆f1, (B) ∆Ptie12, and (C) ∆f2.
Case-5: Dynamical Analysis of Test System-2 With CTDs and AC-DC Lines
To suppress fluctuations in the power flow of interconnected lines further and to damp out the variations in area frequency, an additional DC is installed with the existing AC line in parallel. During sudden heavy load disturbances, the demand for exchange of power via intralines is more and the secondary regulator alone is not adequate to govern frequency deviations. Therefore, a territorial control strategy needs to be employed with the system. Simulation results depicted in Figure 11 reveal that with the incorporation of the DC line, the fluctuations in system dynamical behavior are damped and undergo steady position in less time compared to the case of employing only the AC line. The settling time of MADS responses with AC and AC-DC lines is indicated in the bar chart in Figure 12.
[image: Figure 11]FIGURE 11 | Test system-2 responses for case-5. (A) ∆f1, (B) ∆Ptie12, and (C) ∆f2.
[image: Figure 12]FIGURE 12 | Comparison of settling time (in sec) on X-axis for case-5.
Case-6: Sensitivity Analysis
System parameters have been subjected to deviations in ± 50% from nominal parametric values to manifest the robustness of implemented secondary and territorial control schemes. Responses of the system under the control of SOA-tuned FOFPID along with the territorial scheme of AC-DC lines for variations in loading and tie-line coefficient are displayed, respectively, in Figure 13 and Figure 14. The responses are shown in Figure 13 and Figure 14, which conclude that the deviations in responses for wide range loadings do not affect the system performance much. Furthermore, the system is subjugated with a pattern of random loading, and the responses are shown in Figure 15. It has been deliberated that the oscillations are supposed to be more damped with the AC-DC line rather than only the AC line. Hence, the presented secondary and territorial control schemes are robust.
[image: Figure 13]FIGURE 13 | Sensitivity analysis of MADS with CTDs and AC-DC lines for a wide range of load variations. (A) ∆f1, (B) ∆Ptie12, and (C) ∆f2.
[image: Figure 14]FIGURE 14 | Sensitivity analysis of MADS with CTDs and AC-DC lines for a wide range of tie-line coefficients. (A) ∆f1, (B) ∆Ptie12, and (C) ∆f2.
[image: Figure 15]FIGURE 15 | MADS responses under random loading. (A) ∆f1, (B) ∆Ptie12, and (C) ∆f2.
CONCLUSION
A novel control scheme of SOA tuned FOFPID is designed and implemented successfully for regulating the frequency of interconnected power system networks. However, the supremacy of the presented control schema is established with other controllers that are implemented on the same power system model of the test system-1 available in recent literature. Moreover, the presented SOA-based FOFPID controller shows remarkable performance in damping out oscillation in tie-line power and frequency of MADS effectively even though the system is perceived with realistic constraints. Moreover, the minimization of the objective function is very finely performed under the presented controller and is enhanced by 70.40, 59.56, and 44.11% with PID, FOPID, and FPID for the case of the MADS system not conceiving CTDs. For the case of conceiving CTDs, the improvisation in objective function minimization was 50.18, 37.06, and 27.28%, respectively. The CTDs’ impact on the performance of MADS is demonstrated clearly and the necessity of perceiving CTDs is justified and convinced. Furthermore, AC-DC tie-lines are established with the MADS system and the performance is enhanced especially due to the ability of the DC line in transferring bulk power during heavy load disturbances. Finally, robustness is validated by conducting the sensitivity test. In the future, there is a lot of scope for assessing the effect of CTDs on LFC performance and the implementation of SOA-based FOFPID for the optimization of IPS in the restructured environment.
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