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The voltage profile of different buses and the rotor dynamics of generators are adversely affected by a generator outage. Generator outages can be minimized using a variety of strategies and algorithms. An AI-based knowledge discovery approach has been reported in this article. This article proposes a technique for identifying sensitive loads and the amount of active and reactive power curtailment for rotor speed regulation and voltage management at the terminals. The MATLAB®/Simulink environment verifies and tests the method’s practicality on an IEEE-10-machine-39-bus system. Active power shedding is considered for rotor angle stability, while reactive power is also shedded for maintaining the terminal voltage at the loads. A sequential outage is considered to simulate a scenario where the two generators with the highest active and reactive power are taken out of service. The generator’s rotor speed, terminal voltage, and load are measured with and without load restriction. In all situations, the rotor and center of inertia speed are 1 p.u. The average steady-state load terminal voltage is 0.967 V. The average terminal voltage of all load buses improves from 0.933 to 0.972 and 0.936 to 0.971, case-wise. The reported results confirm and validate the effectiveness and applicability of the proposed technique.
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1 INTRODUCTION
Industry and academic researchers have focused for decades on post-disaster power supply quality. A generator outage is an extreme contingency that might cause network instability. In a centralized context, the load is distributed when a generator leaves the network. The under-frequency condition arises when the active load on the power network hits its limit. Therefore, thermal and capacity ratings are violated in the reactive load escalation scenario. Active and passive shunt devices exchange active and reactive power to manage active and reactive imbalance through interaction with the existing power network. A power shortfall requires load shedding or curtailing to regulate the system’s voltage and frequency. Therefore, load shedding occurs during corrective and emergent power system control. It is recognized that load shedding is a challenging task to ensure power system security. In contrast, in the case of a decentralized environment, there is a tie-line power flow among different control areas.
Recently, researchers are working on load shedding and also on the priority of renewable energy integration in the smart grid. Domestic load shedding is performed in the literature to maintain the supply quality (Azasoo et al., 2020; Alrajhi, 2022), while various sensitivity parameters that combine the negative effects of frequency, voltage, and load shedding are studied through max–min optimization (Alshammari et al., 2018; Alsiraji and El-Shatshat, 2018; Cruz et al., 2020; Talaat et al., 2020; Gharebaghi et al., 2021; Hong and Hsiao, 2022). The authors (Alrajhi, 2018; Jiang et al., 2020) have linearized various components and the system dynamics for load shedding due to the nonlinearity of system voltage dynamics and frequency. An adaptive frequency control-based load frequency control has been described (Li et al., 2020). The authors (Lin, 2019) use an iterative technique to discover the load shedding. The authors (Alrajhi et al., 2018; Małkowski, 2020; Alrajhi Alsiraji and El-Shatshat, 2021) exhibit adaptive fuzzy load shedding for small power systems. The authors implemented (Nourollah et al., 2019; Nourollah and Gharehpetian, 2019; Potel et al., 2019; Masood et al., 2021) frequency-based multi-topological algorithms. Another study recommended hardening of the electrical system before a cyclone and softening it thereafter to prevent hurricane damage (Sang et al., 2020). Load shedding is implemented by monitoring the active and reactive power delivery and absorption of the synchronous condenser (Sauhats et al., 2021). The author deploys a principle component analysis based on online frequency-measured load shedding (Shi et al., 2019; Skrjanc et al., 2020). A universal load flow-based sensitivity analysis is performed for load shedding to prevent voltage collapse (Tian and Mou, 2019). A secure PV-region mathematical model is developed, and load shedding is conducted (Wang et al., 2020). The authors (Wang et al., 2021) show a dueling deep two-stage Q-learning-based load shedding. The authors (Zhou et al., 2019) provide two-stage load shedding to improve frequency management. LSTM neural network learning-based frequency prediction and load shedding are performed (Zhu and Luo, 2021). Authors (Santos et al., 2019; Deb et al., 2022) use the multi-agent intelligent load shedding method. Authors (Banijamali and Amraee, 2018; Alshammari et al., 2022) describe a method for tripping loads in the case of generator failure.
The state-of-the-art techniques reported in the literature are based on repeating algorithms that account mainly for the generation shortage (Lin, 2019; Jiang et al., 2020; Li et al., 2020; Małkowski, 2020; Masood et al., 2021). During a generation shortage, a load may need to be shedded, but owing to an emergent need, it cannot be scheduled to be disconnected. As a result, to the author’s best knowledge, no method or approach in state-of-the-art literature can satisfy this circumstance.
The main contribution of this work is that it describes and implements the heuristic knowledge-based method for load shedding. This study uses active and reactive load deduction in case of generator failure to maintain rotor speed and terminal voltage. The proposed method offers several load-shedding options with precise numerical proportionate rations. The proposed approach has been tested on the IEEE-10-machine-39-bus system.
2 MATHEMATICAL BACKGROUND AND METHODOLOGY DEVELOPMENT
The rotor speed dynamics of the generator in the multi-machine system follow the equation described as follows.
[image: image]
[image: image]
Substituting Eq. 2 into Eq. 1 and dividing by M lead to obtaining Eq. 3 as follows, where [image: image] is used in place of M.
[image: image]
In this instance, Bij and Gij are the reduced Y bus matrix, and they can be calculated from the full order matrix of the Y as given in Eq. 4
[image: image]
Where RED stands for the reduced order bus admittance matrix and the superscript BUS stands for the full order bus admittance matrix. From the Kron reduction formula, this relationship is straightforward to deduce. The admittance matrix elements relating to the generator bus and the remaining other buses, including the load bus, are denoted by the letters G and R, respectively. The sin (ij) and cos (ij) terms in Eq. 3 can be substituted by 0 and 1, respectively, since the impedance angle’s change window is very small. Therefore, Eq. 3 can be simplified and written as Eq. 5.
[image: image]
The entire system described by Eqs 6–8 is obtained by expanding Eq. 5 for an n-machine system shown as follows.
[image: image]
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The value of [image: image] varies near about 1p.u. and let [image: image] where [image: image] is the angular acceleration
After removal of any load, [image: image] becomes [image: image]. Under balanced condition [image: image] = 0. So considering these factors from Eq. 5, a new non-zero Δ [image: image] can be approximated as follows
[image: image]
Here, [image: image] is the symbol of proportionality. Since
[image: image]
So [image: image] So again
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So the [image: image] reflection can be easily seen in [image: image]
Now quadrature axis terminal voltage follows the dynamics of the equation as follows
[image: image]
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Again angle [image: image] so [image: image] can be substituted by 0 and [image: image] can be substituted by 1. After remodifying Eq. 13, we get Eq. 14
[image: image]
Again taking perturbation terms
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By substituting Eq. 12 from Eq. 13
[image: image]
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Again [image: image] because [image: image] is instantaneous change, and instantaneous change in voltage is always zero due to inductance of the circuit, and there is no control performance so [image: image] [image: image] term does not appear. So putting [image: image] term = 0. The final equation with proportional approximation can be obtained as follows and assuming that [image: image][1…n]
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Since again [image: image]
So |[image: image]
Neglecting the [image: image] due to very smaller in magnitude than [image: image].So according to the aforesaid explanations and assumption
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3 METHODOLOGY
This article uses a rotor and voltage terminal paradigm to collect the information. The data are collected by rejecting the loads in a one-by-one fashion. The changes in load-rejection admittance matrices can be sampled. Later, loads for a particular generator are picked using inductive logic from rotor dynamics and machine voltage. The heuristic knowledge base has three levels, namely, 1) database creation/variable declaration, 2) finding the variable relationships by performing a preset database operation, and 3) systematically using the proposed knowledge-based technique.
3.1 Database creation using variables
Changes in conductance and susceptance cause variations in the rotor speed and the generator terminal voltage, as given in Eqs 6, 16. The load is eliminated in the simulation background, and the changes in conductance and susceptance are retained in a folder with the load as a heading. Repeat until all loads are coated. The subject variables considered are loads, and the object variables are generators.
3.1.1 Knowledge retrieval by identifying variable relationships through database operations
Load La is removed, and the diagonal elements Gii and Bii from Eqs 6, 16 are maintained in a separate block (2), as shown in Figure 1A. Higher values Gii and B ii are selected and maintained in the generator group G (i) block. Repeat until all significant active and reactive loads are removed. The mapping operation with the actual data set is presented in Figure 1A. The final generator load sensitivity (S1) is represented in Table 1A. Tables 1A, B summarize generator load sensitivity for speed regulation and voltage regulation, respectively. The complete algorithm is shown in Figure 1B.
[image: Figure 1]FIGURE 1 | (A) Schematic diagram of mapping for knowledge discovery. (B) Flow chart of the complete proposed methodology. (C) IEEE 39-bus-10-machine system.
TABLE 1 | (A) Load generator sensitivity indexes for rotor speed regulation. (B) Load generator sensitivity indexes for generator voltage regulation.
[image: Table 1]3.1.2 Deployment of proposed technique in load shedding
In the case of any particular generator outage of capacity PGEN, it is found that three loads, La, Lb, and Lc have the highest sensitivity index with values wLa, wLb, and wLc. Then curtailment of power CLa, CLb, and CLc is defined as:
CLa = (PGEN*wLa)/((wLa + wLb + wLc))
CLb = (PGEN*wLb)/((wLa + wLb + wLc))
CLc = (PGEN*wLc)/((wLa + wLb + wLc)).
If any of CLa, CLb, or CLc is greater than the installed capacity of a load La, Lb, and Lc, then that particular load is separated, and the remaining power is curtailed from other remaining loads.
The load generator sensitivity indexes, shown in Tables 1A, B, are prepared with four loads assigned with their priority in the target set for generators G1, G2, G3, G4, and G5 for the concern of rotor stability. Table 1B is prepared for load terminal voltage according to Eq. 16. Each generator delivers active and reactive power to the network to meet the load demand.
4 RESULTS AND DISCUSSION
The proposed method is applied to a 10-machine-IEEE-39-bus system in the MATLAB®/Simulink environment. It includes 10 different-sized generators G1 ... G10 and 19 loads La, Lb, and Lc. Here, a, b, and c are the bus numbers where the load is situated. The total capacity of the system is 61,408 MW, and the total load is 60,936 MW. The individual generator capacities of G1 to G10 are [1,000,520.81, 650,632, 508,650, 560,540, 830,250] MW. All generators have voltage regulators, speed governors, and power system stabilizers. Any generator outage changes the generator’s rotor speed and terminal voltage.
4.1 Case of generator outage with only active power curtailment
In this section, only active power is deducted from the sensitive load to regulate the speed of the remaining generators and reactive power dispatch. Initially, generator G3 of capacity 650 MW and G9 of capacity 830 MW are taken out one-by-one, further, generators G2 and G3 are taken out. The center of inertia is expressed as [image: image]. The center of interia speed reflects the total system speed. Tables 2A, B show the different load curtailments performed under the G3 and G9 outages. In tables, the first column summarizes the sensitivity index The different cases are shown in Figure 3.
TABLE 2 | (A) Active power deduction in case of G3 outage. (B) Active power deduction in G9 outage condition. (C) C.O.I steady-state value in different cases.
[image: Table 2]4.2 Both active and reactive power deduction
As discussed in sections #2 and #3 for the terminal voltage regulation scenario, generator G3 in the first case and generator G6 in the second case are subjected to the outage. As discussed in Section 3, for voltage profile maintenance, the reactive power should be shedded. In the generator G3 outage case, power is deducted according to Table 3B, and in the case of G6 outage, power deduction is carried out according to Table 3C. All the load voltages after power deduction are mentioned in Tables 3D, E and also bar charts in Figures 2A,B.
TABLE 3 | (A) Reactive power delivery by generators in case of generator outage and with active power deduction. (B) Active and reactive power deduction in case of G3 Outage. (C) Active and reactive power deduction in a different way in G6 outage. (D) Load voltage in G3 outage condition with different load sheddings. (E) Load voltage in G6 outage condition with different load sheddings.
[image: Table 3][image: Figure 2]FIGURE 2 | (A) Voltage profile of load terminal in case of generator G3 outage with different manners of load shedding. (B) Voltage profile of load terminal in case of generator G6 outage with different manners of load shedding.
5 CONCLUSION
In this article, a heuristic knowledge-based load shedding method is proposed. The load generator sensitivity matrices are assembled as the final process of knowledge discovery to provide the amount and location of power to be curtailed in case of a generator outage. The proposed methodology described in this article is applied to three generator outage cases, and the results are shown as a deviation of the center of inertia speed, as in Figure 3C. It is found that the proposed method of load shedding gives a C.O.I speed of 1 p.u while deducting only the active power, but the reactive power is more stressed on generators according to Table 3A. In contrast, if both active and reactive power is deducted using the proposed method, the load voltage is closer to normal than the other abrupt methods. Finally, the generator G3 outage condition is examined in detail, as summarized in Table 4 and Figure 4. It is concluded that the proposed method is more cost-effective in reactive power management and voltage conditions.
[image: Figure 3]FIGURE 3 | (A) Rotor speed of generator in case of G3 outage. (B) Rotor speed of generator in case of G3 outage with proposed load shedding. (C) Center of inertia speed of generator in case of G3 outage scenario in different combination load shedding. (D) Rotor speed of generator in case of G9 outage. (E) Rotor speed of generator in case of G9 outage with proposed load shedding. (F) Center of inertia speed of generator in G9 outage scenario in different combinations of load shedding. (G) Rotor speed of generator in case of G2 and G3 outage. (H) Rotor speed of generator in case of G2 and G3 outage with proposed load shedding. (I) Generator set point variation of G1 in simulation environment.
TABLE 4 | Reactive power delivery and generator terminal voltage under all conditions of generator G3 outage.
[image: Table 4][image: Figure 4]FIGURE 4 | Average voltage of remaining generators in case of G3 outage in all Cases.
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NOMENCLATURE
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