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 Renewable energy sources such as solar and wind are increasingly 

integrated into multi-area power systems. However, their fluctuating and 

unpredictable characteristics pose challenges for sustaining system 

stability. Therefore, automatic generation control (AGC) is essential for the 

continual regulation of power and frequency in the system. This article 

presents the use of a Proportional–Integral–Derivative plus second-order 

derivative (PID+DD) controller for load frequency control in a three-area 

multi-source power system, which includes a thermal reheat power plant 

with a generation rate constraint (GRC) representing the maximum 

permissible change rate of generation output of 5% per min , a 

hydroelectric power plant with a  GRC of 370% per min, and a wind power 

plant where wind speeds vary across areas. The power generation ratio of 

the three areas is 1:2:4. The controller parameters were tuned using a Chess 

Optimizer (CO), a metaheuristic inspired by chess move complexity and 

planning, with specific weights assigned to each type of chess piece. Two 

load change scenarios were studied: a 10% step load perturbation (10% 

SLP) and a random load pattern (RLP).  Furthermore, experimental results 

based on the Integral of Time-weighted Absolute Error (ITAE) indicate 

that the PID+DD controller tuned by the Chess Optimizer achieved the 

lowest steady-state error in both scenarios (10% SLP and RLP). In Case 1 

(SLP), it achieved an ITAE of 25.5072, representing a 9.70% reduction 

compared to the PID controller and a 1.96% reduction compared to the PI 

controller. In Case 2 (RLP), it achieved an ITAE of 88.0654, representing 

a 1.14% reduction compared to the PID controller and a 2.03% reduction 

compared to the PI controller. These improvements contribute to enhanced 

oscillation damping, reduced overshoot and undershoot, and improved 

frequency stability, demonstrating the practical applicability of the 

proposed approach in future smart grids with high renewable energy 

penetration. 
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1. Introduction 

The global energy sector is transitioning to renewable energy systems to ensure long-term 

sustainability. The addition of renewable energy sources such as solar and wind, into multi-area power 

networks is growing as an important trend. The inconsistent and fluctuating character of this 

renewable energy makes it difficult to maintain system stability when it is integrated into primary 

power producing systems. Therefore, Automatic Generation Control (AGC) [1], [2] and [3] developed 

as an essential part for the continual regulation of energy and frequency inside the system [4], [5] and 

[6]. 

The PID controller, although prevalent in automated control systems [7] because of its design 

simplicity and satisfactory performance [8], [9] and [10] in many cases, has significant limits when 

used in complex or highly unpredictable systems. A primary drawback is its ability to respond to 

sudden disturbances or rapid load fluctuations, potentially causing overshoot, undershoot, or 

oscillations, making it unsuitable for modern systems that need high flexibility and adaptability [11]-

[13] and [14]. 

A review of the literature on Load Frequency Control (LFC), including single-source [15]-[17] 

and [18] dual-source [19] and multiple-source [20]. For example, More Raju [21] studied AGC in a 

three-area thermal reheat system using I, PI, PID, and PID+DD controllers [22], tuned with the ALO 

algorithm. The results showed that PID+DD outperformed in terms of settling time, overshoot, and 

stability, even in cases of random load changes. The documents [23]-[25] and [26] study ACG systems 

using different controllers, including algorithms such as PSO and GWO [27]-[29] and [30]. Sitthisak 

Audomsi [31] studies the development of LFC system controllers using the Chess algorithm (CA), 

comparing it with other algorithms and finding that CA yields better results than PSO. [32], [33] and 

[34] studies multi-source frequency systems with renewable energy, where wind power is one of the 

sources.  

The Chess Optimizer (CO), obtaining inspiration from the unique movement patterns of chess 

pieces, provides a unique balance between global exploration and local exploitation, enhancing its 

susceptibility to premature convergence as compared to GA, PSO, or GWO. This research utilizes 

CO to enhance the parameters of a PID+DD controller within nonlinear multi-area power systems. 

This approach improves global search capability, minimizes the risk of converging to suboptimal 

solutions, and enhances system stability and dynamic response in continuously changing load 

demands and variable renewable energy generation. 

2. Methodology 

2.1. System and Model Configuration  

The three-area multi-source power plant in this context consists of a thermal reheat power plant, 

a hydraulic power plant with wind power plants, and a thermal reheat power plant with wind power 

plants, as shown in Fig. 2. The maximum generation capacity of each area is 1,000 MW, 2,000 MW, 

and 4,000 MW, respectively, or in the ratio of 1:2:4. Each type of power plant has its own production 

constraints: the thermal reheat power plant has a GRC of 5% per min, and the hydraulic power plant 

has a GRC of 370% per min. The parameters of the power system transfer function are presented in 

Appendix A. This study proposes the use of a PID+DD controller and compares it to conventional 

controllers, such PID, and PI, using the Chess Optimizer to find the parameters of these controllers. 

Case studies include 10% SLP and RLP, as shown in Fig. 1. The optimum values were determined by 

a cost function, ITAE, as defined in Equation (1) [35], [36] and [37]. 

 ITAE = ∫ t∙(|∆fi| + |∆Ptie-i|)dt
tsim

0

 (1) 

The Area Control Error (ACE) [38] is a composite signal that integrates the tie-line power 

exchange and the frequency deviation feedback. It functions as the principal input for managing power 
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system variations in interconnected multi-area networks. The mathematical formulation of ACE is 

presented in Equations (2) and (3). 

 ΔPtie,i  = 2π [∑ TijΔfi - ∑ TijΔfj

N

j=1
j≠i

N

j=1
j≠i

] (2) 

 ACEi = B⋅Δfi + ΔPtie,i (3) 

where i represent the area number (i = 1, 2, ... , n) 

  
(a) (b) 

Fig. 1. Load disturbance (a) Step load perturbation (SLP) (b) Random load pattern (RLP) 

2.1.1. Thermal Reheat Power Plants 

The modeling of a thermal reheat power plant comprises three primary components: the 

governor, the steam turbine, and the reheater. All of these components demonstrate nonlinear behavior 

and are constrained by physical limitations, including the GRC, as referenced in [39]-[43] and [44]. 

The transfer function of a thermal reheat power plant, shown as GThermal(s), can be divided into 

three primary components, each depicting the dynamic behavior of an important subsystem inside the 

thermal unit: the speed governor, the steam turbine, and the reheater. Equation (4) defines the 

mathematical representation of the transfer functions connected to each of these components [45] and  

[46]. 

 Gthermal(s) = [
1

1 + sTG
] [

1

1 + sTT
] [

1 + sKRTR

1 + sTR
] (4) 

Where TG is the time constant that defines the delay linked to the mechanical actuation of the 

governor, TT is the time constant that indicates the delay in the conversion of thermal energy into 

mechanical power, TR is the time constant of the reheater, and KR is the reheating gain coefficient, 

denoting the proportion of steam reintroduced into the reheating process. The parameter values of 

thermal reheat power plant models are shown in Appendix A. 

2.1.2. Hydropower Plants 

The dynamic behavior of a hydropower plant [47]-[49] and [50], the primary components of the 

system can be divided into three primary components: the hydraulic governor, the drop compensation 

system, and the hydraulic turbine. These components directly affect the system's response to variations 

in electrical load. The system can be represented in Equation (5). 

 GHydro(s) = [
1

1 + sTH1

] [
1 + sTH2

1 + sTH3

] [
1 - sTW

1 + 0.5 sTW
] (5) 
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Where the time constant TH1 dictates the extent of system inertia and response delay, TH2 and TH3 

dictate the configuration of the dynamic response, enabling it to more effectively adapt to the 

particular characteristics of load variations. The measure TW, known as the water starting time, 

denotes the duration necessary for water flow to commence turbine spinning. All specific parameter 

values used in this hydropower plant model are detailed in Appendix A. 

 
(a) 

 
(b) 

 
(c) 

Fig. 2. Three-area multi-source renewable energy (a) Thermal power plant in area 1 (b) Hydropower plant 

and wind turbine generator in area 2 (c) Thermal power plant and wind turbine generator in area 3 

2.1.3. Wind Power Plants 

Wind power generation [46], [51], [52] and [53] is a discontinuous and nonlinear system due to 

the constantly changing nature of the wind. The wind speed varies unexpectedly, leading to instability 

and significant variability in the electrical output generated by the wind turbines. To respond to such 

characteristics, a wind speed model that changes over time was created using MATLAB/SIMULINK, 

shown in Fig. 3, that is a wind power generation source model. 

 

Fig. 3. Wind power generation source model 
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This model starts with a white noise signal block to provide a random signal that represents the inherent 

unpredictability of the wind. The signal is processed using a system characterized by a transfer function of 
300s

1+300s
, 

functioning as a high-pass filter to reduce low-frequency signals and accentuate fast variations. The filtered 

random signal is then combined with a steady wind speed (like the average wind) from the Wind Speed block, 

and the total is sent to a multiplication block (X) to simulate variations in wind speed over time. 

The electrical power production of a wind turbine is directly contingent upon the instantaneous wind speed. 

The extractable wind power can be determined using equation (6), Where PW is the power that can be generated 

(W), ρ is the air density (kg/m3), VW is the wind speed at that time (m/s), AT is the wind-facing area of the blades 

(m2) and λT is the turbine characteristics, which means that when the wind speed variations, the pitch angle of 

the blades will also change accordingly, as shown in the equation (7). 

 PW = 
1

2
ρATV3Cp(λ,β) (6) 

 λT =
ωT ⋅ RT

VW
 (7) 

Variable-speed wind turbines are engineered to function by sustaining an appropriate tip speed 

ratio (TSR), referred to as the relative TSR (λi), in the context of fluctuating wind speeds, rather than 

permitting it to vary with changing wind conditions. This method guarantees optimal aerodynamic 

efficiency and power extraction. The value of λi can be determined using Equation (8). 

 
1

λi
 = 

1

λT+0.08β
 - 

0.035

β3+1
 (8) 

The power coefficient (Cₚ) is the ratio of extracted wind power to the total available wind power. 

The relationship is determined by the TSR (λ) and the blade pitch angle (β). The value of Cp(λ, β) 

may be determined using Equation (9). 

 CP(λ,β) = C1 (
C2

λi
 - C3β - C4β

 2 - C5) ⋅ e
-
C6
λi  + C7λT  (9) 

The time-varying wind speed signal obtained from the multiplication procedure illustrates the 

inherently flexible and unpredictable nature of wind activity. The signal is then sent to the wind turbine 

generator (WTG) model, which converts the variable wind input into electrical power output. The 

output signal, denoted as ΔPW, indicates the variation in electrical power generated by wind in 

response to variations in wind speed and shown in Fig. 4. Appendix A provides detailed system 

parameters and model configuration. 

  
(a) (b) 

Fig. 4. Wind power (a) wind power in area 2 (b) wind power in area 3 
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2.2. Boundary of Parameter Search 

The search boundaries for the desired parameters, Kp, Ki, Kd, and Kdd, have been defined in this 

experiment to control the exploration of the chess Optimizer within a range that is in tune with the 

system's properties. These boundaries are set within the range [0, 1]. This range is commonly adopted 

in metaheuristic optimization because it allows parameters to be normalized, which simplifies the 

tuning process, enhances search stability, and prevents values from exceeding the physical limits of 

the system. Furthermore, to provide an equitable comparison of each controller, the iterations and 

beginning population size are standardized throughout all experiments [54], [55] and [56]. This 

procedure attempts to mitigate any bias caused by varying iteration counts or population sizes, thereby 

enabling a fair and unbiased assessment of each controller’s search efficiency [57]. 

2.3. PID Plus Second Order Derivative Controller 

The PID controller [58]-[61] 20and [62] is common in control systems with automation because 

of its simple structure and effective performance in controlling different systems. However, in systems 

with high uncertainty or a sudden shift, conventional PID may not respond adequately. To reduce this 

constraint, a PID controller including second-order derivative terms has been developed, allowing the 

system to evaluate deviations with higher accuracy and quickly. This results in more accurate and 

stable system responses, particularly if the system has complex dynamics or high uncertainty. The 

design of this controller may be represented as a transfer function in accordance with Equation (10) 

and its structure is shown in Fig. 5. 

R(s) = Kp + 
Ki

s
 + Kds + Kdds2 (10) 

 

 

Fig. 5. Structure of PID plus second-order derivative 

2.4. Chess Optimizer 

The chess Optimizer is inspired by international chess, with a focus on intricacy and strategic 

planning. Each type of piece on the board has unique movement patterns and characteristics. Pawns 

serve as the vanguard, probing new areas or creating defensive positions. The rook could control a 

wide area in a linear trajectory. The knight can leap over pieces and formulate unforeseen plans. The 

bishop moves diagonally, establishing angles of assault. The queen can traverse in all directions, 

facilitating optimal exploration and combat efficacy. The king is the pivotal element that requires 

protection and epitomizes the optimal solution for the system. The unique movement characteristics 

of each piece facilitate the application of this approach to discover optimum values by assigning 

weights or significance to the motions of each piece during the exploration of novel solutions in each 
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search iteration. Pieces with high potential may be given opportunities to explore positions that are 

expected to be good. The integration of movement patterns and piece tactics, together with the 

configuration of movement weights, allows the algorithm to sustain balance between both exploration 

and extraction. The chess Optimizer is adept at addressing complex optimization challenges that need 

flexibility in the search process. The workflow diagram is shown in Fig. 6. 

 
Fig. 6. Flowchart of chess optimizer 

3. Results and Discussion 

3.1. Study Case: Step Load Perturbations 10 % (10% SLP) 

SLP simulates a sudden and fixed change in load, frequently utilized in control system testing to 

assess transient response and stability margins. The Chess Optimizer was used to tune the parameters 
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of controllers such as PI, PID, and PID+DD. In Case Study 1, the optimal values for the PI Controller 

were Kp1 = 0.0576, Ki1 = 0.2644, Kp2 = 0.2332, Ki2 = 0.9925, Kp3 = 0.7848, and Ki3 = 0.1733. The 

PID controller parameters are Kp1 = 0.0098, Ki1 = 0.4140, Kd1 = 0.1018, Kp2 = 0.2666, Ki2 = 

0.7075, Kd2 = 0.3175, Kp3 = 0.9834, Ki3 = 0.1964, and Kd3 = 0.5882. The PID+DD controller 

parameters are Kp1 = 0.0618, Ki1 = 0.2400, Kd1 = 0.9875, Kdd1 = 0.2418, Kp2 = 0.1318, Ki2 = 

0.9322, Kd2 = 0.5836, Kdd2 = 0.8511, Kp3 = 0.9880, Ki3 = 0.2285, Kd3 = 0.7692, and Kdd3 = 

0.5377. The dynamic response shown in Fig. 7 (a)-(f). The result of case 1 shown in Table 1. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 7. Frequency and power deviations in case 1, 10% RLP (a) Frequency deviations in thermal reheat 

power plants area 1 (b) Frequency deviations in hydropower plants area 2 (c) Frequency deviations in 

thermal reheat power plants area 3 (d) Power deviations in thermal reheat power plants area 1 (e) Power 

deviations in hydropower plants area 2 (f) Power deviations in thermal reheat power plants area 3 
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Table 1.  The result of case 1 

  f1 (Hz) f2 (Hz) f3 (Hz) Ptie,1 (MW) Ptie,2 (MW) Ptie, 3(MW) 

PID+DD 

Overshoot 50.2145 50.1391 50.1044 19.0561 63.5009 96.1156 

Undershoot 49.8808 49.9459 49.9736 -142.8668 -51.0418 -17.0647 

Settling 

time 
23.3397 13.8194 15.6944 27.8488 11.9309 4.6398 

ITAE 25.5072 

PID 

Overshoot 50.2149 50.1393 50.1038 35.2563 63.4280 96.0669 

Undershoot 49.8588 49.9270 49.9648 -143.0781 -56.2325 -30.3429 

Settling 

time 
28.5581 16.3000 22.3697 23.1468 12.0139 4.3000 

ITAE 28.2478 

PI 

Overshoot 50.2146 50.1392 50.1057 21.5090 68.0561 96.5969 

Undershoot 49.8721 49.9381 49.9658 -143.0661 -51.5155 -18.6591 

Settling 

time 
25.7240 13.8000 15.7587 27.8163 11.9309 4.6199 

ITAE 26.0160 

3.2. Study Case: Random Load Pattern (RLP) 

RLP mimics the unpredictable changes in demand, accurately representing the operational 

unpredictability presented in real-world situations caused by evolving consumer consumption patterns 

and the instability of renewable energy sources. The simulation of these two scenarios facilitates the 

assessment of the controller's efficacy in both predicted and unanticipated disturbances, guaranteeing 

that the findings cover a broad spectrum of operating situations while preserving simulation simplicity.  

  

(a) (b) 

  
(c) (d) 
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(e) (f) 

Fig. 8. Frequency and power deviations in case 2 SLP (a) Frequency deviations in thermal reheat power 

plants area 1 (b) Frequency deviations in hydropower plants area 2 (c) Frequency deviations in thermal 

reheat power plants area 3 (d) Power deviations in thermal reheat power plants area 1 (e) Power 

deviations in hydropower plants area 2 (f) Power deviations in thermal reheat power plants area 3 

The Chess Optimizer was used to tune the parameters of controllers such as PI, PID, and 

PID+DD. In Case Study 1, the optimal values for the PI Controller were Kp1 = 0.1855, Ki1 = 0.1957, 

Kp2 = 0.3352, Ki2 = 0.7913, Kp3 = 0.9468, and Ki3 = 0.1668. The PID controller parameters are Kp1 

= 0.3800, Ki1 = 0.2276, Kd1 = 0.9329, Kp2 = 0.3116, Ki2 = 0.9737, Kd2 = 0.2552, Kp3 = 0.7707, 

Ki3 = 0.2933, and Kd3 = 0.4850. The PID+DD controller parameters are Kp1 = 0.4138, Ki1 = 0.1759, 

Kd1 = 0.8804, Kdd1 = 0.6718, Kp2 = 0.3278, Ki2 = 0.9820, Kd2 = 0.0453, Kdd2 = 0.2090, Kp3 = 

0.7648, Ki3 = 0.1765, Kd3 = 0.3873, and Kdd3 = 0.4197. The dynamic response in instance 1 is 

shown in Fig. 8 (a)-(f) and explained in Table 2. 

Table 2.  The result of case 2 

  f1 (Hz) f2 (Hz) f3 (Hz) Ptie,1 (MW) Ptie,2 (MW) Ptie, 3(MW) 

PID+DD 

Overshoot 50.0908 50.0563 50.0419 4.5818 25.6945 36.7097 

Undershoot 49.9462 49.9805 49.9884 -55.8819 -22.5097 -5.0278 

Settling 

time 
81.1000 77.8490 78.8000 87.0490 78.8000 63.6467 

ITAE 88.0654 

PID 

Overshoot 50.0910 50.0566 50.0419 7.1601 25.9306 36.7206 

Undershoot 49.9417 49.9759 49.9865 -56.0374 -23.1340 -7.0392 

Settling 

time 
81.4000 77.5510 78.7510 84.5000 78.3000 64.9000 

ITAE 89.0791 

PI 

Overshoot 50.0945 50.0609 50.0450 5.2397 25.4599 39.1433 

Undershoot 49.9507 49.9801 49.9902 -59.1707 -23.7012 -7.3825 

Settling 

time 
85.4490 79.7000 78.9510 87.9000 83.3510 67.7268 

ITAE 89.8899 

4. Conclusion 

The ITAE analysis indicates that the CO tuned PID+DD controller consistently surpasses both 

PID and PI controllers across all scenarios. In Case 1 (seen in Fig. 7), PID+DD CO achieved an ITAE 

of 25.5072, which is 2.7406 lower than PID (9.70% reduction) and 0.5088 lower than PI (1.96% 

reduction). In Case 2 (seen in Fig. 8), PID+DD CO recorded an ITSE of 88.0654, which is 1.0137 

lower than PID (1.14% reduction) and 1.8245 lower than PI (2.03% reduction). In summary, for both 

cases, the ITAE demonstrated a reduction of approximately 5.42% in comparison to PID and around 
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1.99% when compared to PI. The results demonstrate that the use of the Chess Optimizer improves 

oscillation damping and speeds up the dynamic response of systems, especially those facing 

continuously changing load demands and variable renewable energy generation. 

This research examines the implementation of a PID+DD controller in a multi-area power 

generation system using renewable energy. Adding a second derivative term to the PID controller 

greatly improves its ability to handle changes in frequency, especially when there are large 

fluctuations due to the unpredictable nature of renewable energy sources. The PID+DD controller 

demonstrates superior performance compared to standard controllers (PI and PID) regarding response 

time, oscillation damping, and overall stability.  

The CO was employed to adjust the controller parameters. The experimental findings indicate 

that CO exhibits superior efficiency in identifying the optimal solution and is more adept at 

circumventing convergence to local optima compared to established metaheuristic algorithms, 

highlighting CO's promise in optimizing complex and uncertain control systems.  

This research shows how important it is to combine smarter tuning strategies with more flexible 

controller designs, especially as power systems get more complex. In the future, this approach could 

be extended to larger networks or adapted to work with other methods like fuzzy logic, predictive 

control, or even learning algorithms that update in real time-depending on what the grid needs. 
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Appendix 

The parameters of the system are f = 50 Hz, n = 100, Dpi = 0.01 p.u,  Dfi = 1 Hz, Di = 0.01 p.u. 

MW/Hz, Hi = 5 sec, Ri = p.u. Hz/MW, Bi = 0.4267 p.u. Hz/MW, Kpi = 100 Hz/p.u. MW, Tpi = 20 

sec, Tij = 0.0707 p.u. MW/rad, a12 = -1/2, a13 = -1/4, a23 = -1/2, Tg1 = 0.08 sec, Tt1= 0.4, Kr1= 0.33, 

Tr1 = 10 sec, Th1 = 48.7 sec, Th2 = 5, Th3 = 0.513 sec, Tw = 1, Tg3 = 0.08 sec, Tt3= 0.4, Kr3= 0.33, Tr3 

= 10 sec; Normal Loading 10%. The parameters of wind turbine generation are ρ = 1.225 km/m3, RT= 

52 m, β = 5 degree, nr = 10 rpm, Pw,max = 10 MW, Vw1= 12 m/s, Vw2= 15 m/s, C1= -0.6175, C2= 116, 

C3= 0.4, C4= 0, C5= 5, C6= 21 and C7= 0.1405. 
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