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Abstract

:

Simple Summary


This paper can be considered as a complete study clarifying the impact of implementing high-penetration renewable energy sources in small power systems from the frequency and active power points of view




Abstract


Wind is a clean, abundant, and inexhaustible source of energy. However, wind power is not constant, as windmill output is proportional to the cube of wind speed. As a result, the generated power of wind turbine generators (WTGs) fluctuates significantly. Power fluctuation leads to frequency deviation and voltage flicker inside the system. This paper presents a new methodology for controlling system frequency and power. Two decentralized fuzzy logic-based control schemes with a high-penetration non-storage wind–diesel system are studied. First, one is implemented in the governor of conventional generators to damp frequency oscillation, while the other is applied to control the pitch angle system of wind turbines to smooth wind output power fluctuations and enhance the power system performance. A genetic algorithm (GA) is employed to tune and optimize the membership function parameters of the fuzzy logic controllers to obtain optimal performance. The effectiveness of the suggested controllers is validated by time domain simulation for the standard IEEE nine-bus three-generator test system, including three wind farms. The robustness of the power system is checked under normal and faulty operating conditions.
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1. Introduction


Global warming is one of the most serious environmental problems facing the world today. Most remote areas and isolated communities depend on diesel generators to meet electricity demands [1]. Diesel fuel has several drawbacks, including the fact that it is expensive because transportation to remote areas adds extra cost. Moreover, it emits sulfur oxide and carbon dioxide by engine exhaust that is harmful to the environment [1,2]. Due to the environmental and economic effects of the diesel generator, interest in alternative, cost-effective, and clean energy sources has grown significantly. Wind turbines are attracting a lot of attention, and represent the fastest growing and most widely utilized form of renewable energy technology in power systems [3]. Wind–diesel hybrid power systems can be installed in isolated communities to improve quality of life. Many small scale wind farms are connected to the distribution network, while many wind farms of 50 MW or more are directly connected to the transmission network [4]. This results in many challenges. Among them is the fact that wind power is not constant and can diverge quickly, since it is proportional to the cube of wind speed. Wind power fluctuations lead to some problems, which can be summarized as follows [4,5]:




	
Wind power fluctuations may cause the grid frequency to fluctuate.



	
The variation in wind speed causes variations in the active power generated and thus the absorbed reactive power by the induction generator from the grid, which leads to voltage flicker at the buses of the power grid.



	
Poor power quality and instability problems appear in the power system as a result of frequency fluctuation and voltage flicker, especially in the case of sensitive loads for frequency and high-voltage deviations. The effects of these problems appear clearer in isolated power systems as penetration of the wind turbine generator (WTG) increases.








Therefore, various power smoothing methods are applied to wind energy conversion systems (WECSs) to overcome these problems. Many pitch angle control techniques are utilized to smooth the output power of WTGs using model predictive controls (MPCs) [6], the genetic algorithm (GA) [7], linear quadratic Gaussian (LQG) [8,9] (which provide robustness in terms of phase and gain margins), and the GA with particle swarm optimization (PSO) [10]. However, the performance of all these linear controllers is limited due to the highly nonlinear characteristics of wind turbines. Fuzzy logic has been applied for pitch angle control [11,12,13,14]. However, these studies differ from each other significantly by type and number of inputs and outputs, number and type of input and output membership functions, type of control rules, inference engines, and defuzzification method. No complete studies of the power system performance from the voltage and frequency stability point of view nor evaluations of the robustness of the proposed controllers under severe operating conditions such as generator outage or transmission line faults have been presented. The    H ∞    control method is used to smooth the output power of WTGs [15,16,17]. However, the weighting functions in the    H ∞    control design cannot be easily selected, and this affects the process of design significantly. Also, the order of the    H ∞    controller depends on that of the plant. This causes a complex structure which is not easy to realize in practical applications, especially for large-scale systems. On the other hand, the frequency control approach in power systems has a long history and there is plenty of related literature. Power system frequency can be negatively affected due to wind power fluctuations, especially with high-penetration wind farms. This leads to a frequency deviation from its nominal value. As a result, under/over frequency relays may operate and disconnect some portions of system loads and generation. However, there are only a few articles on the frequency regulation schemes in the presence of wind turbines. The impact of wind power generation on system frequency response has been discussed using    H ∞    and   μ  -synthesis [18], MPC [19], fuzzy logic control (FLC) with the quasi-oppositional harmony search (QOHS) algorithm for the PID controller [20],   ε  -MOGA [21,22], and the polar fuzzy [23] approaches. These studies use simplified linear models neglecting the nonlinear specifications of wind turbines. Hence, they are very difficult to apply to large-scale power systems with nonlinearities. On the other hand, FLC with PSO [24], FLC with PSO for the PI controller [25], and the PI controller alone [26] have been studied for frequency regulation in the presence of wind turbines without considering the power and voltage stability of the power system. Recently, there have been studies on adaptive FLC approaches to multi-input multi-output (MIMO) nonlinear systems with time-varying delays and input saturation [27], unknown control directions and unknown dead-zones [28], single-input single-output (SISO) with input saturation [29], and packet dropouts and parameter uncertainties using the type-2 fuzzy model-based technique. However, the main drawback for these approaches is the fact that the design parameters [27,28,29] and the weighting functions [30] selection process affect the system performance significantly. Hence, the parameters should be adjusted carefully for achieving suitable transient performance and control action in practical applications. In [31], an adaptive fuzzy backstepping control of a nonlinear system with sampled and delayed measurements was presented. The major disadvantage of this scheme that it suffers from the problem of explosion of complexity, which is caused by the repeating differentiations of nonlinear functions. As a result, the complexity of the controller grows sharply as the order of the system increases, which makes it difficult for practical implementation, especially for large-scale systems. A complete review for hybrid system configuration, modeling, renewable energy sources, criteria for hybrid system optimization and control strategies, and software used for optimal sizing was presented in [32]. A real case study of comparative various standalone hybrid combinations for a remote area in Barwani, India was analyzed according to total net cost and emissions. Dynamic operation and control strategies for a microgrid hybrid wind–photovoltaic fuel cell power system were examined in [33]. In addition, a static var compensator (SVC) was utilized to supply reactive power and regulate the voltage of the hybrid system. Moreover, a general regression neural network (GRNN) with an improved PSO was applied to analyze the performance of the system. Furthermore, a high-performance online training radial basis function network sliding mode (RBFNSS) was designed to drive the optimal wind turbine speed for the maximum power point tracking (MPPT) control scheme. Two MPPT control approaches for both photovoltaic power and the WTG were presented in [34]. The pitch angle control of the WTG used the improved Eleman neural network (ENN) controller and the output was fed to wind turbine to achieve MPPT. In addition, the solar array was integrated with radial basis function network (RBFN) control algorithm to track maximum power. A design of fuzzy logic-based voltage-regulated solar power MPPT system was introduced in [35]. The voltage-regulated MPPT scheme was formulated as a feedback control system where the maximum power point condition and voltage regulation requirements were used as control systems input. Moreover, a buck-boost converter-based fuzzy controller was designed for the voltage-regulated MPPT system considering the error of the maximum power point condition and the error of the voltage regulation as two input variables for the fuzzy controller. A control approach to enhance the phase correction adjustment of distribution transformers in a grid was discussed in [36] using hybrid bird mating optimization (HBMO). The proposed technique was performed through open wye–open delta transformers under three practical systems and compared to those approaches that use other optimal techniques such as the GA, PSO, and conventional bird mating optimization (BMO). The outcomes of this research showed the ability of the proposed scheme to improve the voltage imbalance and deviation. A novel unsymmetrical faults analysis technique based on the actual three-phase models and boundary conditions was analyzed in [37]. Two relationship matrices presented by the bus injection to branch the current matrix and the branch current to bus voltage mismatch matrix were used to achieve the power flow solutions. These two matrices were used to observe the relation between bus voltage and bus current injections. The presented scheme can be used to solve assorted types of single or simultaneous unsymmetrical faults. A direct building algorithm for microgrid distribution ground fault analysis was discussed in [38]. Four possibilities of network topology changes were considered for ground fault analysis. In addition, research analyzed the ground fault model of a battery as a distributed energy resource which can be used for both islanded and grid-connected modes. An optimal sizing approach of hybrid grid-connected photovoltaic wind power systems for real hourly wind and solar irradiation data and electricity demand from a certain location was presented in [39]. The methodology was tested by means of a case study in which the actual hourly electricity retail and market prices were implemented to obtain a realistic estimation of life cycle costs and benefits. A sensitivity analysis that allows the detection of the variables for which the system is more sensitive was also performed. A novel intelligent damping controller (NIDC) for the static synchronous compensator (STATCOM) was discussed in [40] to damp power system oscillations. The proposed NIDC consists of a PID linear controller and functional link-based novel recurrent fuzzy neural network (FLNRFNN). The NIDC for the STATCOM was developed to improve both transient stability and system oscillations. The NIDC is unlike conventional controllers, the performance of which degrades for such changes and retuning is required to produce the desired performance. A new cascaded PD–fuzzy PID controller was analyzed in [41] for a hybrid source unified power system for automatic generation control. The optimization of scaling parameters of the suggested controller was performed using the hybrid grey wolf optimization teaching–learning-based optimization (GWO-TLBO) technique. Both the AC tie line and AC–DC tie line were considered when analyzing the dynamic performance of the system. Furthermore, the frequency stability of the system was improved by employing unified power flow controller (UPFC) in the system. Moreover, various architectures, design criteria, sizing methodologies, and a control paradigm of an integrated renewable hybrid energy system were presented in [42]. A practical hybrid energy system depending on various parameters such as technological, economical, socio-political, and environmental factors was considered.



For all these reasons, this paper proposes a new control approach in a small power system consisting of the standard IEEE nine-bus three-generator test model with three high-penetration wind farms. The proposed method is accessible by implementing two decentralized FLC-based schemes. First, one is applied for the governor of conventional generators to mitigate frequency deviations. Meanwhile, the latter is constructed in the pitch angle system of wind turbines to smooth the wind output power fluctuations and therefore enhance the total system performance. The GA is used to tune the input and output membership function parameters of the fuzzy logic controllers to ensure the best performance. The effectiveness of the proposed technique is verified by the numerical simulations in the MATLAB®/SIMULINK® environment under normal and faulty operating conditions. This research is considered as a continuation and modification of authors’ previous studies [21,22,23] that used simplified linear models neglecting the high nonlinear behavior of wind turbine. Moreover, in the authors’ previous work, FLC without any optimization technique was used, which made the mission of deciding the input and output membership functions parameters complex and time-consuming, which may not often lead to satisfying results. The main contributions of the proposed control approach can be summarized as follows:




	
The proposed control scheme presents two fuzzy logic-based controllers to treat the drawbacks of the other linear control approaches that neglect the highly nonlinear characteristics of wind turbines.



	
The intended technique uses the GA to tune the membership function parameters of FLC to achieve optimal performance and at the same time to eliminate the main disadvantage of FLC presented in the fact that deciding the input and output membership parameters of FLC is a time-consuming and complex task which often may not lead to satisfactory results.



	
The proposed GA-FLC scheme discusses a complete study for the power system performance from the power and frequency stability point of views and their vital effects to improve the total behavior of system. This is distinct from the majority of the previous works which concentrate on one type of stability for the power system.



	
The presented control approach is tested under severe operating conditions such as a three-phase to ground fault at the most loaded transmission line to confirm its effectiveness and robustness and check its performance during the fault period to prove its capability to keep frequency and power within its acceptable limits, so that under/over frequency or power relays do not disconnect any portion of the power system. Testing was also performed to investigate that the system can safely return to normal operation after fault clearance. Hence, using this hybrid control scheme in practical applications can ensure a continuous operation of the power system with high power quality provided even under emergency conditions.








This paper is organized as follows: Section 2 describes the small power system configuration. Section 3 discusses the proposed GA-fuzzy based control design approaches including a brief introduction for FLC and GA. Section 4 presents the simulation results for four case studies of the small power system. Section 5 analyzes the time domain simulated results of the four studied cases of the power system. Specific conclusions are then drawn in Section 6.




2. System Configuration


The standard IEEE three-generator nine-bus system is considered as the test model in this study to inspect the performance of the proposed control schemes. The single line diagram of the test system is presented in Figure 1. This model consists of 3 generators, 3 loads, 6 transmission lines and 3 transformers whose simulation parameters are indicated in [43]. The model is updated by adding three wind farms. The total system installed capacity is 567.5 MW of conventional generation and 189 MW of average wind power generation (25 % penetration). Each wind farm is composed of 21 wind turbines and every turbine has a 3-MW rating. The fixed speed squirrel cage induction generator is used in this study to investigate its achievement under various operating conditions with/without the proposed control approaches.




3. Controller Design Approach


In this study, two FLC schemes have been proposed to improve the performance of a small power system with high-penetration wind farms. The GA is used to tune the input and output membership function parameters of the two fuzzy logic controllers to enhance their overall achievement.



3.1. Fuzzy Logic Control


The FLC technique becomes a good replacement for the conventional control methods. It can perform efficiently when the operating conditions change rapidly. Hence, these features make it very effective for power system applications, especially with uncertain, incomplete, and non-linear data from wind turbine systems [44,45]. The FLC consists of three steps: fuzzification, knowledge base creation , and defuzzification.




	
Fuzzification is the process of transforming the crisp input signals into fuzzy set variables as FLC cannot handle these input signals.



	
The knowledge base is the heart of fuzzy system, as it determines how fuzzy logic operations are performed. It consists of fuzzy IF–THEN rules. The database contains the membership functions of fuzzy subsets. A fuzzy rule includes fuzzy variables and the fuzzy subset described by membership function. Triangular, trapezoid, and Gaussian functions are the more standard membership functions used in FLC.



	
Defuzzification is used to convert the fuzzy output to a crisp value using membership functions like the ones utilized in the process of fuzzification. There are some common defuzzification methods such as center of sums, mean- max, weighted average, and center of gravity [46,47].









3.2. Genetic Algorithm


The GA is an optimization method that based on the mechanism of natural selection and natural genetics. The search process is very similar to the natural evolution of biological creatures in which successive generations of organisms are born and raised until they are able to breed. Just like in the animal kingdom, only the fittest will survive to produce, while the weakest will be omitted [48]. The GA can be applied to solve a variety of optimization problems that are not well suited for standard optimization algorithms such as problems in which the objective function is discontinuous, non-differentiable, stochastic, or highly nonlinear [49]. The algorithm begins by creating a random initial population. Then, it uses the current population to create the children to make up the next generation. The algorithm selects a group of individuals in the current population, called parents, who contribute their genes to their children. It usually selects individuals that have better fitness values as parents. The GA creates three types of children for the next generation [50]:




	
Elite children are individuals in the current generation with the best fitness values. These individuals automatically survive to the next generation.



	
Crossover children are created by combining the vectors of a pair of parents.



	
Mutated children are created by introducing random changes to a single parent. Both processes of crossover and mutation are essential to the GA. Crossover enables the algorithm to extract the best genes from different individuals and recombine them to get potentially superior children. While, mutation improves the diversity of the population to increase the probability that the algorithm will generate individuals with better fitness values. The algorithm is repeated for many generations till stops if one of the stopping criteria is met.









3.3. Proposed GA–Fuzzy-Based Control Schemes


3.3.1. Governor Control System


The basic construction of the governor control approach designed for the conventional generators is presented in Figure 2. The deviation of rotor speed of each conventional generator and its variation during a sampled time are considered as two input signals for the fuzzy controller, while its output is the control signal to adjust the governor set point of each generator. The governor has non-linear characteristics, but can be modeled with a first-order lag transfer function where the time constant is 0.08 s. Also, the value of R is 2.4 Hz/pu.Mw. Fuzzy membership functions for the input and output patterns of the proposed FLC technique are addressed in Figure 3. Also, Table 1 shows the associated control rules. The membership functions corresponding to the input and output variables are set as Negative Large (NL), Negative Medium2 (NM2), Negative Medium1 (NM1), Negative Small (NS), Zero (Z), Positive Small (PS), Positive Medium1 (PM1), Positive Medium2 (PM2), and Positive Large (PL). They have been arranged based on triangular membership functions. The antecedent part of each IF–THEN rule is created using the And function. Also, Mamdani fuzzy interference system is used in this control approach. Finally, resultant fuzzy subsets representing the controller output are converted to the crisp values. Unlike the traditional control theorems, which are based on the linearized models of the controlled system, the fuzzy control scheme tries to build the proposed controller in a direct way based on long-term experience, knowledge of domain operators, and measurements. Then, the GA is used to tune the input and output membership function parameters of the proposed fuzzy controller to improve its performance using integral absolute error criteria (IAE) utilizing the MATLAB® (Release 2016a, The MathWorks, Inc., Natick, MA, USA) environment based on the following equation:


   Fitness   Function =  ∫  0  t   Δ f  d t .   



(1)







The optimal values for membership function parameters obtained from the GA are then listed in Table 2. In Table 2, unit of the input membership functions parameters (   A 1   –   A 14   ) is Hz while the unit of the output membership functions parameters (   A 15   –   A 21   ) is pu.Mw.




3.3.2. Pitch Angle Control System


The basic configuration of the WTG system is presented in Figure 4. Figure 5 shows the structure of the proposed pitch angle control scheme that determines the   β   of each wind turbine. The fraction of extracted wind power converted to mechanical power of the rotor,    P w   , can be calculated as follows:


    P w  =  1 2  ×  C p  ×  V  w  3  × ρ × A   



(2)




where A =    π  r 2    . Values of r and   ρ   are 23.5 m and 1.25 Kg/m    3   , respectively.    C p    is a function of both   λ   and   β  .   λ   is defined as the ratio of the speed at the blade tip to the wind speed and can be expressed as:


   λ =   r ×  ω w    V w     



(3)







Then, an approximate expression for    C p    as function of   λ   and   β   can be given as [51]:


    C p  =  ( 0.44 − 0.0167 β )  sin  (   π ( λ − 3 )   15 − 0.3 β   )  − 0.0184  ( λ − 3 )  β   



(4)







The hydraulic servo system has nonlinear characteristics. However, it can be modeled as first-order lag system. Therefore, in this control scheme, the first-order lag system is considered where the time constant is 1 s. Fuzzy sets and their corresponding membership functions for the proposed controller are presented in Figure 6, while their control rules are discussed in Table 3. The deviation of output power for each WTG and its change with time is then used as input signals for the fuzzy controller, while output is the control signal to the hydraulic servo system that drives the blades according to    β  C M D    . The membership functions of the first input are set as Negative (N), Zero (Z), Small (S), Medium1 (M1), Medium2 (M2), and Large (L). Also, the membership functions corresponding to the second input are held as Negative Large (NL), Negative Medium (NM), Negative Small (NS), Zero (Z), Positive Small (PS), Positive Medium (PM), and Positive Large (PL). Meanwhile, the output membership functions are arranged as Zero (Z), xSmall (xS), Small (S), xMedium (xM), xxMedium (xxM), xxxMedium (xxxM), Large (L), xLarge (xL), and xxLarge (xxL). The triangular membership function which is the most popular is also used in this control approach. The output of each rule is composed by using the And function with interpretation of the minimum. In the same manner as the first control scheme, the Mamdani interference system is used here. For the sake of applying GA in the intended pitch angle control approach to enhance its performance, the MATLAB® (Release 2016a, The MathWorks, Inc., Natick, MA, USA) environment is utilized with the following fitness function:


   Fitness   Function =  ∫  0  t   Δ  P W  t g  d t .   



(5)







Following the usage of the GA, the optimal values for membership functions parameters acquired are then scored in Table 4. In Table 4, the unit of the input membership functions parameters (   B 1   –   B 12   ) is pu.Mw. Meanwhile, the units of the output membership functions parameters (   B 13   –   B 27   ) are in degrees. The flowchart of the complete design process for the proposed two GA-fuzzy based control schemes is presented in Figure 7.





3.4. Limitations of the Adopted Control Schemes


The pitch angle control system presented in this paper works in all operating regions of the WTG. When the wind speed is from zero to the cut-in value, there is no power generated and the pitch angle is set as   β   = 90    ∘   . Meanwhile, when the wind speed is between the cut-in and rated values, respectively, the pitch angle is fixed at   β   = 0    ∘    so that the power can be maximized. As the wind speed exceeds its rated value, the proposed pitch angle control system operates between 0    ∘    and 90    ∘    to maintain the rated power of the WTG. Above the cut-out speed, the pitch angle is again set as   β   = 90    ∘    for safety reasons.   β   is limited by a rate limiter (±20     ∘   /s) and a limiter within the range (0    ∘   –90    ∘   ). In addition, all power values are per unit (pu) on 100 MVA base. The maximum limit of active power in each transmission line is 200 MW (2 pu).



The power system model has been linearized using commands of MATLAB® to check its stability performance including the proposed control schemes. The singular value plots of the control loops with/without the suggested controllers are shown in Figure 8. The frequency-closed control loop is specified with rotor speed command    ω  r e f     as the input signal and   ω   as the output signal. The pitch angle closed control loop is formulated with   Δ  P  W t g     as the input signal and    β  C M D     is considered as the output signal. From this figure, it is seen that the singular value plot of the frequency control loop has an integral characteristic at the low-frequency domain without using the proposed control schemes. Because of this, the frequency deviations keep increasing so the characteristic can be eliminated. On the other hand, there is a high gain in the low-frequency domain (below 1 rad/s) clarified in the pitch angle control loop without utilizing the intended control approaches. Therefore, the output power fluctuations of WTG will increase at the low-frequency domain.





4. Results


To investigate the performance of the designed control schemes, the standard IEEE nine-bus three-generator system is considered as test model including three wind farms with 25% penetration. Simulation results show a comparison between the proposed methods and conventional ones. Actually, four cases are considered in simulation results. The first case represents the traditional methods consisting of the small power system without any controllers. The second and third cases are treated as the proposed cases in which the proposed governor controller for the conventional generators only, and both the designed governor and blade pitch controllers are implemented, respectively. The last case discusses the performance of the system under faulty operating conditions. Figure 9 shows the wind speed, which is modeled by random functions. The cut-in, rated, and cut-out wind speeds are considered as 5 m/s, 12.5 m/s and 25 m/s respectively. The simulation is performed for 150 s.



4.1. Conventional Method (Case 1)


No control approach is implemented for this case in the governor of the conventional generators or the pitch angle system of the WTG. Figure 10 shows the system frequency, generated output power of wind farms, and transmitted power in transmission lines, respectively. The results clearly indicate the instability of the power system represented in frequency oscillations. Also, there are significant fluctuations in the output power of each wind farm, which leads to transmitted power variation for all transmission lines.




4.2. Case 2


The first designed GA-based fuzzy controller is implemented in the governor system of each conventional generator in this case to improve frequency stability of the power system. The obtained result in Figure 11 shows that the proposed controller can damp the frequency oscillations. On the other hand, due to the lack of the pitch angle controller in the WTG, fluctuations in the generated output power of wind farms still appear in the system, leading to variations in the transmitted power of transmission lines.




4.3. Case 3


The proposed two GA-based fuzzy controllers are implemented on their associated places in the power system for this case study. The first one is constructed in the governor system of each conventional generator, while the other one is used in the pitch angle control system of each WTG. The effectiveness of the proposed controllers in the test system is validated from the frequency and power points of view in Figure 12 that presents pitch angle of each wind turbine, system frequency, output power of wind farms, and transmitted power in transmission lines. Results confirm the ability of the proposed controllers to damp frequency oscillations and smooth the generated output power of wind farms to mitigate the transmitted power fluctuations in transmission lines.




4.4. Faulty Operating Condition (Case 4)


To confirm the robustness and effectiveness of the proposed controllers, performance of power system is studied under severe operating conditions represented as occurring three phases to the ground fault at the most loaded transmission line, which is line 4 from the previous case results. The fault occurs at time    t = 30    s and is cleared at    t = 50    s. The associated results are indicated in Figure 13. Results confirm the ability of the system with the proposed controllers to withstand this harsh case study and guarantee good performance during the fault period. Also, the system can restore its normal operation after clearing the fault, which indicates its stability from the perspectives of frequency and power.





5. Result Analysis


A detailed analysis of the time domain simulation results is presented here for the four case studies presented in the last section.




	
Case 1 represents the implementation of three wind farms in the stable IEEE nine-bus three-generator system with high penetration (25%) that leads to significant system instability appearing in frequency oscillation around 60.2 Hz–59.8 Hz. This forces frequency relays to trip in some portions of the system. Also, there are great fluctuations in the output power of wind farms in the range of 0–0.6 pu which leads to oscillations in the transmitted power between 0 and 1.7 pu. Hence, the majority of loads in this case cannot be met with a continuous power supply within acceptable frequency limits, which decreases the reliability and power quality of the system with harming loads, especially those are sensitive for frequency fluctuations and voltage flicker, with a decrease in their life time.



	
Case 2 shows the application of the first hybrid GA-fuzzy based control approach to the governor system of the conventional generators. As a result, the proposed constant frequency of 60 Hz is achieved as shown in Figure 11. Besides, output power fluctuations of wind farms still exist in range of 0–0.6 pu which derive to the transmitted power deviations in lower amounts compared to those in case 1. Hence, the first controller succeeded in damping frequency oscillations but some fluctuations still appeared in power responses.



	
Case 3 involves the proposed scenario presenting implementation of the two hybrid GA-fuzzy based control approaches in the power system. The first approach is applied for the governor of conventional generators, while the second is used for the pitch angle control system of wind farms. Simulation results shown in Figure 12 confirm the ability of the first controller to keep frequency constant at 60 Hz. Also, the second controller can suppress the output power fluctuations of wind farms and ensure constant power at around 0.63 pu (63 MW) of each wind farm, even with variable wind speed, due to effective blade pitch angle control as shown in Figure 12. Beside this, control techniques succeeded to damp transmitted power oscillations ensuring continuous power supply to customers with high power quality.



	
To validate the robustness of the proposed control schemes in emergencies, a three-phase to ground fault at the most loaded transmission line is considered in case 4. The fault occurs at    t = 30    s and is cleared at    t = 50    s. Simulation results indicate the ability of the control techniques to damp frequency and wind power fluctuations, with reducing sudden overshoots at times of fault occurrence and clearance, respectively. As a result of transmission line outage, the transmitted power via the remaining transmission lines is redistributed to compensate the transmission line outage and ensure continuous power feeding for loads. After fault clearance, the power system comes back safely to its normal operating point thanks to the proposed control schemes with damping all power and frequency fluctuations and ensuring continuous power supply of the system with high power quality without any harmful effects to the sensitive loads even in severe operating conditions is ensured.









6. Conclusions


Two hybrid GA-fuzzy based control schemes are applied for a small power system in this paper. The power system consists of the standard IEEE nine-bus three-generator test model including three wind farms with 25% penetration of the overall system-rated capacity. Each wind farm is composed of 21 wind turbines with 3-MW rated capacity of each turbine. In the first scheme, the controller is constructed in the governor system of conventional generators to damp frequency oscillations. The second scheme is implemented for the pitch angle control system of wind turbines to smooth the output generated power fluctuations of wind farms and then improve the whole system performance. The GA is used to optimize the membership function parameters of fuzzy logic controllers to achieve optimal behavior. Four case studies are considered to investigate the impact of the proposed controllers for enhancing the performance of the power system from the frequency and power stability points of view under normal and faulty operating conditions. A case study with a fault is presented, which occurs as a three phase to ground fault at the most loaded transmission line. Simulation results show that the proposed controllers are able to damp frequency oscillations and also smooth the generated power of wind turbines, and consequently reduce the transmitted power fluctuations under normal operating conditions. Also, controllers can hold out in the faulty case and ensure adequate performance during this time, restoring the normal operation of the system after clearing the fault. Overall, the performance of the small power system is enhanced significantly using the proposed technique. The research can be considered as a complete study clarifying the effect of implementing high-penetration renewable energy sources in small power systems from the frequency and active power points of view, addressing the main defects of the previous studies that neglect the high nonlinear properties of wind turbines and their significant effect on the performance of the power system. Moreover, this research solves the main problem of FLC: complex and time-consuming procedures for defining the input and output membership function parameters. Implementing the practical model and comparing the obtained results with the outcomes of this research is a future mission, as we will extend the study to include voltage control strategies.
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Abbreviations




	   L 1   -   L 6   
	Transmission lines of the IEEE nine-bus system



	   W .  F 1    -   W .  F 3    
	Three implemented wind farms in the IEEE nine-bus system



	  ω  
	Rotor speed



	R
	Speed regulation of each generator



	   Δ f   
	Frequency deviation of power system



	  β  
	Pitch angle



	  ρ  
	Air density



	A
	Rotor swept area



	r
	Blade radius



	   C p   
	Aerodynamic power coefficient



	   V w   
	Wind speed



	  λ  
	Tip speed ratio



	   ω w   
	Blade rotational speed



	   β  C M D    
	Pitch angle command



	   Δ  P  W t g     
	WTG output power fluctuations
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Figure 1. Single-line diagram of the nine-bus system. 
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Figure 2. Governor control scheme. 






Figure 2. Governor control scheme.
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Figure 3. (a) Fuzzy membership functions for the governor controller’s first input; (b) Fuzzy membership functions for the governor controller’s second input; (c) Fuzzy membership functions for the governor controller’s output. NL: Negative Large; NM2: Negative Medium2; NM1: Negative Medium1; NS: Negative Small; Z: Zero; PS: Positive Small; PM1: Positive Medium1; PM2: Positive Medium2; PL: Positive Large. 
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Figure 4. System configuration of the wind turbine generator (WTG). 
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Figure 5. Pitch angle control system structure. 
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Figure 6. (a) Fuzzy membership functions for the pitch angle controller’s first input. (b) Fuzzy membership functions for the pitch angle controller’s second input. (c) Fuzzy membership functions for the pitch angle controller’s output. 
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Figure 7. Flowchart of the design process of two GA–fuzzy-based control schemes. GA: genetic algorithm. 
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Figure 8. (a) Singular value plot of frequency control loop. (b) Singular value plot of the pitch angle control loop. 






Figure 8. (a) Singular value plot of frequency control loop. (b) Singular value plot of the pitch angle control loop.



[image: Applsci 08 00373 g008]







[image: Applsci 08 00373 g009 550] 





Figure 9. Wind speed. 
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Figure 10. Case 1 result. (a) System frequency. (b) Generated output power of wind farms. (c) Transmitted power. 
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Figure 11. Case 2 result. (a) System frequency. (b) Generated output power of wind farms. (c) Transmitted power. 
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Figure 12. Case 3 result. (a) Pitch angle. (b) System frequency. (c) Generated output power of wind farms. (d) Transmitted power. 
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Figure 13. Case 4 result. (a) System frequency. (b) Generated output power of wind farms. (c) Transmitted power. 
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Table 1. Fuzzy control rules.






Table 1. Fuzzy control rules.





	

	
    e A    

	
NL

	
NM2

	
NM1

	
NS

	
Z

	
PS

	
PM1

	
PM2

	
PL




	
   Δ  e A    

	






	
NL

	
PL

	
PL

	
PM2

	
PM2

	
PM1

	
PM1

	
PS

	
PS

	
Z




	
NM2

	
PL

	
PM2

	
PM2

	
PM1

	
PM1

	
PS

	
Z

	
NS

	
NS




	
NM1

	
PL

	
PM2

	
PM1

	
PM1

	
PS

	
Z

	
Z

	
NS

	
NM1




	
NS

	
PL

	
PM2

	
PM1

	
PS

	
PS

	
Z

	
NS

	
NS

	
NM1




	
Z

	
PM2

	
PM1

	
PS

	
PS

	
Z

	
NS

	
NM1

	
NM1

	
NM2




	
PS

	
PM1

	
PS

	
PS

	
Z

	
NS

	
NM1

	
NM1

	
NM2

	
NL




	
PM1

	
PS

	
PS

	
Z

	
Z

	
NS

	
NM1

	
NM2

	
NM2

	
NL




	
PM2

	
PS

	
Z

	
Z

	
NS

	
NM1

	
NM2

	
NM2

	
NL

	
NL




	
PL

	
Z

	
NS

	
NM1

	
NM2

	
NM2

	
NL

	
NL

	
NL

	
NL











[image: Table] 





Table 2. Optimal membership function parameter values.
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	Variable
	A1
	A2
	A3
	A4
	A5
	A6
	A7
	A8
	A9
	A10
	A11





	Value
	0.078
	0.058
	0.066
	0.05
	0.031
	0.017
	0.013
	0.082
	0.072
	0.076
	0.039



	Variable
	A12
	A13
	A14
	A15
	A16
	A17
	A18
	A19
	A20
	A21
	



	Value
	0.061
	0.017
	0.035
	0.541
	0.331
	0.482
	0.253
	0.291
	0.157
	0.223
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Table 3. Control rules of a pitch angle controller. N: Negative; Z: Zero; S: Small; M1: Medium1; M2: Medium2; L: Large; NL: Negative Large; NM: Negative Medium; NS: Negative Small; S: Small (S); L: Large.
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Table 4. Optimal membership function parameter values.
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	Variable
	B1
	B2
	B3
	B4
	B5
	B6
	B7
	B8
	B9





	Value
	0.0342
	0.0083
	0.0453
	0.0388
	0.082
	0.083
	0.115
	0.0125
	0.012



	Variable
	B10
	B11
	B12
	B13
	B14
	B15
	B16
	B17
	B18



	Value
	0.00122
	0.0021
	0.00432
	2.43
	3.87
	8.56
	6.24
	13.86
	12.13



	Variable
	B19
	B20
	B21
	B22
	B23
	B24
	B25
	B26
	B27



	Value
	18.46
	16.45
	23.93
	22.72
	36.84
	34.13
	52.62
	58.32
	59.26
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