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Abstract

:

This work discusses the use of a battery energy storage system applied to the smoothing of power generated at the output of wind turbines based on a fuzzy logic power control. The fuzzy control logic proposed can perform the aforementioned activity while the state of charge of the energy storage system is maintained within operational limits. In order to assess the fuzzy logic power control’s effectiveness at maintaining the state of charge levels within the allowed range, two operating situations are explored: one in which the state of charge is above the upper limit allowed, and another in which the state of charge is in the minimum value allowed. The numerical results show that, when using the battery energy storage system in conjunction with the control logic proposed, the active power provided as the point of common coupling by the wind turbines can be smoothed, thus contributing to the Electric Power System reliability and stability. The main results of this paper are based on measurements of wind and active power associated with a wind generation plant installed in the northeast region of Brazil and equipped with 2.1 MW wind turbines.
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1. Introduction


Renewable energy sources have been increasing in recent years, with emphasis on wind power. According to the Global Wind Report [1], there is currently a total installed wind capacity of 837 GW worldwide (onshore and offshore), and global wind power could reach 2000 GW by 2030 and provide from 17 to 19 percent of global electricity.



Despite the promise of growth, due to the intermittent nature of the wind, the massive insertion of wind farms in the electrical power system (EPS) is still difficult. The unpredictability and uncertainties in power production have led planners and power operators to control the amount of wind power penetration to the detriment of other, more traditional dispatchable sources.



One of the problems associated with wind intermittency is power fluctuations that can, in specific situations, also cause frequency and voltage variations, which may then compromise the stability and reliability of the electrical system. Additionally, due to the cubic relationship between electrical power and wind speed, even rapid, small reductions in wind speed, such as during calm moments, can cause, in minutes, significant variations in the instantaneous production of generation.



In order to mitigate the issues generated by the intermittency of the wind source, the following solutions can be applied: (1) use of flexible generating centers with fast response; (2) increase interconnections with neighboring regions; (3) application of Demand Side Management; (4) use of Energy Storage Systems (ESS). Among the solutions presented, the easiest, and therefore most promising, is the use of ESS due to the wide range of options and high flexibility of applications to the electrical system.



Paper Structure


In the context of proposing a power smoothing strategy, this article proposes a management strategy embedded in the energy management system (EMS) that controls the active power dispatched by the battery with the objective of mitigating the power fluctuations of the wind farm by making use of fuzzy logic. Such control logic here is called Power Smoothing Fuzzy Control Strategy: PSFCS.



This work is organized as follows: Section 2 presents a brief review of active power smoothing techniques; Section 3 offers an overview of battery modeling in applications considering the presence of wind powerplants. Section 4 describes the methodologies used to build the fuzzy model. In Section 5, the numerical results and the assessment of the performance of the control logic (PSFCS method) are presented. Section 6 presents the conclusions.





2. Active Power Smoothing Strategies for Wind Power Generation


Wind power generation has rapidly emerged as a viable alternative to conventional energy sources due to its environmental and economic advantages. However, wind energy is inherently intermittent and fluctuating, which can negatively affect the stability and dispatch of energy to the grid. Active power smoothing strategies play a crucial role in mitigating these issues and optimizing the performance of wind power systems.



Despite its potential, the intermittent nature of wind presents challenges in ensuring grid stability and power quality. Active power smoothing strategies help to address these challenges by regulating and stabilizing the power output from wind power generation systems.



A brief overview of wind power generation systems, including horizontal-axis wind turbines (HAWTs), vertical-axis wind turbines (VAWTs), and wind farms is provided in [2].



Active Power Smoothing Strategies are broadly classified into three categories: (i) generator-side control strategies, (ii) grid-side control strategies, and (iii) energy storage-based strategies. Generator-side Control Strategies include techniques such as pitch angle control, torque control [3], and maximum power point tracking (MPPT) [4]. Each strategy is suitable for specific types of wind turbines and has different impacts on the overall system performance.



Grid-side control strategies include reactive power control [5,6,7], voltage control [8], and current control [9,10]. The role of power electronic converters, such as inverters and rectifiers, in implementing these strategies is discussed in [11]. An overview of grid side control strategies is presented in [12].



Energy Storage-based Strategies, including batteries, supercapacitors, and flywheels, are presented to actively smooth the power output from power systems [13]. Analyses of a battery energy storage system (BESS) connected to a wind farm is presented in [14] and [15].



Each power smoothing strategy has advantages and limitations, considering factors such as cost, reliability, efficiency, and environmental impact. Power smoothing control strategies using energy storage are presented in [16]. Reference [17] proposed a fuzzy logic controller for solar power smoothing based on controlled battery energy storage and varying low pass filter. A fuzzy-logic-based control strategy for power smoothing in high-wind penetrated power systems, and its validation in a microgrid lab is descried in [18]. In this paper, a fuzzy logic controller is proposed considering power measurements from an actual wind farm for active power smoothing using a Li-ion Battery Energy Storage System (BESS).



Since battery storage technologies are versatile, one main advantage of Energy Storage System (ESS) techniques for power smoothing is their compatibility with different wind power systems. The following section presents the general idea of using a battery system for power smoothing.




3. Battery Energy Storage System for Wind Generation Power Smoothing


Considering the available ESS technologies, the BESS (Battery Energy Storage System) type storage systems based on lithium-ion cells have gained prominence in recent years, showing significant growth applied in electrical power systems. This is essentially due to their high versatility in power applications and constant reductions in production costs (associated with an increase in the use of electric cars) [19,20]. Among the storage technologies that use electrochemical cells, Li-ion batteries have been the dominant choice in numerous applications that demand high energy density, higher capacity, better safety, improved performance, and lower costs [21]. In this article, the term BESS refers to a storage system using lithium-ion battery cells.



In order to reduce the power fluctuations of a wind power plant, with the objective of obtaining a more stable power output (with less variability) at the Point of Common Coupling (or at the Point of Interconnection—PoI), a BESS can be applied for power smoothing by providing or draining supplemental power, as illustrated in Figure 1.



In the configuration illustrated in Figure 1, the total power delivered to the grid in each interval is equivalent to the sum of the active powers of the wind source and the BESS (Equation (1)). The strategy to mitigate power variations through the BESS is to use the energy storage system to compensate for the fluctuations by injecting active power into the bus at times of reduced wind speed and absorbing active power during peak wind production. BESS also operates during quick ramp ups of instantaneous wind power variations, or when the plant is producing excess generation.


    P   g r i d   ( t ) =   P   w i n d   ( t ) +   P   B e s s   ( t )  



(1)







The battery energy storage system is responsible for injection and absorption of power, thereby determining the output power. Generally, it can be stated that the controllers in the BESS are divided into four main parts (as illustrated in Figure 2): (i) Battery Monitoring Unity (BMU), which is composed of sensors that measure magnitudes inherent to the battery, such as voltage, current, and temperature; (ii) Energy Management System (EMS), which focuses on the overall energy management and optimization of the battery; (iii) Power Conversion System (PCS), which consists of a bidirectional power converter responsible for DC/AC and AC/DC conversion and connection to the main grid; and (iv) Battery Management System (BMS), which is responsible for a range of applications grouped into four main areas: monitoring, management, estimation, and communication.



Regarding the BMS main roles, a brief description of each can be made. Monitoring is where the BMS observes parameters like cell voltage, current, temperature to ensure safe and efficient battery operation. In management, the BMS is able to manage energy, cell balancing and temperature in order to keep them at acceptable operational levels. It also performs overcharge/over discharge protection and fault detection. With estimation, the BMS estimates State of Charge (SOC), State of Health (SOH), internal resistance and current capacity. During communication, the BMS manages communication with other equipment.




4. Power Smoothing Fuzzy Control Strategy


In order to understand the Power Smoothing Fuzzy Control Strategy, this section presents the methodology used. Figure 3 presents a major view of the structure of the strategy applied.



It is important to denote that the battery and the PCS in Figure 3, for the purpose of the simulation and validations of the proposed strategy, are considered ideal, i.e., there is no time delay and no loss. At this moment, this can be considered a reasonable argument when compared to the time constants from the wind variations in the seconds range [22], and the losses of power converters compared to the MW-sized wind farms are neglectable [23].



In order to investigate the Control Strategy, the application is implemented in Matlab/Simulink® (The MathWorks Inc., Natick, MA, USA), where the wind farm and the BESS were modelled as well as the control strategy acting in the EMS.



The main components of the test model are as follows: Wind Farm Block, a block that simulates the power fluctuation from a wind farm measured or simulated based on actual data; Battery block, which contains a general battery model for lithium-ion chemistry; Battery Power Reference Block, which sets the power output from the battery; and finally, the Power Smoothing Fuzzy Control. Each one of the components is explained as follows.



4.1. Wind Farm Power Block


The wind farm power block is modelled by time series collected from five wind turbines of 2.1 MW double feed type installed in the Rio Grande do Norte, Brazil. The time series were collected from the SCADA system in the wind farm during 2 years with a sampling rate of 5 min. For the sake of simplicity, this paper uses measurements in the increment of 1 month.



The wind farm is located in one of the windiest area in Brazil. It has average annual wind speed of 8.6 m/s with Weibull scale factor of 4.3 [24] (representing a consistent wind speed). A wind speed atlas illustrating the state of Rio Grande do Norte is shown in Figure 4, with the highlighted wind farm and associated power substation.



Although the local area has a consistent wind speed, the measurements showed the impacts of the sun, which created some turbulence during the solar hours, leading to more unstable power production from 6 to 18 h, as illustrated in Figure 5.




4.2. Battery Model


The model presented in this article, also known as the generic battery model, was proposed by Trambley in [25,26]. Such a model is capable of dynamically representing a battery, making it possible to reproduce non-linear behaviors, such as typical charge and discharge curve and recovery effect. In addition, the model can be parameterized with only information about the discharge curve which is normally provided by manufacturers. The model was originally conceived to simulate batteries with Li-ion, NiMH, NiCD, and lead acid chemistries. The model is implemented in Simulink, and its schematic diagram can be seen in Figure 6.



The model has a constant internal resistance and a controlled voltage source controlled by an equation that describes the dynamic behavior of the battery and takes into account the OCV-SOC ratio (open circuit voltage and state of charge) and the polarization voltage. The strategy proposed in this paper is applied to a lithium-ion battery energy storage system. The dynamic behavior of the batteries is described by Equations (2)–(4) [25]:


  D i s c h a r g e :   f   1   ( i t ,   i   *   )   = E   b a t t   =   E   0   − K   Q   Q − i t     i t +   i   *     + A   e   ( − B i t )    



(2)






  C h a r g e :   f   2     i t ,   i   *     =   E   b a t t   =   E   0   − K   Q   i t + 0.1 Q     i   *   − K   Q   Q − i t   i t + A   e   ( − B i t )    



(3)






    V   b a t t   =   E   b a t t   −   I   b a t t   R  



(4)




where E0 is the constant voltage in volts (V); Ibatt is battery current in ampere (A); it is the current charge of the battery in ampere-hours (Ah); i* is the filtered current (through a low-pass filter) passing through the polarization resistance and is given in amperes (A); R is the internal resistance of the battery in ohms (Ω). Q is the nominal capacity of the battery in ampere-hours (Ah); A is the exponential zone amplitude in volts (V); B is the exponential zone time constant inverse (Ah-1); K is the polarization constant given in volts per amper-hour (V/Ah) or polarization resistance (Ω).



During the charge and discharge, the term   K     Q   Q − i t     i t   refers to the polarization voltage of the accumulator, while the polarization resistance is represented as   K     Q   Q − i t       during the charge and as   K     Q   i t + 0.1 Q       during the discharge.



The function     E x p ( s )   S e l ( s )     refers to the hysteresis phenomenon that occurs between charging and discharging batteries with lead acid, NiMH, or NiCD chemistry, and there is no need to use it in a model and lithium-ions [25].



The A, B, and K parameters can be determined according to [26] and require only information that can be located on the manufacturer’s datasheet.



Another important parameter to define is the State of Charge from the battery (SOC). This parameter is relevant because it expresses the amount of energy available in the battery as well as the amount that is possible to absorb from the power system in the power smoothing concept. The SOC is measured in % of the total energy available in the battery, ranging from 0%, i.e., absolutely depleted, to 100% when fully charged.



The fuzzy controller needs this parameter to define the operation for charging or discharging in the power smooth control respecting the safe operational limits for the battery to avoid running on overcharge or excessive wearing under a low charge state.



In this paper, the Coulomb counting method is used to estimate the SOC, which is defined as follows.


  S O C   t   = S O C   t − 1   −   1   Q     ∫  0   t      i   b a t t   d t   ,  



(5)







As previously stated, there are SOC limits applied to the storage device in order protect it. The upper and lower limits prevent overloading or complete discharge operations that lead to high wear on lithium batteries that compromise their lifespan. Although the Li-ion battery cells can operate from 0 to 100% of their SOC, using the total capacity will rapidly reduce the elements’ lifetime as well as the battery’s State of Health (SOH) [13]. Thus, the battery SOC is maintained from 20% (SOCmin—lower limit) to 80% (SOCmax—upper limit).




4.3. Reference Power (Setpoint)


The reference power (Pref) is the set point for the control system for the active power behavior for the BESS in order to compensate for the wind power fluctuations in PoI, which can be defined as:


    P   r e f     t   =   P   w i n d p r e d     t   −   P   w i n d     t   ,  



(6)




where Pwind is the instantaneous active power and Pwindpred is the short term predicted wind power for the next time interval. When Pref is positive, it means that the battery is in the discharging mode (suppling power to the local network), and when negative, it means the battery is charging (draining power from the local network).



The reference power relies on short-term predicted wind power. The short term here applies to a time from 1 to 10 min, where the wind power fluctuations have great impacts on local power network (voltage quality), according to [27,28].



The short-term prediction tool used in this research was the moving average applied with the persistence model for the wind power time series. The persistence model assumes that the future values of a time series will be the same as the most recent observed value and is defined in Equation (7):


      y  ^    i   =   y   i − 1    



(7)







The moving average method uses a simple arithmetic average of wind power over a timespan. This is commonly used in the financial market to remove some random and short fluctuations. The key aspect is to define a window that can be used for averaging which does not compromise some important fluctuation. The moving average applied for Pwindpred is shown in Equation (8):


      P   w i n d p r e d     i   =   1   n     ∑  i = m   n        y  ^    i     ,  



(8)




where n is the window size (i.e., the number of elements used to average), while i is the element position in the vectorized time series. The time series of the active power produced by the wind farm were composed of a time sample of 5 min, and for the analyses, the moving average was used for hourly averages.




4.4. Dispatch Fuzzy Controller


The dispatch fuzzy controller is based on a rule-based controller [29]. The control is used for power smoothing and only needs information about the SOC level and reference power. The flowchart in Figure 7 illustrates how this control logic works.



The rules ensure that the wind power is smoothed by the BESS operation by following the reference power while respecting the upper and lower limits for the SOC. Without this, no power will be delivered by the BESS, and in this case, the power at the PoI is exclusively produced by the wind farm.



The rules also guarantee that BESS only charges or discharges, and only if, for some reason, the SOC is not within the imposed limits. The BESS is only charged by the wind energy when the SOC is equal to or below its inferior limit and is only discharged when the SOC is equal to or above its upper limit. This situation remains until the SOC is between the operational limits.



Since the SOC is kept within the operational limits while following the reference power, the charge or discharge current can be defined through Equation (9). In this case, Ibess is limited by the maximum and minimum discharge current of the BESS, which can be calculated by considering the rated voltage and rated power of the BESS.


    I   b e s s   =     P   b e s s       V   b a t t      



(9)







In this study, a Mamdani type 1 fuzzy dispatch controller with centroid defuzzification was utilized. The inputs to the controller are the “SOC” and “reference power”, while “BESS output power” is the controller output. The choice of membership function type was based on empirical analysis, where different functions were assessed to determine which one yielded the lowest error. Triangular shapes were found to provide the best result for both the reference power and BESS output power, while the SOC exhibited the best performance with trapezoidal function shapes. The fuzzy inference rules follow the rules established in Figure 7. These rules are applied to the membership function governing the BESS active power dispatch controller and are presented in Table 1. The membership functions are illustrated in Figure 8.



The membership functions for the reference power and the BESS output power are divided into three subgroups: N, zero, and P. N stands for “negative”, representing the negative power, which in this work corresponds to the charging of the BESS; zero represents values equal to or close to zero; and P stands for “positive”, representing the positive power, which is responsible for discharging the BESS. The suffix “in” is used to indicate the reference power, which serves as an input to the controller, while the suffix “out” refers to the BESS output power, i.e., the power controlled and applied by the controller.



The pertinence functions for the SOC are grouped into three sets: S, M, and B. S stands for “small” and represents values that are equal to or less than the SOC lower limit; M stands for “medium” and represents the operational range for the SOC, encompassing values between the upper and lower SOC limits; and B stands for “big” and represents values equal to or greater than the SOC upper limit.





5. Smoothing Active Power—Numerical Results


This section presents the results of the fuzzy logic control strategy for wind power output smoothing using the definitions from Section 4. The simulation setups are as indicated on Table 2. The control system was simulated under two initial conditions. In the first condition, the initial SOC is 100%, while in the second condition, the initial SOC is 10%. The main objective of these two simulation sets was to analyze the charging and discharging operation coordinated by the controller in the event that the SOC is outside of its boundaries.



5.1. Simulation with Initial SOC at 100%


Considering the first 24 h of the one-month simulation to have an initial SOC of 100%, the result of battery power, battery current, SOC, and smoothed wind power are illustrated in Figure 9.



Regarding battery power, a comparison between the reference power (red) and the power that is being delivered by the BESS (blue) is illustrated. In the initial moments, the power delivered by the BESS is null, not following the reference. This occurs because the initial SOC is 100%, which is inferred from the fuzzy control of only discharging the battery when the reference power indicates a discharge (i.e., positive reference power); therefore the wind power is not smoothed, which can be seen in the wind power graph. This behavior is maintained until the SOC levels are within the imposed limits. Once within the SOC limits, the controller tries to follow the reference power while limiting the maximum charge/discharge current and observing the SOC limits. The result of a month’s data can be seen in Figure 10, where it is clearer that the controller does not allow the SOC, the battery power, and the battery current to exceed operational limits.



Due to the capacity and power limit of the battery, in addition to the limit imposed on the SOC by the fuzzy controller, the wind power will not always be smoothed according to the reference power, so it is important to determine the error between the ideal case and the one obtained from the controller. This can be completed by using Equation (10). Psmoothed reference is the smoothed reference wind power obtained from Equation (8), and Psmoothed fuzzy is the smoothed wind power obtained through the fuzzy controller. The error is shown as a histogram in Figure 11. In most cases, the error is about zero, meaning that, in 93% of one-month simulations, the fuzzy controller was able to smooth the output wind power. Other error values are below 3% of the total and correspond to events such as the controller being unable to smooth the power either because of operational limits or approximation errors by the fuzzy controller itself.


  E r r o r =   P   s m o o t h e d   f u z z y   −   P   s m o o t h e d   r e f e r e n c e   ,  



(10)







It is important to highlight that the power reference in this simulation is limited by the nominal battery power, which does not correspond to an ideal smoothing. Figure 12 shows a comparison between ideal and limited reference power. However, with 2 MW nominal rated power, the BESS is capable of proportionally serving around 95.45% of the cases.




5.2. Simulation with Initial SOC at 10%


The result of the simulation with an initial SOC of 10% for the first 24 h can be seen in Figure 13. Due to the initial SOC being 10%, the fuzzy controller can charge the battery only if the reference power is negative. As the reference in the initial moments is negative, the power starts to be smoothed immediately, and the battery is charged until it reaches the SOC operational limits.



For this simulation scenario, it is clearer to see the fuzzy logic controller working. At around the first hour, the SOC of the energy storage is 20%. At that moment, the output power and the battery current are null, and this state is maintained until the reference power allows the battery to be charged. The same behavior can be seen around the second and third hours. The result for a month of data for this scenario can be seen in Figure 14.



Equation (10) was used to verify the effectiveness of the fuzzy controller for this case, and the result is illustrated in Figure 15. It is possible to notice that the error around zero is 93%, similar to that seen in the previous scenario.



It is possible to conclude that the fuzzy controller proposed in this paper works as it should (i.e., limiting the BESS SOC, power, and current) with low error. It is also possible to conclude that a 2 MW/2.06 MWh BESS can appropriately smooth the power fluctuations caused by a wind farm composed of five wind turbines at 2.1 MW each, which is roughly five times the nominal size of the battery.





6. Conclusions


This paper presented a proposal for a controller for smoothing wind power output based on fuzzy logic for a wind farm equipped with a battery energy storage system.



The proposed controller was simulated considering several conditions that used real data collected in a real wind farm. Two conditions were chosen to be used as performance indicators. The first one shows the initial SOC condition, from 10% to 100%. The main idea was to verify the correct operation of the fuzzy controller in protecting the battery by conducting the SOC to the allowable range, from 20 to 80%.



During the simulations, it was possible to verify that, during the moments of out boundaries for the SOC, the controller freezes the smooth operation until the state of charge achieves the minimal or maximal values. During these moments, the fluctuations are not filtered out, but analyzing the results through the error from the controller made it possible to identify that the controller was not running around 3% of the time.



Analyzing the error signal, it is also inferred that the battery needed to smooth the power output from the wind farms does not need to have the same magnitude of the wind farm.



The results showed that the proposed tool was effective in its objective using fuzzy logic. The tool can also be used for the sizing of a battery in order to find the optimal size for each wind farm based on the measurements and in the simulation tool.
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Figure 1. Wind-generated power smoothing scheme. 
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Figure 2. BESS control system. 
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Figure 3. Structure of the Proposed Dispatch Control Strategy based on fuzzy logic. 
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Figure 4. Wind speed atlas—Rio Grande do Norte (Brazil). 
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Figure 5. Wind active power time series—24-h operation. 
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Figure 6. Li-ion battery model simplified schematic diagram. 
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Figure 7. Flowchart for Power Smoothing control. 
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Figure 8. Membership functions: (A) reference power; (B) SOC; (C) BESS output power. 
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Figure 9. Simulation results for 100% initial SOC for the first 24 h. (A) Battery Power, (B) Battery Current, (C) SOC, (D) Smoothed Wind Power. 
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Figure 10. Simulation results for 100% initial SOC for one month. (A) Battery Power; dashed line highlight refers to Figure 9A, (B) Battery Current; dashed line highlight refers to Figure 9B, (C) SOC; dashed line highlight refers to Figure 9C, (D) Smoothed wind power; dashed line highlight refers to Figure 9D. 
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Figure 11. Error between smoothed wind power by fuzzy controller and ideal smoothed wind power. 
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Figure 12. Comparison between ideal reference power and limited reference power. 
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Figure 13. Simulation results for 10% initial SOC for the first 24 h. (A) Battery Power, (B) Battery Current, (C) SOC, (D) Smoothed wind power. 
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Figure 14. Simulation results for 10% initial SOC for one month. (A) Battery Power; dashed line highlight refers to Figure 13A, (B) Battery Current; dashed line highlight refers to Figure 13B, (C) SOC; dashed line highlight refers to Figure 13C, (D) Smoothed wind power; dashed line highlight refers to Figure 13D. 






Figure 14. Simulation results for 10% initial SOC for one month. (A) Battery Power; dashed line highlight refers to Figure 13A, (B) Battery Current; dashed line highlight refers to Figure 13B, (C) SOC; dashed line highlight refers to Figure 13C, (D) Smoothed wind power; dashed line highlight refers to Figure 13D.
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Figure 15. Error between smoothed wind power by fuzzy controller and ideal smoothed wind power for initial SOC 10%. 
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Table 1. Fuzzy Inference Rules applied to the power dispatch controller.
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Table 2. Simulation parameters.






Table 2. Simulation parameters.





	Parameter
	Value





	Type of Battery
	Lithium-ion



	Rated Voltage
	716.8 V



	Rated Capacity
	2880 Ah



	Rated power
	2 MW



	Rated Energy
	2.06 MWh



	Max Discharge Current
	2790.17 A



	Min Charge Current
	−2790.17 A



	SOC Upper Limit
	80%



	SOC Lower Limit
	20%
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