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Abstract

:

In a wind farm, the upstream wind turbine may cause power loss to the downstream wind turbines due to the wake effect. Meanwhile, the energy production is determined by the power generation and the lifetime of the wind turbine. In this paper, an optimal active power control method is proposed to maximize the energy production of wind farms by considering the wake effect and the lifetime of wind turbine. It starts with the analysis of the pitch angle curve and active power curve seen from the Maximum Power Point Tracking (MPPT) of individual wind turbines. Taking the wake effect into account, the pitch angle curve and active power curve are optimized with the aim of Maximum Power Generation (MPG) of the wind farm. Afterwards, considering the lifetime of wind turbines, a comparison is offered between the MPPT method and the MPG method for energy production using a simplified two-turbine wind farm as an example. Due to the small range of the effective wake area, it is found that the energy production is almost the same. Finally, the pitch angle curve and active power curve are optimized according to the Maximum Energy Production (MEP) of a wind farm. Upon considering and contrasting the MPPT method and the MEP method, it can be seen that the energy production of wind farms can be increased even in the case of there not being an effective wake area.
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1. Introduction


In recent years, wind power capacity is fast growing and there are increasing trends towards developing large scale offshore wind farms [1]. Due to the expensive installation and maintenance of offshore wind farms, the reliability issue has become more important [2,3]. According to a field survey of wind turbine systems, the electrical parts have the highest failure rate (23%) compared to other parts like the plant control system (18%), sensors (10%), hydraulic system (9%), and yaw system (8%) [4]. It can be inferred that the lifetime of the power converter is the shortest and determines the lifetime of wind turbine systems. Meanwhile, the reliability issue in power electronics has been moved from a solely statistical approach to a more physics based approach, which involves not only considerations of the statistics but also the root causes behind the failures [5,6,7,8,9,10]. Considerable numbers of reliability tests have been already carried out by leading power semiconductor manufacturers. In [11,12], the power cycles to failure, which represent the lifetime expectation of a power device, are provided from a thermal stress point of view, and the most important factors affecting the lifetime are summarized in [13] (e.g., mean junction temperature, junction temperature fluctuation, the ON-state time duration of a periodical current, etc.). In a typical Doubly-Fed Induction Generator (DFIG) based wind turbine system, the back-to-back power converter consists of a Rotor-Side Converter (RSC) and a Grid-Side Converter (GSC). Focusing on the steady-state thermal cycles, the detailed method to estimate the lifetime expectation of both the GSC and the RSC are analyzed and presented in [2]. It can be seen that the lifetime expectancy of the RSC is significantly less than the GSC, which determines the lifetime of the overall DFIG power converter.



In a wind farm, the wind turbine causes energy loss to a column of its downstream air flow, which is also known as the wake effect. The energy loss due to the wake effect in onshore wind farms accounts for about 5%–10% of the entire energy production [14], while the percentage reaches up to approximately 15% in offshore wind farms, because of its higher installation density compared to onshore wind farms [15,16,17]. Many wake models have been developed to estimate the energy loss [18,19]. Based on the wake models, the downstream energy loss depends on the thrust coefficient of upstream wind turbines, which is a function of the pitch angle and the tip speed ratio. According to the aerodynamic model of wind turbines, the produced active power depends on the power coefficient, which is related to the pitch angle and to the tip speed ratio. With the wake model and the aerodynamic model, the optimal pitch angle and the tip speed ratio for each wind turbine are selected to maximize the total active power of the wind farm [17,20]. With this approach, the downstream wind speed is calculated by the wake model with the ambient wind speed, which is also known as the freestream wind speed which is obtained from the mast outside the wind farm with no speed deficit due to the wake effect. In [21,22], the online model free method is proposed, by which each wind turbine receives the control settings estimated based on the information received from its neighboring turbines. This method maximizes the total active power of the wind farm without the estimation of downstream wind speed deficit by a wake model. As mentioned in [17], the model-free approach would require steady state ideal wind conditions during long periods of time in order to be performed in actual wind farms.



The widely implemented active power control method for DFIG wind turbines is the Maximum Power Point Tracking (MPPT) by which each individual wind turbine generates the maximum active power at specific wind speeds. With this method implemented, the wind turbine operates at the pitch angle of 0° and a fixed tip speed ratio to get the maximum power coefficient. The tip speed ratio is controlled by the power converter. When the active power reaches the rated value, the pitch controller is activated to limit the active power to within the rated value. In [23,24], the hybrid pitch controller was designed to improve the power quality and transient stability of the wind turbine. In the case that the wind turbine operates at the rated power, the pitch angle is controlled by the conventional Proportional Integral (PI) controller. In the case that the active power generation is lower than the rated power, the pitch angle is controlled by a Fuzzy Logic Controller (FLC). In this paper, it is assumed that the pitch angle is controlled based on the conventional PI controller for the wind speeds from the cut-in wind speed to the cut-out wind speed.



For older wind turbines with low power capacity, the yaw control is normally used for the active power regulation (e.g., to suppress the excessive output power at high wind speed) [25]. Due to its limited dynamic response, the power capture is insensitive to the yaw angle, and the yaw system imposes an additional mechanical stress on the turbine, so the yaw control is not used for active power control in modern wind turbines with large capacity [26]. In this paper, the DFIG wind turbine with high power capacity keeps the yaw angle at 0° which means that the turbine blade faces the wind perpendicularly. As a result, it can be seen that the active power is only controlled by the pitch angle and tip speed ratio.



The previous articles [17,20,21,22] aim to maximize the total active power of the wind farm, by which the annual energy production of the wind farm can be maximized. However, the energy production of the wind farm over its lifespan is determined by not only the annual energy production of the wind farm, but also the lifetime of each wind turbine. In this paper, with the aim of maximizing the total energy production of the wind farm across its lifespan, the optimized pitch angle curve and active power curve are generated for each wind turbine. Firstly, the active power, lifetime, and downstream wind speed of each wind turbine are calculated at all the possible pitch angle and tip speed ratios of each wind turbine by exhausted method. Then, the maximum energy production of the wind farm across its lifespan is obtained and the optimal pitch angle and tip seed ratio of each wind turbine is obtained. With the optimized pitch angle and tip speed ratio, the look-up table of the pitch angle curve and active power curve implemented in the wind turbine controller are generated.



The remaining part of this paper is organized as follows: the MPPT method, the Katic wake model, and the lifetime estimation of the wind turbine are addressed and described in Section 2. The method to Maximize Power Generation (MPG) of the wind farm is presented in Section 3. The energy production of the wind farm is compared between the MPPT method and the MPG method in Section 4 by considering their corresponding lifespan. Afterwards, the method to Maximize Energy Production (MEP) of the wind farm is proposed and illustrated in Section 5. Finally, concluding remarks are drawn in Section 6.




2. Wake Effect and Lifetime Estimation in DFIG Wind Farm


2.1. DFIG Wind Turbine and MPPT Method


As shown in Figure 1, the DFIG wind turbine has two degrees of freedom for active power control which are the pitch angle and the tip speed ratio; the wind turbine delivers the active power from the stator side of the generator, and delivers or absorbs active power from the rotor side of the generator depending on whether the slip is negative or positive. According to the aerodynamic model, the mechanical power Pm extracted by the turbine can be calculated by [27]:


    P m  =  1 2  ρ π  R 2   C p  ( β , λ )  v 3    



(1)




where ρ is the air density, R is the radius of the turbine blade, v is the wind speed, and Cp is the power coefficient, which is related to the pitch angle β and the tip speed ratio λ. The tip speed ratio, defined as the ratio of the blade tip speed over the speed of the incoming wind, is given by:


   λ =    ω r  R  v    



(2)




where ωr is the rotor speed.



In the case of a specific wind speed, the mechanical power is controlled by the pitch angle and the tip speed ratio. By the MPPT method, the wind turbine operates at the maximum mechanical power. According to (1), the maximum mechanical power is obtained at the maximum power coefficient, which is a function of the pitch angle and tip speed ratio. The power coefficient of the NREL 5 MW wind turbine in terms of the pitch angle and tip speed ratio is shown in Figure 2a [28]. It can be observed that the maximum power coefficient is obtained at the pitch angle of 0° and the tip speed ratio of 7.55. Consequently, the MPPT method controls the wind turbine operating at the pitch angle of 0° and tip speed ratio of 7.55 to maximize the mechanical power extraction at a specific wind speed.



The parameters of the NREL 5 MW DFIG wind turbine are shown in Table 1 [28]. As shown in Figure 2b, the active power curve of the NREL 5 MW wind turbine with the implemented MPPT method is presented with the relationship between the active power curve and the wind speed. It is noted that the tip speed ratio is kept at 7.55 except for the case that the rotor speed is limited at 6.9 rpm and 12.1 rpm.




2.2. Katic Wake Model


In wind farms, the wind turbine causes a wind speed deficit to its downstream area due to the wake effect. Many wake models have been developed to estimate the downstream wind speed deficit [17,18]. The Katic wake model [29], which extends the previous work of Jensen [30], is one of the most widely used wake models. In this paper, the Katic wake model is adopted to estimate the wind speed for the downstream wind turbines.



In Figure 3a, the Katic wake model, also known as a ‘top hat’ profile, represents the energy content of a downstream wind turbine with a constant wind speed. The wind speed deficit 1 − v2/u of the downstream wind turbine is given by [29]:


   1 −    v 2   u  =  (  1 −   1 −  C t  ( β , λ )    )     (   D  D + 2 k X    )   2     A  o v e r l a p      A R      



(3)




where X is the distance between the two wind turbines, u is the ambient wind speed, v2 is the wind speed of the downstream wind turbine, D is the blade diameter, AR is the blade sweep area, Aoverlap is the overlap area between the blade sweep area and the wake area, Ct is the thrust coefficient, which depends on the pitch angle and the tip speed ratio, and the decay constant k is 0.075 for onshore wind farms and 0.04–0.05 for offshore wind farms, as recommended by the Wind Atlas Analysis and Application Program-WAsP help facility [31]. The thrust coefficient for the NREL 5 MW wind turbine in terms of the pitch angle and the tip speed ratio is shown in Figure 3b [28]. It can be observed that the thrust coefficient can be reduced by changing the pitch angle and tip speed ratio compared with the MPPT method, where the wind turbine operates at the pitch angle of 0° and the tip speed ratio of 7.55. According to (3), the reduction of the thrust coefficient of an upstream wind turbine leads to the increase of the wind speed at the position of downstream wind turbine.




2.3. Lifetime Estimation of the Power Converter


As aforementioned, the lifetime of the power converter determines the lifetime of wind turbine system. A flow chart to estimate the lifetime of the power converter in a DFIG wind turbine system is as shown in Figure 4 [32].



At a constant wind speed v, the wind turbine mechanical power Pm and rotor speed ωr are determined by the pitch angle and tip speed ratio according to (1) and (2). In the case of the RSC the current stress Ir and voltage stress Vr of the power converter can be calculated by the DFIG model and power converter model with information regarding the generator speed and the active power [32,33]. Then, the power loss dissipation of each IGBT PT and diode PD, both of which consist of the conduction losses and the switching losses, can be calculated with the loss model of the power electronics components [34]. Afterwards, the thermal profile of the power semiconductors can be calculated in terms of the mean junction temperature Tjm and the junction temperature fluctuation dTj, by the thermal model of the power module [34]. They are closely related to the thermal resistance and thermal capacitance of the power module as well as its applied cooling solution. Afterwards, the B10 lifetime data, which is the number of cycles during which 10% of the total number of modules fails [11], can be obtained from the manufacturer at constant thermal stress, and it can be further extended to the mean junction temperature and the junction temperature fluctuation at certain levels by using the Coffin-Manson model [34,35]. Finally, the annual damage AD, which is defined as the annual cycles over the cycle-to-failure, can be calculated. If the mission profile is annually repeated, the B10 lifetime expectancy of the power converter-reciprocal of the annual damage can be estimated. Above all, it is evident that the lifetime of the power converter is determined by the pitch angle and tip speed ratio.



The constant wind speed and active power across the entire year are assumed, and no downtime exists during the operational year. In the case of a real wind profile, the wind speed distribution can be considered by using Miner’s rule [36], where the various thermal stresses have the same effect on the wear-out degradation. As a result, the actual annual damage can be calculated considering the weighting factor of the individual wind speed. Meanwhile, due to the wake effect, the wind direction in the wind farm affects the wind speed and active power distribution for each wind turbine. With the wake model and the implemented active power control method, the wind direction distribution factor can also be taken into account.





3. Comparison of Power Generation of Wind Farm between MPPT and MPG


According to (1) and (3), both the active power and the downstream wind speed of the wind turbine depend on its pitch angle and the tip speed ratio. Compared with the MPPT method, the change of pitch angle and tip speed ratio reduces the active power of this turbine. However, the downstream wind speed can be increased, which results in the increase of available active power of the downstream wind turbines. Consequently, the total active power of the wind farm may be increased by the selection of the optimal pitch angle and tip speed ratio for each wind turbine in the wind farm.



In this section, the optimized pitch angle and tip speed ratio of the upstream wind turbine are selected to maximize the total active power generation of the wind farm. Then, with the calculated pitch angle and tip speed ratio, the pitch angle curve and active power curve have been optimized and implemented in the wind turbine controller. The approach is illustrated by a case study, which is carried out in the wind farm with two turbines as shown in Figure 5. The distance between the two wind turbines is 6.5 blade diameters. The NREL 5 MW DFIG wind turbines are applied.



3.1. Optimal Tip Speed Ratio Selection at 270° Wind Direction


As shown in Figure 2, in the case of the wind direction α at 270°, no energy loss is induced by the WT2, as there is no wind turbine along with this wind direction. Therefore, to maximize the total active power of the wind farm, the pitch angle and tip speed ratio for WT1 can be optimized, while WT2 is controlled according to the MPPT method. It starts with the optimization of the tip speed ratio of WT1, where the pitch angle of WT1 is assumed to be the same with the MPPT method.



At the ambient wind speed of 9 m/s, the active power of WT1, the wind speed of WT2, the active power of WT2, and the total active power of the wind farm are shown in Figure 6 at the various tip speed ratio of WT1. The active power of WT1 and WT2 are calculated by (1), where the wind speed of WT1 is equal to the ambient wind speed, and the wind speed of WT2 is calculated by (3). In Figure 6d, it can be observed that the maximum total active power of the wind farm is obtained with the tip speed ratio of 6.5. Thus, the optimal tip speed ratio of WT1 can be selected at 6.5.



Compared with the MPPT method, where the wind turbine operates at the tip speed ratio of 7.55, in the case that the wind turbine operates at the tip speed ratio of 6.5, the active power of WT1 is reduced (as shown in Figure 6a) due to the reduction of the power coefficient of WT1; however, the wind speed of WT2 is increased (as shown in Figure 6b) due to the reduction of the thrust coefficient of WT1, and as a consequence the active power of WT2 is increased (as shown in Figure 6c). In total, the active power of the wind farm is increased from 0.37 pu to 0.38 pu.



Similarly, the optimal tip speed ratio for WT1 can be selected from the cut-in wind speed to the cut-out wind speed by the exhausted search method. This method first calculates the total active power of the wind farm at each possible tip speed ratio of WT1. Then, the maximum total active power of the wind farm can be selected and the corresponding optimal tip speed of WT1 can be obtained. The optimized tip speed ratio, the turbine speed, and active power of WT1 are shown in Figure 7 in the cases that the MPG and the MPPT are adopted, respectively. It can be seen that the tip speed ratio of the MPG is relatively smaller than the MPPT in the range that the wind speed is below the rated value.



One of the active power control schemes for the DFIG wind turbine is shown in Figure 1. The pitch angle is regulated by the pitch controller, and the tip speed ratio is controlled by the power controller by changing the active power reference. In Figure 1, the pitch angle reference and the active power reference are obtained from the pitch angle curve and the active power curve according to the wind speed. With the optimized pitch angle and tip speed ratio, the pitch angle curve and active power curve in terms of the wind speed are optimized, as shown in Figure 7. And the optimized pitch angle curve and active power curve can be implemented as look-up table by the pitch angle controller and the power controller.




3.2. Optimal Pitch Angle and Tip Speed Ratio Selection at 270° Wind Direction


Similar to the tip speed ratio, as the pitch angle of WT1 may change its power production and its downstream wind speed, the optimized pitch angle can be obtained as well in the case of the wind direction at 270° and ambient wind speed at 9 m/s. The total active power of WT1 and WT2 is shown in Figure 8 in terms of the tip speed ratio and the pitch angle of WT1. It can be observed that the total active power is 0.37 pu by using the MPPT method with the pitch angle of 0° and the tip speed ratio of 7.55. However, the total active power increases to 0.39 pu if the WT1 operates at the pitch angle of 1.8° and the tip speed ratio of 6.9.



Compared with the MPPT method, the optimized pitch angle, tip speed ratio, the rotor speed, and active power of WT1 are shown in Figure 9a. Meanwhile, the active power of WT1, the active power of WT2, and the total active power of the wind farm by using the MPPT and the MPG control are compared in Figure 9b. If the MPG control strategy is applied, it is evident that the active power of WT1 is reduced, while the active power of WT2 is increased. In respect to the total active power of the wind farm, it slightly increases by using the MPG control.




3.3. Optimal Pitch Angle and Tip Speed Ratio Selection at Various Wind Directions


Based on the layout of the wind farm (as shown in Figure 5), the wake effect appears within the four symmetrical areas with the wind direction of 258°–270°, 270°–282°, 78°–90°, and 90°–102°. The wind direction of 270° and 90° suffer the most severe wake effect due to the highest overlap area, while in the wind direction range between 282°–78° and 102°–258°, no wake effect can be expected because no turbine is located in the wake area of the wind farm. In situations where the wind directions result in there not being any wake effect on the wind farm, the WT1 and WT2 both can be controlled by using the MPPT method.



In the cases of the wind directions at 270°, 276°, and 282°, the pitch angle and tip speed ratio of WT1 can be optimized by using the MPG control, and its corresponding rotor speed and active power are shown in Figure 10a. It is noted that the optimized pitch angle and tip speed ratio of WT1 is the same with the MPPT method at the wind direction of 282°, as there is no energy loss caused by WT1 at this wind direction. Meanwhile, the optimized total active power values of the wind farm at the wind directions of 270°, 276°, and 282° are shown in Figure 10b.





4. Energy Production of Wind Farm According to MPPT and MPG


The energy production of the wind farm relates to the active power generation and the operation time. As discussed in Section 2.3, the lifetime of the wind turbine is determined by the pitch angle and tip speed ratio, which also determine the active power generation of the wind turbine. In this section, with the estimated B10 lifetime of the wind turbine, the energy production of the wind farm across its lifespan is compared between the MPPT method and the MPG method.



As illustrated in Section 2.3, the lifetime of the power converter can be estimated with the active power and the rotor speed of the wind turbine. In the case of a constant wind direction at 270° and a constant ambient wind speed over the whole year, with the active power curve shown in Figure 9a, the B10 lifetimes of WT1 and WT2 are calculated and they are shown in Figure 11a at constant ambient wind speeds ranging from 3 m/s to 25 m/s. It is noted that regardless of the control schemes, the lifetime of the downstream turbine is higher than the upstream turbine in the ambient wind speed range from 9 m/s to 12 m/s due to the reduced active power generation of the downstream turbine. Meanwhile, it is assumed that the maximum lifetime of the wind turbine is limited to 30 years. Together with the active power shown in Figure 9a, the energy production of WT1, WT2, and their sum are calculated and shown in Figure 11b. Compared with the MPPT method, the MPG method cannot guarantee the increase of the energy production of the whole wind farm at all constant ambient wind speeds. For instance, the energy production of the wind farm is decreased at the constant ambient wind speed of 11 m/s over the whole year.



Assuming that the wind direction is constant at 270° in the whole year, with the field wind speed distribution shown in Figure 12a and the energy production of the wind farm with constant ambient wind speed in the whole year shown in Figure 11b, the energy production of the wind farm at each ambient wind speed considering the ambient wind speed distribution is obtained and shown in Figure 12b. By summing the energy productions of the wind farm at each ambient wind speeds from 3 m/s to 25 m/s as they are shown in Figure 12b, the total energy production of the wind farm all ambient wind speeds is compared between the MPPT method and the MPG method in Figure 12c.



With the same method to generate the energy production of the wind farm at 270° wind direction as shown in Figure 12b, and by assuming the same speed distribution at each wind direction as shown in Figure 12a, the energy productions of the wind farm at 276° and 282° wind directions are presented in Figure 13b. Together with the wind direction distribution as shown in Figure 13a and the energy production of the wind farm at each wind directions as shown in Figure 13b, the total energy production of the wind farm at all the wind directions from 0° to 360° and at all the ambient wind speeds from 3 m/s to 25 m/s is compared between the MPPT method and the MPG method as shown in Figure 13c. It can be observed that the total energy production of the wind farm is almost the same between the two active power control methods, as the MPG method just optimizes the pitch angle and tip speed ratio at the wind directions from 269° to 281° and from 79° to 101°, while the wind turbine is controlled by the MPPT method at other wind directions and other wind speeds.




5. Maximize Energy Production of Wind Farm


As presented in Section 4, the energy production relates to the active power and the operation time. Besides the active power generation, the lifetime of the wind turbine is also determined by the pitch angle and tip speed ratio. In this section, taking into account the lifetime of the wind turbine, the optimal pitch angle and tip speed ratio of each wind turbine are selected to maximize the total energy production of the wind farm across its lifespan. Case studies are again carried out in the simple wind farm example as shown in Figure 5.



5.1. Optimization Method


To maximize the energy production of the wind farm across its lifespan, the objective function can be expressed by:


   M a x (  P 1  (  v 1  ,  β 1  ,  λ 1  )  L 1  (  v 1  ,  β 1  ,  λ 1  ) +  P 2  (  v 2  ,  β 2  ,  λ 2  )  L 2  (  v 2  ,  β 2  ,  λ 2  ) )   



(4)




where P and L are the active power and lifetime of each turbine, respectively, with both relating to the wind speed v, pitch angle β, and tip speed ratio λ. Subscripts 1 and 2 denote the parameters of WT1 and WT2, respectively.



In the case of constant wind direction and constant ambient wind speed, the process to obtain the optimal pitch angle and tip speed ratio of WT1 and WT2 is shown in Figure 14. Overall, the optimal pitch angle and tip speed ratio of WT1 can be selected by comparing the maximum total energy production of the wind farm at each set of pitch angle and tip speed ratio of WT1. At each set of pitch angle and tip speed ratio of WT1, due to the fixed active power and the lifetime of WT1, as well as the wind speed of WT2, the maximum energy production of the wind farm and the maximum energy production of WT2 are obtained at the same pitch angle and tip speed ratio of WT2. Thus, the optimal pitch angle and tip speed ratio of WT2 can be selected first by maximizing the energy production of WT2 at each wind speed of WT2. Then, the optimal pitch angle and tip speed ratio of WT1 can be selected with the optimized pitch angle and tip speed ratio of WT2. Consequently, the optimal pitch angle and tip speed ratio of each wind turbine can be selected separately from the downstream wind turbine to the upstream wind turbine.



For example, at the first set of pitch angle and tip speed ratio of WT1 which are β1_1 and λ1_1, as the P1_1, L1_1, and v2_1 are fixed values, the maximum P1L1 + P2L2 is obtained at the maximum P2L2. The maximum P2L2 can be obtained by selecting the optimal pitch angle and tip speed ratio of WT2 at v2_1, which are β2_1_OPT and λ2_1_OPT. If the optimal pitch angle and tip speed ratio of WT2 to maximize the energy production of WT2 is selected previously at each wind speed of WT2, the maximum energy production of the wind farm at each set of pitch angle and tip speed ratio of WT1 can be obtained. By comparing the maximum energy production of the wind farm at each set of pitch angle and tip speed ratio of WT1, the optimal pitch angle and tip speed ratio of WT1 can be obtained.




5.2. Optimization for WT2


In this subsection, the constant wind direction at 270° and constant wind speed across the whole year are assumed and the optimal pitch angle and tip speed ratio of WT2 are selected from the cut-in wind speed to the cut-out wind speed. As mentioned before, the rotor speed limit of a minimum 6.9 rpm and a maximum 12.1 rpm, the rated power limit of 5 MW, and the maximum lifetime limit of 30 years are taken into account. As shown in Figure 14, the optimal pitch angle and tip speed ratio of each wind turbine can be selected separately from the downstream wind turbine to the upstream wind turbine. In this case, WT2 can be treated as an isolated single wind turbine without any interaction with other wind turbines.



For a single wind turbine, the active power, lifetime, and energy production in terms of pitch angle and tip speed ratio at the wind speed of 7 m/s, 9 m/s, and 11 m/s are shown in Figure 15a–c, respectively. In Figure 15a,b, the maximum lifetime is limited by 30 years. In Figure 15c, the tip speed ratio is limited by 7.2, because the maximum rotor speed of 12.1 rpm. It can be observed from Figure 15 that, at the wind speed of 7 m/s, the maximum energy production is obtained at the same pitch angle and tip speed ratio with the maximum active power, because the lifetime at each set of pitch angles and tip speed ratios are all limited to 30 years. At the wind speed of 11 m/s, the maximum energy production is obtained at the same pitch angle and tip speed ratio with the maximum lifetime due to the higher difference of lifetime compared to the active power.



Similarly, the pitch angle and tip speed ratio can be obtained from the cut-in to the cut-out wind speed at the maximum energy production of WT2. As a result, the optimized pitch angle and tip speed ratio, the corresponding rotor speed, the active power, the lifetime, and the energy production of WT2 are shown in Figure 16. Compared with the MPPT method, it can be seen that the energy production of the wind turbine can be increased a lot from the wind speed of 9 m/s to 11 m/s.




5.3. Optimization of WT1


At constant wind direction of 270° and constant ambient wind speeds over the whole year, with the optimized parameters of WT2 shown in Figure 16, the wind speed of WT2, the maximum energy production of WT2, and the total energy production of the wind farm are shown in Figure 17 at various pitch angles and tip speed ratios of WT1. The optimal pitch angle and tip speed ratio of WT1 at each constant ambient wind speed can be obtained at the maximum energy production of the wind farm. The optimized pitch angle and tip speed ratio, the corresponding rotor speed, the active power, the lifetime, and the maximum energy production capability of WT1 at each constant ambient wind speed are shown in Figure 18.




5.4. Optimized Energy Production of the Wind Farm


With the optimized energy production of WT1 and WT2 as shown in Figure 16f and Figure 18f, the optimized energy production of the wind farm at constant wind direction of 270° and each constant ambient wind speed is shown in Figure 19a. The optimized pitch angle and tip speed ratio of WT1 at other wind directions can be selected with the same method as was performed for the 270° wind direction by changing the wake overlap area, as shown in Figure 3a. With the wind speed and wind direction distribution as shown in Figure 12a and Figure 13a, the energy production of the wind farm at all wind directions and wind speeds are shown in Figure 19b, where the wind speed distribution is assumed to be the same at each wind direction. Compared with the MPPT method, the energy production of WT1, WT2, and the wind farm are all increased by 43.56%, 42.12%, and 42.85%. As described in 5.2, the energy production of a single wind turbine can be increased by selecting the optimal pitch angle and tip speed ratio. Thus, the energy production of the wind farm can be increased regardless of whether the wind directions cause the wake effect in the wind farm or not.





6. Conclusions


The DFIG wind turbine has two degrees of control freedom for active power control, which are the pitch angle and the tip speed ratio. In a wind farm, the pitch angle and the tip speed ratio of the upstream wind turbine also determine the wind speed of the downstream wind turbines considering the wake effect. Compared with the MPPT method, the total active power generation of the wind farm can be increased by optimizing the pitch angle and tip speed ratio of each wind turbine. As a consequence, the annual energy production of the wind farm can be increased. However, since the lifetime of the wind turbine is determined by the pitch angle and tip speed ratio as well, the optimized active power control method can rarely increase the energy production capability of the wind farm across its lifespan, which relates to the active power generation and the lifetime of the wind turbine.



In this paper, based on the B10 lifetime estimation of wind turbines, the optimal pitch angle and tip speed ratio of each wind turbine are selected to maximize the energy production of the wind farm across its lifespan. With the optimized pitch angle and tip speed ratio, the pitch angle curve and the active power curve as the look-up table implemented by the wind turbine controller for active power control can be optimized. Compared with the MPPT method, the energy production of the wind farm can be significantly increased. Moreover, as the energy production can be increased in a single wind turbine, the proposed active power control method can increase the energy production of the wind farm across its lifespan regardless of the wind directions that induce wake effect in the wind farm.
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Figure 1. Configuration of a Doubly-Fed Induction Generator (DFIG) wind turbine including power converter and controller. RSC, Rotor-Side Converter; GSC, Grid-Side Converter. 
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Figure 2. NREL DFIG 5 MW wind turbine with: (a) power coefficient in respect to pitch angle and tip speed ratio; (b) active power, pitch angel, tip speed ratio, and rotor speed in respect to the wind speed with Maximum Power Point Tracking (MPPT) control. 
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Figure 3. (a) Speed relationship between the upstream (v1) and downstream wind turbine (v2) in Katic wake model; (b) thrust coefficient of the NREL 5 MW wind turbine. 






Figure 3. (a) Speed relationship between the upstream (v1) and downstream wind turbine (v2) in Katic wake model; (b) thrust coefficient of the NREL 5 MW wind turbine.



[image: Applsci 07 00065 g003]







[image: Applsci 07 00065 g004 550] 





Figure 4. Flow chart to estimate the lifetime of rotor-side converter from wind speed v to accumulated annual damage (AD) in the wind turbine. 
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Figure 5. Layout of the wind farm with two NREL 5 MW wind turbines. 
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Figure 6. Comparison between WT1 operating at the tip speed ratio of 7.55 and 6.5, at the wind direction of 270° and ambient wind speed of 9 m/s: (a) the active power of WT1, where the base value is 5 MW; (b) the wind speed of WT2; (c) the active power of WT2, where the base value is 5 MW; (d) the total active power of the wind farm, where the base value is 10 MW. 
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Figure 7. Comparison of the tip speed ratio, rotor speed and active power of WT1 between the MPPT method and the Maximum Power Generation (MPG) method at 270° wind direction. 
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Figure 8. Total active power of the wind farm in terms of the pitch angle and tip speed ratio of WT1 at 270° wind direction and 9 m/s ambient wind speed. 
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Figure 9. Comparison between the MPPT control and MPG control at the wind direction of 270°: (a) pitch angle, tip speed ratio, rotor speed, and active power of WT1; (b) active power of WT1, active power of WT2, and the total active power of the wind farm. 
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Figure 10. Active power generation of WT1 and the whole wind farm at various wind directions: (a) pitch angle, tip speed ratio, rotor speed, and active power of WT1; (b) comparison of the total active power of the wind farm between the MPPT and the MPG control. 
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Figure 11. Comparison of: (a) B10 Lifetime of power converter; (b) energy production of each turbine between the MPPT method and the MPG method at the wind direction of 270°. 
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Figure 12. Energy production comparison between the MPPT method and the MPG method at the constant wind direction of 270°: (a) Field wind speed distribution; (b) Energy production of the wind farm at each ambient wind speed; (c) Total energy production of the wind farm at all ambient wind speeds. 
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Figure 13. Energy production comparison between the MPPT method and the MPG method considering the field wind direction: (a) Wind direction distribution; (b) Energy production of the wind farm at typical wind directions of 270°, 276° and 282°; (c) Total energy production of the wind farm. 
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Figure 14. Flow chart to obtain the optimal pitch angle and tip speed ratio in the wind farm with two turbines. 
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Figure 15. The active power, lifetime, and energy production in terms of the pitch angle and tip speed ratio at the wind speed of: (a) 7 m/s; (b) 9 m/s; (c) 11 m/s. 
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Figure 16. At constant wind direction of 270° and constant wind speed across the whole year, comparison between the MPPT method and the MPG method of: (a) pitch angle; (b) tip speed ratio; (c) rotor speed; (d) active power; (e) lifetime; (f) energy production capability of WT2. 
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Figure 17. Wind speed of WT2, maximum energy production of WT2, and total active power generation of WT1 and WT2 in terms of the pitch angle and tip speed ratio of WT1 at wind direction of 270° and at the ambient wind speed of: (a) 7 m/s; (b) 9 m/s; (c) 11 m/s. 
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Figure 18. At the wind direction of 270°, comparison between the MPPT method and the proposed MEP method of: (a) pitch angle; (b) tip speed ratio; (c) rotor speed; (d) active power; (e) lifetime; (f) energy production capability of WT1. 
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Figure 19. Comparison of: (a) energy production of the wind farm at constant wind direction of 270° without wind speed and direction distribution; (b) comparison of the energy production of WT1, WT2, and the wind farm at the real wind speed and direction distribution between the MPPT method and the proposed MEP method. 
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Table 1. Parameters of NREL 5 MW wind turbine [28].
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Parameter

	
Value






	
Rated Power

	
5 MW




	
Rotor Diameter

	
126 m




	
Cut-in, Rated, Cut-out Wind Speed

	
3 m/s, 11.4 m/s, 25 m/s




	
Min. and Max. Rotor Speed

	
6.9 rpm, 12.1 rpm




	
Gearbox Ratio

	
97:1




	
Number of Pole-pairs

	
3




	
Synchronous Frequency

	
50 Hz




	
Electrical Generator Efficiency

	
94.4%










© 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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