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Supercapacitor Energy Storage for Wind Energy Applications Chad Abbey, Student Member, IEEE, and Géza Joos, Fellow, IEEE



Abstract—As wind energy reaches higher penetration levels, there is a greater need to manage intermittency associated with the individual wind turbine generators. This paper considers the integration of a short-term energy storage device in a doubly fed induction generator design in order to smooth the fast wind-induced power variations. This storage device can also be used to reinforce the dc bus during transients, thereby enhancing its low-voltage ride through (LVRT) capability. The topology is evaluated in terms of its ability to improve the performance both during normal operation and during transients. Results show that when storage is sized based upon the LVRT requirement, it can effectively damp short-term power oscillations, and it provides superior transient performance when compared with conventional topologies. Index Terms—Doubly fed induction generator (DFIG), energy storage, power quality, supercapacitors, wind energy.



N OMENCLATURE bi ci Cess Eess ELVRT Pconv Pess Pgrid Pgrid,ref ∆Pgrid,ref ∆Ppred Ps Vdc,ref Vpcc β ωm



Degree of fulfillment for the ith rule. Consequent for the ith rule. Equivalent capacitance of the supercapacitor bank. Energy of the energy storage device. Base energy, which is defined by the area above the low-voltage ride through (LVRT). Grid-side converter real power. Power delivered to the storage device. Wind power delivered to the grid from the wind turbine generator (WTG). Wind power reference. Change in the wind power reference due to storage limits. Change in the wind power due to prediction errors. Stator power. DC voltage reference. Voltage at the point of connection. Pitch angle. Mechanical angular speed.
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I. I NTRODUCTION



W



HILE wind energy continues to grow worldwide, the industry will need to confront the challenges associated with higher levels of penetration. At the point where wind represents a significant component of the generation mix, all of its shortcomings will be amplified. In anticipation of new wind projects and based upon experience gained worldwide, most utilities have developed or revised existing grid codes in order to address the potential problems posed by high wind penetration levels [1]. For new wind farms, the types of interconnection studies that are required at the distribution level can be summarized in terms of power quality and voltage impacts (short term and long term). For bulk systems, the typical concerns are more related to the impact on stability, voltage support, and ability to balance the intermittency using complementary generation, typically by allocating sufficient spinning reserves. Various studies have been completed in these areas, [2]–[4]; however, further work is still required in order to provide a generalized methodology, as existing methods are either not yet sufficient, or have not been made public. This paper presents a WTG with energy storage and the associated storage management algorithm. A thorough evaluation of the performance of the system is performed using a variety of test conditions, considering various sizes of storage, different wind characteristics, and power predictions. System characteristics under normal operation, as well as the ability of storage to improve the transient performance of the WTG, were considered. II. W IND E NERGY AND S TORAGE Complementing wind with storage has been considered in various cases [4]–[8] but has yet to be adopted by the industry, primarily due to the cost. In order to justify the associated expense, the storage device will need to provide a marketable improvement in the overall performance of the generator. In addition, the improved performance must be mandated by utilities through the interconnection requirement; otherwise, the motivation to add additional equipment is nonexistent. That said, storage can offer improvements in both power control and management of energy during disturbances, e.g., short circuits. A. Dispatchable Power Although grid codes have not explicitly stated the need for firm power control for wind farms, the trend points in that direction. A reduction of the short-term power variations of a WTG
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Fig. 2.



Typical LVRT characteristics.



C. Energy Management Under Faults LVRT characteristics have been developed, e.g., [9], which dictates the voltage profile for which a WTG must remain connected to the system (Fig. 2). In order to be able to meet this requirement, the control system and the hardware has to be modified to manage the energy produced by the WTG during the low-voltage event. Without energy management, the power produced by the WTG under fault conditions will remain within the electric machine, resulting in an increased mechanical speed. A certain amount of energy can be stored in rotating masses; however, this is finite due to the maximum allowable rotor operating speed. Furthermore, it is preferable to keep the speed constant at the prefault value, in order to minimize transients upon reclosing or reestablishment of the system connection. Options available to handle the energy that the grid cannot absorb are listed as follows: Fig. 1. Energy flow diagram in the DFIG during (a) normal operation and (b) low-voltage conditions.



can be realized in essentially two ways: 1) through storage or 2) by using a variable-speed generator that operates at suboptimal power points, as described in [5]. Although storage comes at a greater cost, it possesses a number of advantages: it can be accessed at any operating condition, the operation of the machine need not be modified, and it can also enhance LVRT, potentially resulting in transient stability improvements. B. Doubly Fed Induction Generator (DFIG)–Energy Storage System (ESS) Energy storage devices can be readily integrated into the design of the DFIG using a bidirectional dc/dc converter coupled with the dc bus (Fig. 1). For this topology, either the line-side converter or the storage converter controls the dc bus voltage, whereas the other is responsible for regulating the storage power. Fig. 1(a) shows the flow of energy for operation at a supersynchronous speed—power flows from the rotor windings to the converter. For this case, some energy is stored while the remainder is exported onto the grid via the line-side converter. Similar diagrams can be developed for subsynchronous operation and storage discharging.



1) dumping the energy in a resistor, which is typically connected to the dc bus, regulating the dc bus to within ±10% of its nominal value; 2) shorting the rotor windings through a resistor and operating the machine as a conventional induction machine; 3) dumping the energy in an electrical storage device, for example, supercapacitor, superconducting magnetic energy storage, and batteries. In the latter case, the storage device must be sized to absorb the energy produced under the worst conditions—a three-phase fault, lasting for the duration specified in the LVRT curve, i.e., t1 in Fig. 2. The approximate required energy storage capability is then given by E = V • t1 = t1 per unit (p.u.). For a more precise sizing, the entire area above the curve should be considered, as given in (2). The WTG needs to remain connected during the disturbance to help limit the impact at the local bus and aid in the recovery of the voltage to the nominal range after the disturbance is isolated by the system protection. This is accomplished by supplying a fixed reactive power, or alternatively by actively regulating the system voltage. Even more important, the generator supplies energy as soon as the fault is cleared, without requiring it to be restarted. Energy storage can aid in both these processes by holding the dc voltage during the fault and limiting the
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The requirements of the energy storage device ELVRT can be calculated as the area above the LVRT curve and below 0.9 p.u. line, i.e., ELVRT = Pbase {(0.9 − Vmin )t1 + 0.5(t2 − t1 )(0.9 − Vmin )} (2) where Vmin , t1 , and t2 describe the LVRT profile.1 This defines the amount of energy that must be managed during the fault. Assuming that the maximum voltage across the device was equal to Vdc,ref , the required value of the capacitance is found using Cess =



2ELVRT . 2 Vdc,ref



(3)



III. E NERGY S TORAGE S CHEDULING Fig. 3.



Dynamic model for a supercapacitor.



acceleration of the machine, avoiding the disconnection of the wind park and supporting the recovery of the system following the event. D. Supercapacitors For short-term power exchange, the most commonly implemented technologies are presented in Table I, along with the characteristics in terms of cost, time scale, and efficiency, based upon information presented in [7]. The case of lead acid batteries is given as a point of reference. The two most promising short-term storage devices—flywheels and supercapacitors— both offer similar characteristics and are both suitable for wind energy applications. In this paper, supercapacitors were considered, as they represent a storage device that has a high energy density and presents a good efficiency. In addition, they have a much higher life cycle than batteries. 1) Models: Various models can be used for supercapacitors. Depending on the type of study, more or less detail may be required. Very accurate models, based upon the equivalent circuit given in Fig. 3 have shown to provide very good agreement when compared with experimental results [10]. This modeling is valid over the entire frequency spectrum, where the frequency-dependent part of the model is given by √ τ · coth( jωτ ) √ . (1) Z p (jω) = C · jωτ The four parameters need to be obtained from measurements of the device. For the purpose of this study, the characteristics of the device in the low-frequency range of the spectrum were considered, which reduces to essentially a large capacitance in series with its ESR. This choice was based on the need to focus more on energy flow as opposed to efficiency and switching transients. 2) Supercapacitor Sizing: Here, the base energy for the supercapacitors was chosen such that it would be capable of storing the full rating of the system during the entire lowvoltage condition, as given by the LVRT requirement in [9].



For the DFIG–ESS, the dc voltage control handles the chopper circuit, whereas the primary function of the supplyside converter becomes the regulation of the power supplied to the grid, through the reference value, Pgrid,ref . Details of the converter control can be found in [11]. Details regarding scheduling of the energy to and from the storage device are presented here. A. Storage Management In its simplest form, the power of the combined DFIG and ESS system is dispatched in order to supply a set amount of power. However, this assumes that the state of operation of the generator is always relatively near that of the set point and neglects the current limitations of the different converters. Furthermore, in certain cases, the storage device may not be used effectively, particularly when there is a large mismatch between the set point power and the output of the machine. For a wind generator, the operating point is constantly varying since the energy source is dependent on the local environmental conditions. By allowing the set point to vary, the time scale over which the storage device can be applied is extended, thereby maximizing the benefits of the storage, while relinquishing only slightly the firm regulation of the output power. Through a proper design of the management system, the storage device can be kept in operation by curtailing or boosting the power reference, near the upper or lower storage limits. However, setting the power reference in order to ensure that the ESS remains in operation is difficult since it is not known exactly how it should vary. Wind prediction algorithms, although constantly being improved, are still prone to inaccuracies. Furthermore, the relationship to the output power is not always precisely known. The need to cover normal operation, limiting conditions, as well as transient behavior of the system makes this control challenging. Fuzzy-rule-based systems have been shown to be effective in various power system problems, e.g., [12], and are well suited 1 A design example for typical WTG and LVRT profile can be found in the Appendix.
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TABLE II RULE BASE FOR THE STORAGE MANAGEMENT SCHEME



to the present system. Using the predicted wind power production, energy storage device status and history, and ac voltage measurements, a fuzzy-based energy management system can be used to set the power level in order to optimize the overall operation of the system. The rule base was developed in order to attempt to balance the needs to smooth the output fluctuations, secure sufficient reserves for contingencies, and ensure that the storage device remains in operation at all times (Table II). The initial set point is determined using the predicted wind power production, which is assumed to be have been provided from hour-ahead forecasts. This reference value is then modified by the algorithm to ensure that there is always some base amount of energy stored in the device, and likewise that there is always a certain threshold below the upper limit. The membership functions for the Eess and V were varied using a process of trial and error (Fig. 4). The widths of the functions were adjusted until a desirable response was achieved, one that made good use of the storage capacity and respected the margin required for transients. For the transient component of the control, a number of variations were studied using the measured voltage magnitude. In the event of a voltage sag, various changes to the reference power were attempted—increase, decrease, or no change. Ultimately, the most effective signal proved to be to boost the power reference slightly upon initiation of a fault, although the improvement was marginal. The pitch angle β was also increased in proportion to the membership function in order to limit the input torque during voltage sags. Together, the normal and transient functions of the management system were designed to help smooth the output power, ensure that the storage device remains in operation, and limit the acceleration of the generator during disturbances. Inference and aggregation of the rules was used in order to produce the final value for the reference power, i.e., a value between 0 and 1, which is then converted to a reference value using the base power. The weighting of the various rules is most easily represented by K 



∆Pgrid,ref =



bi ci



i=1 K 



i=1



(4) bi



Fig. 4. Membership functions for stored energy Eess and the voltage at the PCC Vpcc .



where K is the number of rules, and bi and ci are the degree of fulfillment and consequent of the ith rule, respectively. The consequents for each of the rules have been included in Table II. The values for rules 1 and 2 are negative, which makes ∆Pgrid,ref also negative, resulting in a decrease in Pgrid,ref . In order to account for possible errors in the prediction algorithm, the integral of the difference between the actual storage level Eess and the nominal storage level Enom was used, i.e., ∆Ppred =



1 Tess



 (Eess (t) − Enom ) dt



(5)



where Tess is the time constant associated with the duration of the storage, which was chosen as 25 s (the window of the simulation). The final reference power Pgrid,ref that is used to schedule the system output power is obtained from the sum of the change in the reference value, as determined by the management algorithm, the integral term (5), and the WTG power as calculated from the predicted wind speed. That is Pgrid,ref = Pgrid,pred + ∆Pgrid + ∆Ppred .



(6)



As β is a result of only one rule, it simply has the effect of increasing the pitch angle during a low-voltage event, which helps to limit the input torque during a local system fault. However, there is a relatively large mechanical time constant associated
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with this signal (0.1–0.5 s), and therefore, its ability to improve the response during very short fault durations is limited. IV. S YSTEM C HARACTERISTICS Here, the operation of the system was demonstrated using a number of different scenarios in order to illustrate the effectiveness of the storage management scheme under both transient and normal conditions. Furthermore, the operation was considered for different storage levels and for cases where the wind power prediction was less than ideal. The results are discussed throughout, and the general advantages as well as limitations of this strategy are highlighted. A. Normal Operation First, the operation of the system under typical conditions is considered; under typical wind speeds, the storage algorithm is used to smooth out the short-term variations in wind power (Fig. 5). As can be noted from Fig. 5, the supply-side converter exchanges power with the system in order to account for shortterm variations in the stator power Ps that are either above or below the reference power. This is reflected in the level of energy in the storage device, which increases as power is delivered to the system and decreases as it is absorbed. For completeness, the storage voltage and charging current are included.2 B. Parameter Dependence As the performance of the management strategy depends largely on the rating of the storage device, as well as the accuracy of the estimate of wind power, the effect of these two variables on the performance of the system is considered. Although the area under the LVRT was used as the base value for rating the storage device, it is possible that similar gains can be realized with a reduced value. Furthermore, the accuracy of the prediction algorithm tends to vary greatly, and while these technologies are being improved, the management scheme should still be able to provide benefits even under nonideal cases. 1) Storage Rating: The effect of the rating of the storage device was considered by subjecting the system with different storage ratings to the wind profile in Fig. 6(a). Here, the base case (1 p.u.) is defined by the LVRT. In addition, the results were contrasted with the case of no storage, where the generator is operating with maximum power point tracking (MPPT). The integral term was not included here, in order to isolate the effect of the storage level. The case of 1 p.u. is able to maintain a constant output power throughout, whereas the two other cases show greater variations when the output power is greater than or less than the average power for extended periods of time (Fig. 6). This is reflected in the change in the storage level, which approaches the upper and lower limits for the cases of 0.5 and 0.2 p.u. 2) Wind Power Prediction Accuracy: As modern wind power prediction methods do not always accurately estimate 2 Base



values are provided in the Appendix.



Fig. 5. Operation of the system under typical wind conditions: (a) wind speed; (b) real power delivered to the grid, Pgrid , from the machine stator, Ps , from the line-side converter, Pconv , and to the storage device, Pess ; and (c) storage level Eess , voltage Vess , and charging current Iess .



the power production, it is important to understand the effect of erroneous Ppred . This was done using different wind conditions for a given Ppred . In the first case, the predicted power matches the actual power. Two other cases were considered where the wind speeds were scaled in such a way that it resulted in output powers that were 0.1 and 0.2 p.u. higher than the predicted value (Fig. 7). The algorithm corrects for this in two ways: first, through the storage level terms, and second, through the integral term. Although in the first case the system is able to smooth the output power, in cases with prediction errors, the output power reference is shifted to the new set points with varying degrees of success.
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Fig. 7. Variation of output power for different errors in predicted output power: (a) no error; (b) 0.1 p.u. error; and (c) 0.2 p.u. error.



If the case of 0.1 p.u. is considered, it can be noted that the reference power adjusts up to near the new average value. The variation in the output power is small, and it ramps down near the end of the test interval due to the time constant associated with the integral term. In the more extreme case, there is a large transient as the reference value is shifted to account for the error in prediction. Initially, the original reference point— which is based upon the wind power prediction—is achieved by storing large amounts of energy. This quickly results in a shift to the new reference value, which accounts for the spike. However, beyond 5 s, the system is able to supply a relatively constant output albeit with greater fluctuations than the first case. A number of important remarks can be made at this point. First, the storage management scheme can be designed in order to readjust the power reference for prediction errors and continues to smooth the output power. This shift in the operating point makes better use of the storage since it is operated about its nominal state of charge. Second, in a larger picture, this may or may not be desirable as it fails to circumvent the problem associated with inaccurate power estimates—there is still an overall surplus (or short fall) in generation, and therefore, other sources must be curtailed (ramped up). Of course, this will depend, in a large part, on the relative installed capacity. Therefore, although short-term storage can be effectively used to solve power quality issues associated with wind, only long-term storage, and likely a combination of short- and long-term storage, will be able to properly address the scheduling problem associated with prediction errors. Finally, for larger prediction errors, a correspondingly larger storage rating is required to retain the same performance as without error. This is true for both the energy and power rating of the device. This reinforces the somewhat obvious conclusion that better prediction algorithms will ultimately lead to lower rated storage devices. C. Transient Characteristics Fig. 6. Performance for different storage ratings. (a) Wind profile. (b) DFIG operating with MPPT. (c) Output powers for storage ratings of 1, 0.5, and 0.2 p.u. (d) Corresponding storage level.



The response of the system to faults was then tested to determine whether improvements in the transient response can
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Fig. 8. Interconnection of wind and local load to a 69-kV transmission network used for transient characteristics studies (three-phase fault located at 1/5 the distance from the PCC).



be achieved using storage. The system was first subjected to the most commonly occurring system faults—single-phase faults—however, as no noticeable differences were observed for different storage levels, the results are not presented here. Thus, more extreme contingencies were then considered. The test system in Fig. 8 was used, which consists of a small wind park connected to the 69-kV system, feeding a small local load with rotating machines, representing 50% of the total load. Two types of serious contingencies were considered: a 12-cycle two-phase fault at the midpoint of the line and a six-cycle three-phase fault near the point of the common coupling (PCC). The response was obtained for the conventional DFIG, equipped with active crowbar, which is engaged for high rotor currents. A DFIG with overrated rotor-side converters capable of supporting the transient overcurrent was also considered to provide a picture of the influence of the crowbar. These two conventional DFIG ride-through topologies were compared with the DFIG–ESS, with a rating of 1.0 p.u. The responses of the three topologies to the three-phase fault are presented here (Figs. 9 and 10). Similar trends appear in the case of two-phase faults, and therefore, they have not been included. The effect of the crowbar is most evident by looking at Vpcc —the internal voltage of the machine is lost because Vpcc drops to nearly zero, which is analogous to the response of an induction generator (Fig. 9). The DFIG–ESS and the DFIG that maintain control of the rotor-side voltages are both able to maintain the internal flux, which helps support the voltage at the PCC. The drop is somewhat less in the case of the DFIG–ESS due to the ability to firmly hold the dc voltage. These results are corroborated when considering the reactive powers (Fig. 10). While Qcrowbar goes to zero during the fault, both Qess and QDFIG are able to supply reactive power. Following fault clearing, the crowbar is disengaged, and reactive power can be supplied to help bring up the voltage. However, in the other two cases, the voltage has already started to recover due to the control action during the fault and settles faster to its prefault value. The motivation here was to demonstrate the benefit of storage during transients; however, the importance of maintaining control over the machine during the fault appears to be an even
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Fig. 9. Response of the voltage at the PCC following a three-phase six-cycle fault near the PCC for (a) DFIG with an active crowbar, (b) DFIG with derated converters, and (c) DFIG–ESS.



Fig. 10. Response of the reactive power following a three-phase six-cycle fault near the PCC for (a) DFIG with an active crowbar, (b) DFIG with derated converters, and (c) DFIG–ESS.



more crucial factor. That said, the ESS does provide a further improvement—one that will most certainly become more evident for longer fault durations, as are required by LVRT requirements. V. C ONCLUSION This paper has evaluated the ability of an ESS to improve the performance of a DFIG-based wind generator. The impact of the capacity of the storage device, errors in estimated wind power, and different transient control strategies were investigated. Results show that for storage levels rated using the area above the LVRT curve, the output power can be effectively smoothed to the predicted hourly output power when the prediction is accurate. Errors in prediction will undeniably require larger rated storage devices to achieve the same level of performance. Although the storage management scheme is able to adjust to accommodate errors in wind power prediction, longterm storage would be required in order to continue to provide a preset power output. During transients, the storage device provides an effective means to ride through disturbances and exhibits superior characteristics during and following extreme voltage events.
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A PPENDIX TABLE III D ATA U SED FOR THE S IZING OF AN ESS IN A DFIG



TABLE IV S TORAGE S YSTEM C HARACTERISTICS S IZED U SING LVRT



TABLE V S TATIC L OAD C HARACTERISTICS



TABLE VI D YNAMIC L OAD C HARACTERISTICS



TABLE VII T RANSMISSION L INE P ARAMETERS FOR THE T EST F EEDER
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Free-Energy .fr 

Apr 12, 2008 - The Kromrey No-Drag Electrical Generator . ..... 7 - 28. Chapter 8: Fuel-less Engines. The Bob Neal Engine . ...... take? Answer: â€œevery coin and every noteâ€�. The limit is the sum total of all cash in the building. This is what ...
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Energy 

JennAir by Whirlpool Corporation. Model(s):JFFCC72EF*. Capacity: 23.8 Cubic Feet. kWh. Estimated Yearly Operating Cost. $89. (P/N W10815175 Rev. C).
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Energy 

(when used with a natural gas water heater). Your cost will depend on your utility rates and use. Cost range based only on standard capacity models. Estimated ...
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Energy 

bottom mounted freezer, and without through-the-door-ice service. Â· Estimated energy cost based on a national average electricity cost of 12 cents per kWh.
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ENERgY 

Punti di forza: â€¢ Il sistema di tenuta olio con paraoli doppi e labirinto esterno. â€¢ L'efficace sistema di sgancio rapido dei coltelli (a richiesta) semplice, affidabile che abbatte drasticamente i tempi di manutenzione;. â€¢ I supporti inferiori
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Energy 

Clothes Washer. Capacity Class: Standard. Whirlpool Corporation. Models WFW85HEF*, WFW8540F*. Capacity (tub volume): 4.5 cubic feet. Estimated Yearly ...
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Energy 

Your cost will depend on your utility rates and use. Â· Cost range based only on models of similar capacity with automatic defrost, side mounted freezer, and ...
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A Review of Energy Storage Technologies 

17 aoÃ»t 2009 - A Review of Energy Storage Technologies. For the integration of fluctuating renewable energy. David Connolly. University of Limerick [email protected] www.cpi.ul.ie. 17 August 2009. Version 3 ...
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Thermo-Electric Energy Storage Using CO2 

Multi-megawatt thermo-electric energy storage based on thermodynamic .... change materials (PCMs) have also been widely investigated. The heat sink of the ...
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Magnetic Energy Storage and Current Density Distributions for 

Jul 18, 2011 - extensive study of different force-free models for a simple magnetic ..... This particular choice of the vertical current distribution is justified by the.










 


[image: alt]





Comparison of methods for the calculation of energy storage and 

The standard method used to calculate the ankle joint power contains ... The standard model, using rotational power and inverse dynamics, assumes a "xed joint ...
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Energy I Types of energy II Energy in homes 

The pie chart alongside represents the consumption of the. U.S.A in 2009 per ... Example 1 : The bar graph given alongside gives the energy consumption per ...
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03 Energy Awareness and Energy Management 

Since we are about to start comparing these mechanical forms of energy with other ..... physics community by the mid-1800s, based on roots going back even ...
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Energy Guide 

P/N W11223077 Rev. A. 710. Estimated Yearly Electricity Use. kWh. Compare ONLY to other labels with yellow numbers. Labels with yellow numbers are based ...
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Energy Guide 

Models with similar features have automatic defrost, side-mounted freezer,. â€¢ Both cost ranges based on models of similar size capacity. â–½. $94. $37. $94. $72.
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Energy transfers 

Electrical energy. Lighting energy. Thermal energy. Energy transfers. Watch the animation on the site Â« The animals save the planet Â».
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Energy Balance 

d'approvisionnement axÃ© sur le marchÃ©? Devenez membre du groupebilan. BKW, l'un des plus grands de Suisse, et profitez de conditions attrayantes.
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Nuclear energy 

Radioactive waste management: Different kind of storages: â�‘ Low depth storage. â�‘ Deep geological storage. â�‘ Sea storage ...
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Energy Guide 

... range based only on upright freezer models of similar capacity with automatic defrost. ... Enlever cette étiquette avant le premier achat au détail constitue une ...
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Energy Asset 

Les actifs flexibles peuvent réagir aux variations de prix sur le marché de l'électricité. Bien gérés, ils vous permettent de générer d'importants revenus ...
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Energy Relax 

Energy Relax est le produit d'électricité qu'il vous faut si vous ... des prix stables et un approvisionnement en électricité simple et ... meilleurs prix du marché.
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